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1. Introduction

Carbon dioxide absorbs thermal radiation in the atmosphere, affecting the surface
temperature of our planet ("greenhouse" effect). The atmospheric concentration of
carbon dioxide (CO,) has been rising during the past century due to human activities
such as fossil fuel combustion, land use changes and biomass burning. This is receiving
increasing attention because it has been correlated to changes in global climatic
patterns (IPCC 2001). Through photosynthesis and respiration, large amounts of carbon
are exchanged annually between the ocean, the atmosphere and the terrestrial
biosphere. If we want to analyse or predict implications and feedbacks of climate
changes on a global scale, we have to gain detailed understanding of the natural cycling
of carbon within the climate system. This dissertation will focus on isotopic methods

applied to investigate the terrestrial component of the global carbon cycle.

The global terrestrial biosphere contains approximately 1500 GtC (1GtC = 10'°g carbon)
in soil organic matter and 500 GtC in plant biomass. The atmosphere contains about
730 GtC. About 38000 GtC is stored in the ocean. Although the carbon inventories of
the terrestrial biosphere and the ocean differ by more than one order of magnitude, their
gross rates of carbon exchange with the atmosphere are comparable: 90 GtC are
exchanged with the ocean and 120 GtC with the terrestrial biosphere per year. Current
anthropogenic carbon emissions have been estimated at about 7 GtC per year, with 5.3
GtC per year from fossil fuel combustion. About one third of that is removed from the
atmosphere by the ocean and the terrestrial biosphere, with average annual net uptake
rates of approximately 1.9 and 1.4 GtC through the 1990s. Accurately assessing these
small (and interannually variable) net fluxes as residuals from large gross fluxes remains
a challenge because extrapolations of carbon exchange to the global scale introduce

considerable uncertainties into estimates of fluxes and pool sizes (IPCC 2001).

Photosynthesis and respiration dominate the exchange of carbon dioxide between the
atmosphere and the global terrestrial biosphere. A schematic drawing of the cycling of
carbon through terrestrial ecosystems is shown in Figure 1.1. Carbon is removed from
the atmosphere by the biological process of photosynthesis taking place in chloroplasts,
mostly located in foliage, and used in assembling new organic material. The organic

carbon compounds are partly designated for growing and maintaining foliage and partly
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Figure 1.1: Schematic drawing of carbon cycling between the atmosphere and terrestrial ecosystems. CO»

exchange processes are labelled in grey. Grey arrows indicate CO, fluxes, with total annual carbon
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exported to grow and maintain branches, stems, roots and other parts of plants. Most
dead plants and plant parts (litter) are deposited on top of or in the soil where they are
decomposed by soil microbes. During growth and maintenance of plant parts and
microbial decomposition, carbon is released from organic material in the biological
processes of autotrophic (plant) and heterotrophic (microbial) respiration. Thus, carbon
is cycled through terrestrial ecosystems from the uptake of atmospheric CO, during
photosynthesis to the release of CO, into the atmosphere in respiration via assimilation
into organic compounds. The storage times of these compounds are highly variable,
ranging from days (soluble carbohydrates respired by foliage and roots) to years (litter,
most soil carbon) and even centuries ("passive" soil carbon, Bird et al. 2001). Storage of
carbon in terrestrial ecosystems depends on the amount of plant material assimilated in
photosynthesis and the amount lost in plant respiration and microbial decomposition.
Thus, rates of photosynthesis and respiration will determine whether an ecosystem is

increasing or decreasing its carbon stocks.

An ecosystem that is increasing its carbon pool acts as a net sink of atmospheric CO,,
whereas an ecosystem with a decreasing carbon pool constitutes an atmospheric CO,
source. One way to evaluate the source or sink strength of a specific ecosystem is to
estimate its gross rates of photosynthesis and respiration. This requires the rate of
uptake and release of CO, from and into the atmosphere to be determined separately.
However, CO, concentrations (in the following expressed as mole fractions, i.e. umole
of CO; per mole of air, or in ppm) within or above the canopy will always be influenced
by both processes simultaneously. Thus, measuring variations of CO, mole fractions in
atmospheric or canopy air alone cannot reveal magnitudes or variability of the separate
processes. Stable isotopes provide independent tracers of physical transport or

biological activity during carbon exchange, and help to resolve this difficulty.

The stable isotope ratios of major interest for CO, and O, in the global climate system
are *C/"?C and "®0/'°0, expressed as relative abundances of the rarer with respect to
the more abundant isotopes (see section 2 for notations and standards referred to in the
following). The mean natural abundances of 'C and "*C are approximately 98.89 and
1.11 %, and 99.76 and 0.20 % for '°0 and 0. Because "*C and ®0 also form CO,, O,
and organic material, they cycle through terrestrial ecosystems (and the rest of the
global carbon cycle) like their more abundant counterparts, "?C and '°O. But because of
their greater atomic mass, heavier isotopes often move and react slightly slower. The

resulting separation effects during physical and biological processes are called isotope



fractionation, causing characteristic differences in isotopic composition between source
and product material. For example, the organic material of plants (the product of
photosynthesis) contains less "*C than atmospheric CO, (the source material) due to
photosynthetic fractionation against *CO,. Together, the isotopic exchanges constitute
cycles of *CO, and C'®0'°0 parallel to that of 2C'®0, ("normal" CO,).

Examples of isotopic compositions of compartments and exchange fluxes of a forest
ecosystem are presented in Figure 1.2. Photosynthetic carbon uptake discriminates
against "*C (Farquhar et al. 1982), leaving plant material depleted and atmospheric CO;
enriched in "*C. In the commonly used &-notation (expressed with respect to a standard,
see equation 2.1), isotopic enrichment corresponds to increasingly positive and
depletion to increasingly negative 5'°C values (irrespective of the initial sign). The
average carbon isotopic composition, §'°C, of atmospheric CO, is approximately -8 %o
(Mook 1986). Globally, photosynthesis discriminates against >C by about 17 to 18 %o
(for example, Keeling et al. 1989, Kaplan et al. 2001), resulting in a mean §'*C of plant
material of about -25 to -26 %.. The extent of "*C discrimination depends on the species,
on metabolic pathways and on environmental factors such as humidity, temperature,
nutrient supply and CO, mole fraction (Berry 1988). The §'*C of plant material ranges
from -35 to -9 %o (Smith and Turner 1975, O'Leary 1988). Respiration is thought to
release CO, without significant fractionation of carbon isotopes (Lin and Ehleringer
1997), hence the global respiratory flux carries the mean §"C signature of plant or soil

organic material.

The influence of photosynthesis on the oxygen isotopic composition of CO, is different
from that on the §'°C signature, because CO, exchanges isotopically with water. In
foliage, this reaction is catalysed by the enzyme carbonic anhydrase. The average 'O
value of atmospheric CO, is about 0 %o (Goodman and Francey 1988). Photosynthetic
'®0 discrimination has a global average value of about 14 %o (Farquhar et al. 1993). The
magnitude of oxygen isotope discrimination during photosynthesis does, however, vary
widely depending on the &0 signature of water in chloroplasts, themselves located
close to the sites of evaporation. The §'®0 value of foliage water at these evaporating
sites becomes enriched during the day due to fractionation against 'O during
transpiration. The 8'®0 signatures of foliage and soil respired CO, fluxes mostly reflect
5'®0 compositions of foliage and soil water. §'®0 values of soil respired CO, range

between -20 and -2 %o, while those of foliage respiration range between -8 and +10 %o,
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Figure 1.2: Overview over isotopic compositions of component fluxes of carbon exchange between the
atmosphere and terrestrial ecosystems. Dark red labels indicate 5"%c signatures of CO; fluxes, light red
labels 3'®0 signatures of CO; fluxes, and blue labels 5'®0 signatures of O, fluxes. Black arrows indicate
isotopic signatures influenced by §'%0 values of water. Open arrow heads indicate discrimination processes,
closed arrow heads fluxes carrying isotopic signatures of their source materials. All numbers are
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with a global average §'®0 signature of respiratory CO, release of -14 %o (Farquhar et
al. 1993).

The §'%0 signature of O, released in photosynthesis also depends on the §'®0 value of
chloroplast water, surrounding the sites of O, production. The global mean §'°0
signature of photosynthetic O, is about 5 %o (Farquhar et al. 1993). O, uptake during
respiration discriminates against "0 in atmospheric O, by about 20 %o (Guy et al. 1993).
Atmospheric O, has a global mean §'®0 value of 23.8 %o (Kroopnick and Craig 1972,
Horibe et al. 1973). All isotopic signatures introduced here will be discussed in detail in

the respective sections.

Some physical and biological fractionation processes are sensitive to parameters such
as temperature, relative humidity and CO, mole fraction. Fluctuations in environmental
conditions can thus create temporary isotopic disequilibria, where fluxes of
photosynthesis affect the isotopic composition of atmospheric CO, in a way different

from fluxes of respiration, providing a natural labelling of fluxes.

A simple example illustrates how this information can be used to constrain relative rates
of component fluxes (see for instance Lloyd et al. 1996). Consider the mass balance of
CO, within a closed system. Assimilation (4, pmol/m?/s) and respiration (R, umol/m?/s)
lead to opposite changes in the CO, mole fraction (C, umol/mol) of canopy air in a

column of arbitrary height (moles of air per unit ground area, M, mol/m?):

M€ _r_ 4
dt

If assimilation and respiration occur simultaneously, then separate contributions of 4

and R cannot be inferred from observations of dC/dt. An equivalent mass balance can

be constructed incorporating the isotopic composition of each of the components:

ds,
dt

MC=%=(8,-8,)R+ A4

where 6, and dr (%o) are the isotopic compositions of atmospheric and respired CO,,
respectively, and A (%.) is the discrimination against CO; containing the heavier

isotopes, "*C or "0, during photosynthetic CO, uptake (see section 2 for notations and



definitions). With the two equations, contributions of 4 and R can now be determined
separately from observations of dd,/dt and dC/dt. This requires that isotopic signatures
of the separate processes have been established and are detectably different.
Combining knowledge about isotopic gradients and flux signatures will thus help in
constraining the rates of component fluxes on the ecosystem scale. They will also be
useful for studying the global carbon cycle. In principle, the same two equations
presented above can be used to construct global mass balances for mole fraction and
isotopic compositions of CO,, allowing to distinguish between contributions from

different ecosystems if the isotopic signatures of their CO, exchange fluxes differ.

Such isotopic methods have a wide range of potential applications. Relative
contributions from the ocean and land biospheres to the global carbon cycle as well as
locations and strengths of terrestrial carbon sources and sinks have been estimated
from observed global atmospheric patterns of CO, and its *C/'2C and '®0/'0 ratios in
combination with atmospheric transport models (for example, Keeling et al. 1989,
Farquhar et al. 1993, Francey et al. 1995, Bousquet et al. 1999, Rayner et al. 1999). It is
important to note in this context that changing the assumed carbon isotopic composition
of the terrestrial biosphere by 10 % (equivalent to 1 - 2 %o in 8'°C) will result in a change
in the inferred terrestrial carbon sink equal to the entire magnitude of the sink (Fung et
al. 1997). The carbon isotopic composition of foliage material has been used to estimate
plant physiological parameters such as Cj/C,, the ratio of substomatal to ambient CO,
mole fraction (Flanagan et al. 1997, Katul et al. 2000), or water use efficiency (Farquhar
and Richards 1984). In addition, spatial and temporal variations of environmental
conditions such as temperature and humidity have been derived from analyses of
carbon and oxygen isotope signatures of plant material (for example, Barbour et al.
2001, Beerling et al. 2002) or of air enclosed in ice cores (for example, Bender et al.
1994, Malaize et al. 1999). Important contributions towards a more detailed
understanding of carbon exchange with terrestrial ecosystems have also been made
with process based model simulations at global and ecosystem scales (for example,
Riley et al. 2002, Scholze et al. 2003, Ogee et al. submitted).

The studies listed above rely on detailed and accurate descriptions of isotopic
fractionations during photosynthesis and respiration. The theory of this has been
developed (see Farquhar and Lloyd 1993) and tested in the laboratory (for example,
Evans et al. 1986, Lloyd et al. 1992, Williams et al. 1996, Gillon and Yakir 2000).

However, only the effects of these processes on the isotopic composition of air within



canopies have been studied extensively under natural conditions (for example, Francey
et al. 1985, Lloyd et al. 1996, Flanagan et al. 1997, Harwood et al. 1999, Buchmann et
al. 2002). Observations of isotopic signatures of separate fluxes under natural
conditions are scarce. In particular, only one study on the isotope discrimination during
photosynthesis under natural conditions has been published so far (Harwood et al.
1998). As a consequence, the natural variability of isotope discrimination is largely
unknown. Clearly, more investigations of isotopic fractionation under natural conditions

are needed to test the assumptions and approximations used in numerical models.

Ideally, contributions of component processes to canopy gas exchange should be
investigated using all available tracers, i.e. mole fractions and 5'*C and §'®0 signatures
of CO;, and O, in an integrated approach. Several of these signals are coupled through
their co-dependencies on environmental parameters. This is illustrated in Figure 1.3 in a
schematic drawing of a stoma, the opening where gases enter and leave the
intercellular spaces of foliage. Both §"C and §'®0 of CO, depend on the gradient of CO,
mole fraction from ambient air (C,) to the photosynthetic sites in chloroplasts (C;). At the
same time, both §'®0 of CO, and of O, also depend on the enrichment of chloroplastic
water (5'®0.,). Concurrent changes in isotopic signatures of gases in canopy air can
thus provide additional constraints for assessing gas exchange rates. In such multi-
tracer studies, fluxes and isotopic compositions of canopy gas exchange need to be
characterised separately, for example by using chamber methods such as the branch
bags that constitute the main experimental tool in this study (see Figure 1.4 box 3). The
two equations for mass balances of mole fractions and isotopic compositions of CO,
presented above can be applied at the leaf (or branch) level as well as at ecosystem or
global scales. The main difference between chamber measurements and observations
at other scales is that the composition of air in chambers is altered by only one process
at a time. Isotopic signatures or fractionations can then be inferred from resulting

changes in the gas composition of chamber air.
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The aim of this work is to improve our understanding of the mechanisms and the
coupling of isotopic gas exchange in terrestrial ecosystems. To this end, a theoretical
analysis of processes controlling the carbon and oxygen isotopic compositions of CO,
and O, is combined with observations from a field study. Figure 1.4 gives an overview
over the different spatial scales involved in carbon cycle research. Interpreting
measurements of atmospheric gas compositions made at global (box 1) and ecosystem
scales (box 2) requires process based models at these scales (boxes 4 and 5).
Numerical models of isotopic gas exchange with the terrestrial biosphere at global (box
4) and ecosystem scales (box 5) rely on theoretical descriptions of isotopic gas
exchange at the level of leaves or cells (box 6). Due to a scarcity of measurements at
the leaf level under natural conditions (box 3), a gap exists between theory on the one
hand (box 6) and models and data on the other hand (boxes 1, 2, 4, 5).

This dissertation attempts to evaluate the applicability of commonly used theoretical
descriptions (box 6) to isotopic gas exchange under natural conditions, focussing on the
leaf level (box 3) and scaling up to the canopy level (box 2). This is the first study so far
where flux measurements are combined with concurrent observations of isotopic
signatures for all separate biological fluxes of canopy carbon exchange. Furthermore,
an example for constraining carbon exchange fluxes at the ecosystem scale using an
integrated multi-tracer approach is demonstrated, taking advantage of the simultaneous
availability of independent information from mole fractions and carbon and oxygen

isotopic compositions of CO, and O, in canopy air.

Structure of this work:

This thesis is divided into 2 main parts, each consisting of several sections. All sections
contain brief introductions outlining the relevant background and objectives, followed by
introduction of variables and theory applicable to the section.

Part | of the thesis contains separate studies of biological processes of gas exchange
occurring in terrestrial ecosystems, photosynthesis and respiration. It relates to a study
of diurnal and seasonal patterns of canopy exchange of CO, and its stable isotopic
signatures, 8'°C and §'®0, for a stand of Sitka spruce (Picea sitchensis) growing in
Central Scotland. Measurements of environmental parameters were combined with

analysis of the trace gas composition of air samples from branch bags and soil
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chambers. These represented well-defined, enclosed subspaces within the forest

canopy allowing to simultaneously investigate concurrent processes.

Within Part I, section 2 (Methods) describes materials and methods of field experiments
relating to process studies, including experimental setup, sampling protocol, laboratory
procedures, and basic calculations of gas exchange referred to in all subsequent
sections. Error analyses are also presented.

Influences of photosynthesis and respiration on diurnal and seasonal variations in
carbon and oxygen isotopic composition of CO, in canopy air are discussed in sections
3 and 4. Here, field observations have been used to evaluate theoretical predictions of
isotopic signatures of CO, altered by photosynthesis and respiration. The main
emphasis of the two sections is on theory and measurements of photosynthetic
discrimination, as "canopy photosynthetic discrimination cannot presently be measured
directly" (Dawson et al. 2002).

First results from measurements of O, : CO, exchange ratios and of the isotopic
composition of O, exchanged during photosynthesis and respiration are then presented

in sections 5 and 6.

Part Il of the thesis contains canopy scale integrations of the separate processes
described in Part I. In section 7.1, rates of photosynthesis and respiration are scaled up
to the canopy level to obtain estimates of net ecosystem exchange of CO,. Exchange
fluxes are then combined with their carbon and oxygen isotopic signatures as described
in the respective sections of Part |. Sections 7.2 and 7.3 then present the predicted
carbon and oxygen isotopic exchange of CO,, and in section 8 the oxygen isotopic
exchange of O, is considered. Section 9 contains an analysis of potential applications of
isotopic methods to studies of canopy exchange of CO,, partitioning net ecosystem
exchange into component fluxes of photosynthesis and respiration. It is also quantified
how well rates of assimilation used as input parameters for ecosystem integrations of
gas exchange (section 7.1) could be recovered from patterns of isotopic gas exchange
(sections 7.2 and 7.3), with estimates of the turbulent CO, exchange provided from
measurements at a nearby eddy flux tower. Three different partitioning approaches are
compared, two from the literature (one-way and net isoflux method) and a new approach
developed here (dual discrimination method).

Finally, section 10 provides a summary and presents the main conclusions arising from

this study.
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2. Methods

Field site

The experimental canopy was located at the foot of the Scottish Highlands near
Aberfeldy, Perthshire, UK (56°37' N, 3°48' W). The study site, Griffin Forest, is situated
on a gentle north-facing slope at an elevation of 340 m. Mean annual temperature at the
site is 8°C, mean annual precipitation is 1400 mm. Griffin Forest is part of the network of
CarboEuroFlux sites (www.bgc.jena.mpg.de/public/carboeur/sites/index_s.html). It is a
plantation of Sitka Spruce (Picea sitchensis (Bong.) Carr.) of Queen Charlotte Islands
provenance that was planted on a pre-existing moorland in 1981. It stretches across a
total area of 3862 ha and contains 2000 trees per ha on average. Mean stem diameter
at breast height was 13 cm. The canopy reached a maximum height of approximately 14
m, with an average tree height of 10 m. Projected leaf surface area was 6 + 2 m? / m?.
Few live needles were found below a height of 4 m in the canopy profile. The understory
was a mixture of ericaceous shrubs, grasses and mosses, except underneath the dense
canopy itself where in most places the ground was covered by a layer of needle litter of
about 3 cm thickness. The soil type was a peaty gley with seasonal water-logging a
typical occurrence. The soil surface formed a pattern of furrows, flats and ridges parallel
to the hillside with Sitka spruce trees planted on top of the ridges.

Experimental setup

Different canopy layers were accessed using a scaffolding tower of 15 m height. Branch
bags were installed by suspending them from poles attached to the tower at different
heights in the canopy. Two branch bags were situated near the top of the canopy, at
10.5 and 9.5 m height (“top bags”, see Figure 2.1). One branch bag was located at an
intermediate level of 8 m (“mid bag”). The middle branch bag was left empty and used
as a control bag in July 2001. Campaign dates, locations and IDs of bags, needle area

and dry mass for each branch are presented in Table 2.1.

Branch bags were 30 x 60 cm wide with an oval cross section (acrylic side pieces) and

had variable lengths (adjustable stainless steel rods). They enclosed air volumes of 120
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Figure 2.1: Photograph of branch bag installed at 10.5 m (Griffin Forest, Aberfeldy, Scotland)

Campaign Location (bag #) Projected Leaf SD (cm?) Dry Mass (g)
dates Area (cm?)
top (1) 1309 8 115
18719 May top (3) 1671 11 67
2001
mid (4) 920 19 81
20/21 July top (1) 2888 30 195
2001 top (3) 2100 34 104

Table 2.1: Location, projected leaf area, standard deviation of leaf area and dry mass for foliage in branch

bags during May and July 2001.
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to 130 liters. The branch bags were covered with sheets of transparent plastic (ICl
Propafilm, Dumfries, UK), allowing light to enter. A branch with one or two lateral shoots,
comprising a total length of 76 to 144 cm, was inserted into each of the bags through a
small hole on the side of the bag facing the stem. The remaining gaps were sealed with
silicone sealant. On the opposite side, the branch bags had a flap that could be moved
with a small motor, thereby opening the bag and bringing the air inside in contact with
outside air, or shutting the bag, isolating its air with the enclosed branch from the
ambient canopy air. Electric fans were used to circulate the air inside branch bags when

bags were closed and to mix it with outside air when bags were open.

Bags were instrumented to monitor environmental parameters experienced over the
course of the samplings: photon flux density (PPFD) (SD101QV, Macam, Livingstone),
relative humidity and air temperature (HMB 30A, Vaisala (UK) Ltd., Cambridge). Three
0.2 mm diameter Cu-Con thermocouples referenced to the air temperature sensor were
used to determine leaf temperature. A schematic drawing of a branch bag including the
instrumentation can be found in Rayment and Jarvis (1999). Further details of the

equipment used are listed in Wingate (2003).

Two soil chambers were placed on the forest floor in the vicinity of the tower
(approximately 15 m distance). Chambers enclosed a soil area of 0.64 m? and an air
volume of 384 L. They consisted of side pieces and a manually operated lid of 5 mm
thick transparent acrylic. Soil chambers contained a 12V fan (RS 250-1561, RS
Components Ltd., Corby) mounted on a bracket attached to one of the walls to provide

air mixing within the chambers and with outside air when chambers were open.

Collection of air samples

Pairs of air samples from branch bags and soil chambers were collected at intervals of
approximately three hours over a 24 hour period for two days in spring (18/19 May) and
summer (20/21 July) 2001. Sampling times were chosen so as to achieve as good a
coverage of the diurnal cycle as was possible with a limited supply of flasks. Sampling
lines were attached to branch bags and the tower. Potential contaminations with water
or other substances were avoided by cleaning the tubing by flushing with pressurized N,
from a gas cylinder prior to sampling periods. Air was circulated from branch bags

through a line of 3 mm i.d. Bev-A-Line (Thermoplastic Processes INC, Stirling, NJ) to an
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Infra Red Gas Analyser (LI-6262, LI-COR Inc., Lincoln, NE) and back into the chamber.
The IRGA was operated in absolute mode. CO, and H,O vapour mole fractions of the
air stream passing the IRGA as well as temperature, relative humidity and photon
irradiance data from sensors inside the branch bags were recorded every 5 seconds by
a Campbell CR10 data logger (Campbell Scientific Ltd., Shepshed, Leicestershire).
From branch bags and soil chambers, air was pumped through a line of 5 mm i.d.
Dekabon (Dekabon, Furon, Gembioux, Belgium) into a flask sampling system with a
12V battery-operated pump (PM 14625-86, KNF Neuberger GmbH, Freiburg, Germany)
built into the sampling system (see Figure 2.2). The air stream was kept constant with a
mass flow controller set to a flow rate of 3 liters per minute. The calculated mean
residence time of gas in the lines was 6 to 8 seconds depending on the canopy level

reached by the tubing.

Within the flask sampling system, the air stream was first passed through a magnesium
perchlorate cylinder to remove water vapour from the gas, after which the air was
pumped through two flasks in series. We used 1 L glass flasks with a valve (Glass
Expansion, Melbourne, Australia) on each end, sealed with Teflon® PFA O-rings. For
analysis of O,/N; and 8'®0-O,, we used 1.3 L flasks with two valves (Hapers-Louwert,

Netherlands) on the same end.

CO, InfraRed |
H,O Gas
Analyser |

( Flask Sampling System
CO, CH; N,O O,
k 613CCOZ 618OCOZ 818OOZ

Figure 2.2: Schematic drawing of setup including branch bag, IRGA and flask sampling system.
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Sampling protocol

The two flasks attached to the sampling system were open for 5 minutes during the day
or 10 minutes at night, the air being circulated back through a parallel line into the same
branch bag or soil chamber, creating a loop. The circulation of air through the flasks was
stopped after 5 (10) minutes by interrupting the air flow at the exhaust pressure control.
The flasks were then pressurized to 1 bar above ambient pressure over the course of
one minute and closed with the stopcocks. Due to logistic restrictions, we did not take
duplicate samples. For each sampling time, only one of the set of two flasks was taken

off the sampling system and replaced by a new flask.

For each branch bag (or soil chamber), the combined setup of bag plus flask sampling
system was switched between an open and a closed mode of operation by opening and
closing the bag itself at regular intervals. For example, during daytime, foliage inside the
bags usually assimilates carbon, lowering the CO, mole fraction (see Figure 2.3) and
enriching (or depleting) CO, in the heavier isotopes. When the branch bag is open, the
air inside is quickly mixed into the large pool of surrounding canopy air, thereby diluting

the impact of photosynthesis on the trace gas composition of branch bag air. When the
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Figure 2.3: Example for the collection of CO, mole fraction data in bag 1 during the closure period from
15:00 to 15:05 on 20 July 2001. Data from the initial 40 seconds (open circles) were excluded from gas

exchange calculations.
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bag is closed, only the CO, pool of the much smaller bag air space is affected. Within
the closed loop system, the air trace gas composition changes noticeably.

The automated system was switched between 4 branch bags. One bag was closed at a
time. During the closure period, data was collected every 5 seconds for environmental
variables from the sensors and for CO, mole fractions from the IRGA (in the following
referred to as "continuous data"). The system was then switched to the next branch bag.
With 5 minute closure periods at day-time, CO, mole fractions were found to reliably
exhibit linear changes over time. At night, dusk and dawn, the branch bags were closed
for 10 minutes because of low gas exchange rates at these times. Thus, each of the 4
bags was measured every 20 minutes during the day and every 40 minutes at night.
Figure 2.3 gives an example of the decrease in CO, mole fraction due to photosynthetic
carbon uptake over a day-time closure period. Data from the initial 40 seconds of each
cycle were excluded from gas exchange calculations to ensure the separation of data

from current and previous samples.

bag closes bag opens

Oy

N
flasks taken

Figure 2.4: Schematic drawing of change in trace gas composition over branch bag sampling interval
during photosynthesis. Shortly before closing of the branch bag (at time t;) the open sample is taken.
Shortly before reopening of the bag (at time t¢) the closed sample is collected.
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Flask samples were taken at two points in the sequence of opening and closing of
chambers. The first sample was taken from an open chamber, 3 to 4 minutes before
closure. It was labelled “open sample”, reflecting the CO, mole fraction and isotopic
composition of ambient canopy air. It can also be considered the initial point
(background) for the subsequent measuring period. After this, a second flask was
attached to the sampling system and the flask and pressure control valves opened. With
the start of flushing of the second set of flasks the preconditioning gas was released into
the still open chamber for about 1 minute to remove as much of the pre-conditioning gas
from the sampling air space as possible prior to closure. This also ensured a sufficient
amount of time for air circulation through the second set of flasks. The second flask was
then filled after the chamber had been closed for the appropriate time and labelled
“closed sample”. It was collected shortly before reopening of the chamber so that the full

extent of changes in trace gas composition could be captured (see Figure 2.4).

Analysis of air samples

All flasks were analysed at the GasLab and IsoLab of the Max-Planck-Institut fir
Biogeochemie in Jena, Germany. The preconditioning of the flasks prior to field
campaigns was also carried out here (M. Rothe). CO, mole fractions in the air samples
were analysed by gas chromatography (A. Jordan). The GC system is based on a HP
6890 gas chromatograph (Hewlett Packard, USA) equipped with two sets of
chromatographic columns linked to a flame ionization detector (FID, for CO, analysis)
and an electron capture detector (ECD, for N,O analysis). The two sample loops (FID-
line: 2.2 ml; ECD-line: 5 mL) are linked in series and are kept at £ 0.1 °C in a tempering
oven. For determination of trace gas mole fractions, 30 ml of the air sample was flushed
through two sample loops. The gas in the loops was equilibrated with ambient pressure,
then injected onto the precolumn (Hayesep Q, 6ft *1/8%) and passed through the main
GC column (Porapak Q, 12ft*1/8%) held at 60 °C. After chromatographic separation, CO,
was converted to CH, over a hot Nickel catalyst ("methanizer") using hydrogen before
being detected by the FID. To increase precision injections were made alternatingly

from samples and a reference gas resulting in a reproducibility of 0.08 ppm for CO..
The CO; in the dry air samples was extracted cryogenically with an automated sampling

line ("BGC-AirTrap"). The ®C/"?C and '0/'®O ratios of the separated CO, were

determined on a Delta*™XL dual inlet isotope ratio mass spectrometer (Finnigan MAT,
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Bremen, Germany) (M. Rothe). The analytical precision was in the order of 0.01 %o for
8'C and 0.02 %o for 8'®0. Details of the analysis procedure can be found in Werner et
al. (2001). For a review of referencing strategies and techniques in isotopic ratio mass

spectrometry see Werner and Brand (2001).

Analyses of O, and 5'%0q; of air samples were performed with a mass spectrometric
inlet system for measuring O,/N; ratios (W. Brand, U. Seibt). The system includes a 16
connection multiport valve and an open split which is fed alternately from a sample and
a reference gas, both switched on and off a common transfer point to a Delta*XL isotope
ratio mass spectrometer (Finnigan MAT, Bremen, Germany). Referencing is made in a
very similar fashion as for CO, in air by measuring versus an air reference and
implementing a multiple referencing hierarchy system. There is currently no international
scale for this kind of work. Thus, at the present time, consistency in the data is achieved
by matching the scales of longer term records measured by different laboratories. O,/N,
and §'®0-0, data are reported in units of permeg. One permeg is 0.001 %o in 8-notation.
A 1 permeg change in the O,/N; ratio corresponds to a change of approximately 0.2
ppm in the mixing ratio of O, in air. At the time of sampling, the analytical precision of
0,/N, measurements was at the 10 permeg level and that of §'°0 of O, was
approximately 12 permeg. For the interpretation of O./N, and §'®0-O, data and the
derived results reported in this study, it should be kept in mind that the development of
analytical facilities for O,/N, and 3'°0-O, measurements is very much an ongoing
process. Furthermore, because these are the first such measurements, there are no

comparisons with other data currently available.

Collection of water and organic materials

Needle and non-green twig samples were collected during branch bag measurement
intervals from two Sitka spruce trees adjacent to the access tower. Samples were taken
at the same heights and close to the locations of the branch bags, at 10 m (top), 8 m
(middle), and 6 m (low) height. Soil samples were collected from two locations in the
vicinity of the tower. The litter layer was removed and soil from the first 5 cm of the soil
profile was extracted. All samples were filled in glass containers (exetainers). The
sealed containers were stored in a cooler in the field and transferred to a freezer in the

lab as soon as practical until further processing.
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Analysis of water and organic material samples

Water was extracted from the needle, twig and soil samples cryogenically using vacuum
lines. The extraction temperature never exceeded 75°C. The water was collected in
small glass vials to which a known amount of CO, was added. The vials were then left
for a minimum of three days to allow CO,/H,0O equilibration to occur. Subsequently, the
equilibrated CO, was purified and its §'®0 was measured on a dual inlet isotope ratio
mass spectrometer as detailed in Harwood et al. (1998). The external precision for
water 880 data was 0.4 %o.. Water extractions (U. Seibt), CO, purifications and mass
spectrometric analyses (N. Betson) were undertaken at the laboratory of Physiological

Ecology at the Department of Plant Sciences, University of Cambridge, England.

The cryogenically dried needle, twig and soil samples were ground with a ball mill to a
fine homogeneous powder (U. Seibt). Small subsamples of the powdered substances
were weighted and placed into tin cups (J. Schmerler, U. Seibt). The tin capsules were
loaded in the auto-sampler tray of a NA 1110 CN elemental analyser (CE Instruments,
Rodano, Italy), coupled via a ConFlo Ill open split interface to a Delta’XL mass
spectrometer (Finnigan MAT, Bremen, Germany), and analysed for carbon content and
3'°C at the Max-Planck-Institut fiir Biogeochemie, Jena, Germany (H. Geilmann). The
standard deviation for §'°C of dry material was 0.05 %.. For a description of the

analytical setup see Werner et al. (1999).

All isotopic compositions are reported in 8-notation and units of permil (%o):

Rsam e
6samp/e = [R—Pl - IJ (21 )
std

where Reample is the °C/?C or "0/'°0 ratio of CO,, O,, water or plant material, and Ry is
that of the respective standard: V-PDB for §'°C, V-PDB-CO, for §'®0 of CO,, and V-
SMOW for '%0 of H,0 and O,.

21



Calculations of gas exchange and discrimination

Net carbon fluxes F (umol/m?/s), standing for carbon uptake (assimilation rate 4) and

carbon release (respiration rate R), were calculated according to:

Fodc v
dt L

(2.2)

branch

where d(C/dt is the rate of change of CO, mole fraction, determined from a linear
regression of CO, mole fraction against time, v is temperature dependent molar volume

of branch bag air (mol) and Luranen is projected surface area of branch bag foliage (m?).

Due to some problems with the IRGA water vapour channel, transpiration rates, E

(mmol/m?/s), were calculated from relative humidity data from the branch bag sensors:

dt\ P L

E=i(ﬂj v (2.3)
atm ‘branch

where Py and Pu are saturated vapour pressure at air temperature and atmospheric
pressure (hPa), assumed constant, and # is relative humidity. dx/dt was obtained from
the derivative of a quadratic equation fit to relative humidity data (R? > 0.99 (July), > 0.9
(May)) at its initial phase of increase (corresponding to time zero) in the branch bags.
For flask sampling periods, the amount of water vapour removed in the drying cylinder
was estimated from the flow rates of air circulated through the flask sampling unit.

Stomatal conductance to water vapour, gs (mol/m?/s), was calculated according to:

E
8s=—" (2.4)
Dy

where E is the transpiration rate and D is the needle to air vapour mole fraction deficit
(mmol/mol). gs was only calculated when both input variables were significantly different
from zero (E > 0.02 mmol/m?/s, D > 0.2 mmol/mol). Potential influences of the
boundary layer on water fluxes were neglected because experiments were conducted

under conditions of high boundary layer conductance (Rayment et al. 2002).

22



Stomatal conductance to CO,, gc, is proportional to that of H,O, gs, with a factor of 1.6
that reflects the ratio of diffusivities of CO, and H,O:

g =55 (2.5)

The ratio of substomatal (intercellular) to ambient CO, mole fraction during
photosynthesis, C/C,, was derived from 4 (umol/m?/s), E (in mol/m?%s) and gc (mol/m?%s)

following von Caemmerer and Farquhar (1981):

:)
8c 7+ Ca -4
_(2— (2.6)

B E
[gC + cha

The expression for stomatal conductance (modified by the transpiration flux) accounts

C
Ca

for the interaction between CO, and water because the CO, flux into stomata is

considerably smaller than the simultaneous water flux outwards.

The pair of flask samples represents the situation at the beginning (t,) and end (t.) of
isolation periods (see Figure 2.4). By comparing the trace gas composition of sample
pairs, fractionation processes during gas exchange of branch bag foliage could
therefore be determined. For day time measurements, differences between sample
pairs can be primarily attributed to photosynthesis. Calculation of photosynthetic
discrimination against >C or 'O has to reflect that the isotope ratio of source CO;
changes simultaneously with that of the product. Isotope discrimination is defined as A =
Rsource/ Rproa — 1, Where Rsource @nd Rprog are the isotope ratios of the source (atmospheric
CO,) and the product (organic plant material) of photosynthesis. Alternatively, this can
be expressed in d-notation as A = dpiant — am (Farquhar et al. 1982). Photosynthetic gas
exchange enriches (or depletes) air in the heavier isotopes, '*C and 0, and this air
becomes the new source for assimilation. In analogy to a Rayleigh process, net

observed discrimination Aqps (%0) can be obtained following Guy et al. (1989):

ln(Re/Rg)J_ 2.7)
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where C, and C, are CO, mole fractions (umol/mol) and R, and R. their isotope ratios
(**C/"2C or "®0/'°0) at the beginning and end of isolation periods (see Figure 2.4). In the
following, ™Ags and "Aqs will be used to denote net observed '*O and '*C

discrimination during carbon uptake, respectively.
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Figure 2.4: Some examples of simultaneous change in CO, mole fraction (black dots) and §'%c (grey
diamonds) from open (o, open) to closed samples (te, full symbols) due to photosynthetic carbon uptake by
foliage, from 5 flask pairs collected in July 2001.
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During respiration, CO, released from foliage and soils accumulates within soil
chambers and branch bags. Isotopic signatures of respiratory CO, fluxes reflect
diffusional and respiratory fractionation processes as well as 5"*C values of respiratory
substrates (organic material) and 8'°0 values of CO, in equilibrium with foliage or soil
water. Carbon and oxygen isotopic composition of respiratory CO, sources, dsource, WEre

calculated from simple isotopic mass balance equations:

_ CeSe _ C080

= 2.8
source Ce _ CO ( )

where &, and &, (5"°C or 8'®0), and C, and C, are isotopic composition (%o) and mole
fraction (umol/mol) of CO; in start (open) and end (closed) air samples. In the following,
8"Coource and 8"®Ogource Will be used to denote carbon and oxygen isotopic composition

of CO, released during respiration (and before taking potential additional fractionation

into account), respectively.

As an alternative method, regressions between isotopic composition and inverse of CO,
mole fraction of air samples ("Keeling plots"), were constructed following the

relationship:

1is 2.9)

source ) C source
e

8,=C,(5,-8

e

With Ssource (8" Caource OF 8'®Osource) @s intercept of the regression, i.e. at infinite C,. For
two data points (specifically, sample pairs), both equations are numerically equivalent,
but the principle can be applied to other combinations of samples as long as 8source Can

be assumed constant at the temporal and spatial scale under study.

Error sources and estimation of data uncertainties

Errors in calculated CO, flux rates are directly proportional to errors in needle area
measurements and to the span setting of the gas analyser. Errors of needle area
measurements were small (see Table 2.1, relative errors less than 0.5 %). A
(hypothetical) drift of 1 pmol/mol in the calibration span of the IRGA during the course of

a five minute measurement would correspond to an error of less than 0.1 ymol/m%s in

25



calculated gas exchange rates. This is small compared to usual day-time flux rates of 5
to 10 pmol/m?%/s, however, it can amount to large relative errors in the order of 10% for

low dawn, dusk and night-time flux rates.

Transpiration measurements were subject to errors arising from adsorption or
desorption of water vapour to or from the inside of the bags. The effect was reduced as
far as possible by using Propafilm, having a low susceptibility to water adsorption and
desorption, as the main material for the bags. However, IRGA water vapour
measurements were found to be implausible and not in agreement with other data,
possibly due to adsorption or desorption of water vapour inside the tubing. This was
especially problematic during the day, when the water vapour content of bag air was
rising rapidly because of branch transpiration. Compared to that, impacts of concurrent
temperature changes on relative humidity measurements were negligible. Alternative

methods of deriving transpiration fluxes had to be employed (detailed above).

In a study using the same kind of branch bags, Rayment and Jarvis (1999) found that
during the daytime the temperature within each bag was slightly, but consistently higher
than the ambient external temperature. This effect was linearly correlated to photon
irradiance. The difference between bag and ambient air temperature may have affected
CO, and water vapour exchange, both directly (i.e. by influencing biochemical activity)
and indirectly (e.g. by increasing the humidity deficit of the air). However, temperature
differences were small and, as in our study, there was no evidence of any systematic
change in the temperature regime during the course of a measurement period. Further

details on temperature anomalies can be found in Rayment and Jarvis (1999).

Likely sources of errors associated with isotopic composition measurements of flask
samples include contaminations of branch bag air with conditioning gas or other
previous flask fillings, interactions of sampling gas with tubing, pumps and branch bag
materials, gas leakage from the experimental system, and the influence of changing
conditions inside the branch bags on gas exchange and isotope fractionation
characteristics during the period the bag was closed. The effect of changing gas
concentrations and environmental parameters on plant gas exchange was reduced by
short bag closure intervals and the large branch bag volumes. Contaminations with
conditioning gas were small since flasks were replaced one at a time, with only 2 liters

released compared to 120 liters of branch bag air. The second flask already contained
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gas from the previous filling with canopy air. Furthermore, flushing always started while
the bags were open so that contaminating gas was diluted by mixing with ambient air
before bag closure. Compared with the magnitude of errors introduced through the flask

sampling procedure, uncertainties of the laboratory analyses were negligible.

Combined estimates of uncertainties from the sampling procedure can be obtained with
control measurements using an empty branch bag. Since it represents the standard
sampling situation, it includes all sources of error except the response of branches to
changed environmental conditions within the branch bag. Figure 2.5 shows the
observed changes in CO, mole fraction and isotopic composition of an empty control
bag (no branch present) during the period of bag closure. These changes were not
correlated with CO, mole fraction, temperature or relative humidity, so the observed
shifts probably reflect experimental uncertainties. Measurement uncertainties deduced
from the control bag experiments were therefore taken as 1.3 ppm for CO,, 0.1 %o for
8"*C and 0.2 %o for 8'%0 values, applying to all closed bag measurements irrespective of

the duration of closure periods.
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Figure 2.5: Changes in CO, mole fraction, dCO-/dt (x), and isotopic composition, d"a/dt (+) and d'®a/dt

(triangles), during control bag measurements on 20 July 2001.

27



Open bag measurement uncertainties are more difficult to assess, so estimates are
instead based on standard deviations of laboratory analyses of duplicate flasks (0.13
ppm for CO,, 0.01 %o for "*C and 0.03 %. for §'°0). Taking errors associated with leaf
area measurements into account gives overall uncertainties of CO, fluxes between 0.1
and 0.3 pmol/m?. Examples for standard deviations of CO, fluxes, isotope
discriminations and other parameters are listed in Table 2.2. All standard deviations
were calculated from the above described uncertainties using Gaussian error
propagation. As can be seen from Table 2.2, standard deviations of inferred parameters
are larger for smaller CO, fluxes, i.e. for smaller differences between start and end
values. This complicates interpretation of field data obtained early in the morning or late

in the evening, when irradiance and temperature are low and fluxes are small.

The slopes and intercepts of linear regressions were calculated by geometrical mean
regression if both x and y variables were associated with an error, such as for 5'°C vs.
the inverse of the CO, mole fraction ("Keeling plot"). Different regressions were tested
against each other by introducing indicator ("dummy") variables into a multiple
regression model (Neter et al. 1985). The software package JMP (Version 4, SAS
Institute Inc., Cary, N.C., USA) was used for statistical analyses. Correlations between
observed and predicted values of photosynthetic isotope discrimination were weighted

according to the standard deviations of the measurements.

typical flux rate: high SD medium SD low SD
CO, flux [umol/m?/s] 9.0 0.2 47 0.15 1.7 0.1
BA [%o] 14.8 0.7 17.3 1.2 315 5.8

8A [%o] 8.5 1.2 11.0 2.2 98.3 8.8
Ci/C, 0.41 0.03 0.51 0.05 1.06 0.20

Table 2.2: Examples for typical values and standard deviations of CO, fluxes, isotope discriminations (13A
and 18A) and Ci/C, for different CO; flux rates.
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3. 5§3C of CO,

3.1 Discrimination against °C during photosynthesis

Introduction

The carbon isotopic composition of CO, is a powerful tracer that has been used for
studying global patterns of carbon exchange, including the role of different biomes in the
terrestrial part of this exchange through their respective magnitudes of ecosystem *C
discrimination (Rayner et al. 1999, Kaplan et al. 2001), and extending to the
contributions of component fluxes to net ecosystem exchange partitioned with the §'°C
of gross fluxes (Bowling et al. 2001). Other studies made use of the isotopic composition
of organic material to infer photosynthetic or plant physiological characteristics like
stomatal conductance, the ratio of substomatal to ambient CO, mole fraction (C/C,), or

water use efficiency (for example, Flanagan et al. 1997, Katul et al. 2000).

8'*C values of canopy CO, are influenced by photosynthetic discrimination, the isotopic
signature of respiratory CO,, and turbulent mixing with air from the convective boundary
layer (Lloyd et al. 1996). During photosynthesis, ambient CO, will be enriched in *C,
because photosynthetic carbon uptake discriminates against '*C. At the same time,
photosynthesis leaves plant material depleted in 3C, and this organic material becomes
the source for respiration. If there is no pronounced isotopic fractionation during
respiration, the isotopic signature of respiratory CO, will be mainly determined by the
depleted isotopic composition of plant and soil organic carbon. During the day, turbulent
mixing of canopy air with tropospheric background air in the convective boundary layer
dampens short term fluctuations of the mole fraction and §'*C value of canopy CO,. If
the rates of photosynthesis or respiration are high relative to turbulent mixing, CO, mole
fractions and isotope ratios inside the canopy can differ from those above the canopy.
Changes in environmental conditions may also cause diurnal and seasonal variations of
3C discrimination during photosynthesis. These in turn will also influence the isotopic
composition of biomass and hence of integrated ecosystem exchange, or ecosystem

discrimination, over time.
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A commonly applied method to obtain ecosystem discrimination is to construct
integrated mass balances ("Keeling plots", after Keeling 1961) from air samples
collected in and above a plant canopy. Because a prerequisite of the method is that
variable mixing occurs between only two isotopically distinct pools of CO,, it is restricted
to night times and can only reflect the isotopic signal of respiratory CO, sources. During
the day, the approach is complicated by fluctuations in the extent of turbulent mixing so
that information on the variability of photosynthetic discrimination has been limited. On
the other hand, photosynthetic discrimination is a parameter that is either required or
would be helpful in all of the above studies. Its magnitude has often been assumed
constant, substituted by other proxies like §'°C of foliage material. So far, there has
been only one attempt to measure directly variations of photosynthetic discrimination
under natural conditions (Harwood et al. 1998). Clearly, many more measurements of
discrimination under field conditions will help to refine our understanding of theoretically

derived relationships for use in empirical predictions and models.

This section focuses on the influence of photosynthesis on the §'>C signature of canopy
CO, and contributions of concurrent photorespiration and day-time dark respiration to
the observed net photosynthetic "*C discrimination. Predictions and field observations of
3C discrimination during photosynthesis are described. Relationships between '*C
discrimination, predicted from environmental parameters, and canopy gas exchange
fluxes obtained for the Sitka spruce study site will be applied in Part Il, section 7.2, to
estimate diurnal patterns and integrated values of §'°C of ecosystem gas exchange for
the days following measuring campaigns. In addition, the §8'°C signatures of canopy
fluxes will be employed in Part Il, section 9, to evaluate different approaches for the

partitioning of net ecosystem exchange into its component fluxes.
Theory

Photosynthetic carbon uptake discriminates against the heavy carbon isotope because
'2C and C differ in their reaction kinetics and diffusion coefficients. Following the
simplest (and most often used) formulation of "*C discrimination (Farquhar et al. 1982),
BAs ("simple”, %o) is related to the ratio of intercellular (substomatal) to ambient CO,

mole fraction, C/C,, according to:
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PAg =a+(b—a)% (3.1)

a

where a is the fractionation factor for the diffusion of CO; in air (= 4.4 %o, Craig 1953)
and b is the carboxylation fractionation associated with the activity of the enzyme
Rubisco during CO, uptake inside the leaf. The magnitude of » can vary across species,
and measurements have reported values from 27 to 38 %o (see review of O’Leary 1981).
Because it has not been determined for Sitka spruce yet, a value of 30 %. has been
assumed here. In the above version of the discrimination equation, all respiratory terms
are neglected. Thus, the magnitude of *C discrimination is governed solely by Ci/C,, the
ratio of intercellular to ambient CO, mole fractions (umol/mol, or ppm) across stomata.
Consequently, the range of predicted discrimination values must lie between 4.4 %o for
diffusion limited carbon uptake, where stomata are closed and C/C, — 0, and 30 %. for

the enzyme limited case, with open stomata and C/C, — 1.

Any respiratory CO; fluxes occurring concurrently during photosynthetic gas exchange
can change net observed discrimination due to their distinct isotopic signatures. The
more extensive formulation of the discrimination equation (Farquhar et al. 1982) thus
includes contributions from photorespiration and from day-time dark respiration to
predict discrimination. Including the respiratory terms (see also Farquhar 1983,

Farquhar and Richards 1984), *A¢ can be calculated from:

s

C. r R
13A =a+(b-— i _ d 3.2
ca(a)—c S el (3.2)

a a a

where £ is carboxylation efficiency (mol/m?/s), I is the CO, compensation point in the
absence of dark respiration (umol/mol), R4 is the rate of dark respiration in the light
(umol/m?%s), e and f (%o) are the fractionation factors associated with dark respiration
and photorespiration, respectively. Following the definition of carboxylation efficiency
used in its derivation (see Farquhar et al. 1982), the above equation is here written as:

C r R, C-T"
BA. =ag+(b-a)=t - f———e—M4 J 3.3
¢ ( )ca fc A+R, C (3:3)

a

where net assimilation rate 4 (umol/m?/s) was obtained following equation 2.2.
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The CO, photocompensation point, I, denotes the partial pressure of CO, where the
rate of CO, uptake by photosynthesis is exactly equal to the rate of CO, release by
photorespiration. Brooks and Farquhar (1985) and Atkin et al. (2000) reported that this
point was comparable for a range of plant species and for each species only depended
on leaf temperature (7 in °C). The regression parameters reported in Brooks and

Farquhar (1985) were used to calculate I":

" =44.7+1.88-(T -25)+0.036-(T —25) (3.4)

In photorespiration ("respiration”, because CO; is released while O, is taken up), the
enzyme Rubisco catalyzes the binding of O, (oxygenase) instead of CO, (carboxylase
activity) to ribulose biphosphate. The rate of photorespiration increases with light and
temperature. Photorespiration rate, Rp (umol/m?%s), can be calculated following the

method of Farquhar and von Caemmerer (1982):

_A+R,
r C

P

r

R

(3.5)

-1

With the isotopic composition of photorespired CO, equal or very close to newly
assimilated carbon, the isotopic signal of the photorespiratory CO, flux differs from that
of the photosynthetic flux into the leaf by the magnitude of the fractionation during
photorespiration. Estimates of the photorespiratory fractionation factor, 1, are +7 %o
(Rooney 1988) and +8 %o (Gillon 1997, Griffiths et al. 1999). This positive fractionation
factor means that photorespired CO, is depleted with respect to its source, newly
assimilated carbon. Thus, taking photorespiration into account would decrease the

predicted overall photosynthetic discrimination values.

For the study here, day-time dark respiration was assumed to be inhibited depending on
irradiance and temperature (Atkin et al. 2000). Using a set of regression parameters
from Atkin et al. (2000) determined for Snow gum (Eucalyptus pauciflora), the ratio of
day-time relative to night-time dark respiration, R4/R,, (T,I), was obtained from concurrent
measurements of needle temperature, T (°C), and incident solar irradiance, I
(umol(quanta)/m?s). The rate of day-time dark respiration, Ry, was then calculated from

temperature dependent R, estimates as:
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R, = %(TJ ) R, (3.6)

Night-time foliage respiration, R, (umol/m?s), was calculated using the Arrhenius
function approach (Lloyd and Taylor 1994), with parameters fitted to branch night-time
respiration data:

E (T
R =R, - = =—-1 3.7
n 20 exP{RT(TZO H (3.7)

where Ry is respiration rate at 20 °C, T'is needle temperature in K, R is the gas constant
(8.314 J/mol/K), and Ej is the activation energy, taken here as 56734 J/mol (Rayment et
al. 2002).

According to equation 3.3, dark respiration has an impact on the net observed 3A value
only if there is intrinsic discrimination against "*C during dark respiration, i.e. the CO;
released in day-time dark respiration is enriched (negative fractionation factor) or
depleted (positive factor) with respect to its source. Whether there is fractionation during
dark respiration, and to what extent, is still under debate. Estimates of e range from zero
(Lin and Ehleringer 1997) to —6 %o (Duranceau et al. 1999). In our study, we could not
confirm a fractionation during respiration (as described in section 3.2). In this case,
equation 3.3 cannot be applied, since for e = 0, the dark respiration term on the right
hand side of the equation disappears. But CO; released in dark respiration originates
from a pool of leaf assimilates, representing an integral of A over a preceding time
interval (see equation 3.12) that is different from instantaneous A at most times.
Therefore, even if there was no intrinsic fractionation during dark respiration, the isotopic
signal of the dark respiratory flux would still differ from that of the photosynthetic flux into
the leaf. To take this into account, an effective fractionation factor for day-time dark
respiration, ¢* (%), was defined as:

e =8"C,,, —8"C,,,—"A (3.8)
where 813Cp|ant (%o0) is the isotopic composition of the pool of recently assimilated needle

carbohydrates as derived from nocturnal measurements of the isotopic signature of dark
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respiration (assuming there is no intrinsic fractionation during dark respiration) and
8"Cam (%o) is the isotopic composition of ambient CO; in the canopy air space, varying
around the background value of tropospheric CO, of = —8 %o, (Goodman and Francey

1988). A more detailed derivation of equation 3.8 is given in the Appendix.

Lastly, isotopic fractionations during diffusion of CO, through a laminar boundary layer
or internal transfer through mesophyll cells to the chloroplasts also impact the
magnitude of discrimination. Because experiments were conducted under conditions of
high boundary layer conductance (equivalent to those used in the study of Rayment et
al. 2002), the CO, mole fraction at the needle surface, Cs, was assumed to be equal to
C., so that fractionation associated with diffusion through a laminar boundary layer (a, =
2.9 %o) could be neglected. Combining the different contributions, '*C discrimination,

BAr ("full"), was calculated using:

—C, - . R, C-T°
ba,=aba Gy GG G f T () R G (3.9)
C C c, ~C A+R, C

a a a a

where an, (= es + @) is the sum of fractionation factors during internal CO, transfer,
combining equilibrium fractionation of CO, entering solution (es = 1.1 %o at 25°C, Mook
et al. 1974) and fractionation during diffusion of dissolved CO, in water (@ = 0.7 %o,
O'Leary et al. 1984). C, is the chloroplast CO, mole fraction. C;, the CO, mole fraction in
the stomatal cavities, was taken as representative of that at the mesophyll cell wall
surface (Farquhar and von Caemmerer 1982). C; corresponds to Cg in equations 15 and
16 of Lloyd and Farquhar (1993).

The '®C fractionation during internal CO, transfer is weighted by the drawdown in the
CO, mole fraction between stomatal cavities and the chloroplasts. In analogy to
stomatal conductance, the two CO, mole fractions, C; and C,, are related to net CO,
uptake, 4, and mesophyll conductance, g,, (mol/m?/s), according to:

A=g,-(C-C) (3.10)

1 c

Hence, mesophyll conductance can be derived from a regression of the difference
between predicted discrimination (including concurrent respiratory contributions) and

observed discrimination, "*Ac—"*Aops, Versus A/C,, assuming that "*Aqps corresponds to
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the full derivation value of "*Ar as obtained from equation 3.9. Subtracting equation 3.9
from equation 3.3, and substituting (C; — C;) from equation 3.10, allows to calculate
mesophyll conductance, g, and thereby C,, from the slope of the regression (see Evans

and von Caemmerer 1996):

C -C, (b —-a ) A

13 13 13 13 \~i c m
A=A, ="A.—"A, =|b—a = e
C obs c F ( m/ Ca . Ca

(3.11)

The isotopic composition of newly assimilated material, 5"*Cp, constitutes a time

integrated signal of assimilation weighted *C discrimination:

i [4-©"C,, "Nyt
v [ 4at

(3.12)

where A is the discrimination against ">C weighted by the assimilation rate 4 during the
photosynthetic period over the day. The weighting also has to account for diurnal
variations of 8"*C.m, the isotopic composition of canopy CO,. Calculated values of §'°Cp

also depend on the specific formulation used for "*C discrimination (**As, *Ac, *A¢).

During photosynthesis, newly assimilated material is added to the carbohydrate pool of
needles. Therefore, diurnal variations in the magnitude of discrimination will be reflected
by changes in the isotopic composition of foliage carbohydrate pools, which in turn will
influence discrimination values because of its feedback as isotopic signature of day-time
dark respiration. Therefore, calculations of 8130p.am were performed fully coupled with

discrimination predictions:

Adt Adt
8P C o (1) = (1 - I7)8”Cplam(t -+ I7(8“%"(t)—“A(t)) (3.13)

c c

where M, (umolC/m?) is total carbon content per surface area of branch bag foliage.
Here, the assimilation rate 4 was integrated over one sampling interval, usually 20
minutes, assuming that the values for discrimination and 8"3C.m Were constant over that
time period. The isotopic composition of the needle carbohydrate pools from the

previous time step, 8"°Cpan(t-1), was then used as isotopic signature of day-time dark
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respiration to calculate instantaneous values of discrimination in the next time step:
BA(t) = f (8" Cpiant(t-1)).

When the initial value of 8"°C,.nt Was prescribed from the isotopic signature of nocturnal
dark respiration, 613Cp.am showed strong drifts over short time periods because diurnal
discrimination integrals were substantially different from initial 5'°Cpn. Instead, an initial
value was chosen such that drifts of 813Cp.am over time were minimised, i.e. the system

was assumed to be in dynamic steady state.

Results

Field observations of "°A during photosynthesis

From flask sample pairs, estimates of photosynthetic "*C discrimination ("*Aqps) Were
obtained following equation 2.7 for two sampling campaigns, 18/19 May (6:55 — 18:40,
dawn samples taken on next day at 5:00 and 5:20) and 20 July 2001 (3:40 — 17:30,
complete diurnal cycle). All values are reported with respect to V-PDB. Figure 3.1 shows
net observed discrimination values for the different branch bags (top1 and top3, 10 m
(both months) and mid, 8 m (May only)). On all days, A4 for the top bags had
maximum values of > 30 %o at dawn and dusk. During the rest of the day, BA s Was
consistently lower, 15 — 18 %o in the morning and = 20 %o in the afternoon. B Agps in the
middle bag was slightly higher (20 — 26 %.) at most times. At noon, the highest
BAqps Value of both campaigns (41 %.) was measured in the middle bag. In July, B Aobs
was overall slightly smaller than in May. Estimated uncertainties were largest at dawn,

dusk and (mid bag) noon, when the highest values of *Aq,s were observed.

Surprisingly high values for net observed discrimination were found in both months at
dawn and dusk and in May at noon, mid bag. Following the simple relationship of
equation 3.1, this would imply that C; is higher than C,. From equation 2.1 can be
concluded that C; cannot exceed C, at times of net CO, uptake. There are three
potential explanations for this discrepancy: firstly, the fractionation factor (b) for Sitka
spruce during carboxylation could be higher than generally thought, secondly, C; could
be indeed higher than C, if photosynthetic rates were lower than those of concurrent

respiration, thirdly, there could be influences of distinct isotopic signatures of respiratory
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Figure 3.1: Net observed photosynthetic discrimination (13Aobs) of branch bag foliage.
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contributions on net observed discrimination. However, for the first explanation to apply,
a value of 41 %o, would be needed for carboxylation fractionation. This is outside the
range of previously reported values (Roeske and O'Leary 1984). Regarding the second
option, a net assimilatory flux is a prerequisite for the calculation of isotopic
discrimination. That there was net CO, uptake at the respective times can also be seen
in Figure 3.4. Therefore, the high ®Aops Values found in our study can only be satisfied
by the third explanation of additional processes contributing to isotopic gas exchange,
i.e. to net observed discrimination, in the branch bags. Hence, the more extensive

formulation (equation 3.9) needs to be applied to relate "*C discrimination to C/C..
Parameters for predicting "*A

CiC.

Ci/C, was calculated from CO, mole fraction and flux measurements obtained from the
IRGA and relative humidity sensors for each time step (interval 20 min per bag, see
section 2). Figure 3.2 shows that diurnal variations of C/C, were generally similar to
those of A Included in Figure 3.2 is stomatal conductance data for both months.
Diurnal patterns were clearest in July. In general, C/C, was higher at dawn and dusk
than during the rest of the day. At dawn, low assimilation rates coincided with high
stomatal conductance in conditions of low light and high humidity. At dusk, C/C, was
again approaching higher values although stomatal conductance had not increased
back to morning values, indicating that low assimilation values (see Figure 3.4) were
responsible for evening increases in C/C, (see equation 2.6). Day-time values were
lower during the July campaign. In May, C/C, values were generally noisier due to more
pronounced variability of environmental conditions, and not continuous for the top bags
on the first half day when instrumental problems occurred. Ci/C, values were more

stable in July, when diurnal variations in environmental conditions were more gradual.
Respiratory contributions to gas exchange

Rates of temperature dependent dark respiration, R, (from equation 3.7), and rates of
temperature and light inhibited day-time dark respiration, R4, obtained via equation 3.6

using nocturnal dark respiration rates, are presented in Figure 3.3. The environmental
parameters determining the degree of respiration inhibition, solar irradiance (PPFD) and
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CilCa

needle temperature obtained from branch bag sensors, are also shown. Irradiance was

highly variable due to rapid changes in cloud cover during the May sampling campaign,

but values were lower and with less variability in July due to a relatively uniform cloud

cover. Changes in temperature followed irradiance patterns with slightly damped short-

term fluctuations. Because of its temperature dependence (see equation 3.7), diurnal

patterns of R, also showed a high degree of variability. However, Ry variability was less

pronounced because at higher temperature and light levels higher R, rates coincided

with stronger inhibition of Ry rates, whereas at conditions of lower light and

temperatures, Ry rates were less inhibited while R, rates were lower, leading to overall

more uniform, smoothed diurnal patterns of R4 (see equations 3.6 and 3.7).
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Figure 3.2: Top: Stomatal conductance to water vapour, gs, Bottom: Ci/C,, calculated following equations

2.4 and 2.6 for May (left) and July (right) 2001.
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CO, flux rate [amol/m?/s]

Contribution to gross photosynthesis [%]

The gross photosynthetic CO; flux is always larger than the net CO, assimilation rate by
an amount equivalent to the sum of the rates of CO, release during photorespiration and
day-time dark respiration. Figure 3.4 shows how much net assimilation (4),
photorespiration (R,) and dark respiration (Rq) were estimated to have contributed to the
gross photosynthesis rate (V; = 4 + R, + Rq) during the two sampling campaigns, 18/19
May and 20 July 2001, both as absolute flux rates and as relative contributions to gross
photosynthesis in %. Dark respiration had a significant influence at dawn and dusk, with
high proportions (30 - 50 %) of gross photosynthesis respired. R4 fluxes in May were
generally higher than in July as light inhibition was stronger in July. On the other hand,
rates of photorespiration were almost negligible at dawn and dusk, when temperatures
were low (1°C at dawn). At all other times, around 15 % of photosynthetic uptake was
lost in photorespiration.
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Isotopic composition of canopy CO,

8"3C.m, the carbon isotopic composition of canopy CO,, obtained from measurements
on open branch bags, is shown in the top panel of Figure 3.5. Complete diurnal cycles
of 8"*Cam wWere derived from a regression of 8'"°C.m against the inverse of canopy CO,
mole fraction, assuming mixing of two sources of different isotopic composition into a
pool of canopy air (Keeling 1961). Even though this assumption might not be strictly
fulfilled during the day, it can also be valid for more than two sources with distinct
isotopic signatures provided the relative contributions from these sources do not change
over time. Regressions had R? values of > 0.95 in both months, with intercepts of -25.5
1 1.1 %0 (May) and -27.5 + 0.6 %o (July). No significant difference was found between
the two regressions. Differences between regressed and measured §'°C, are probably

caused by (random) offsets in CO, mole fraction data between IRGA and flask samples.
Effective fractionation during dark respiration in the light

The middle panels of Figure 3.5 shows the calculated isotopic signature of day-time
dark respiration with respect to canopy air, 8"°Cr = 5"°Caim — 8"Cpiant, and "Agps from
branch bag measurements. The isotopic composition of the respiration substrate
(soluble needle carbohydrates), 813Cp|ant, was assumed to be in a dynamic steady state
with discrimination as described above (equation 3.13). Initial 8"°C values were —26 %o
(top1), —31.5 %o (top3) and —29.5 %o (Mid) in May, —25 %o (top1) and —28 %o (top3) in
July. Overall, the average isotopic signal of dark respiration was 22 %.. Variations in
8'3Cr over the photosynthetic period were around 1 %o, similar to those of §'°Cyn but
smaller than those of 8"*C.m (= 2 %0). Of course, any fractionation would additionally

change the respiratory signal.

Presented in the bottom panel of Figure 3.5, the effective fractionation factor of day-time
dark respiration, ¢*, was calculated by subtracting the two curves shown in the middle
panel (8"°Cr — A, see equation 3.8). It illustrates how the difference between the
curves, or effective fractionation factor, changes its sign where the isotopic signature of
the respiratory contribution is equal to the value of photosynthetic discrimination.
Accordingly, dark respiration in the light effectively expresses a negative fractionation
mostly early and late in the photosynthetic period and a positive fractionation during the

rest of the day. As with fractionation during photorespiration, a positive factor means
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that respired CO;, is isotopically depleted with respect to its source material, whereas a
negative factor indicates isotopic enrichment of respired CO,. Hence, taking the
influence of concurrent dark respiration during photosynthetic gas exchange into
account increases predictions of '*C discrimination at dawn and dusk and decreases

predicted discrimination for most other times.
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Mesophyll conductance

Mesophyll conductance, g,, was obtained from a regression of the difference between
predicted and observed discrimination, (*Ac - *Aoss), versus A/Ca. Predictions included
contributions of concurrent respiration on isotopic gas exchange so that differences
between the two values can be attributed predominantly to the influence of fractionation
during internal CO, transfer on the overall discrimination value. The regression was
based on combined data from all branch bags and for both months because mesophyll
resistance to CO, diffusion should not change substantially over such (relatively short)
time periods (Evans et al. 1986, Evans and von Caemmerer 1996).

Regression data is shown in Figure 3.6, excluding data where 4/C, was not significantly
different from zero (< 0.001 mol/m?/s). Mesophyll conductance for needles in the branch
bags was 0.29 mol/m?s, only slightly higher than the maximum values obtained for
stomatal conductance (= 0.24 mol/m?/s) over the sampling periods. From this constant
value for mesophyll conductance, C. was calculated using equation 3.10. The offset
between C. and C;, expressed as (C; - C.)/C,, was in the order of 0.1 at times of high
assimilation rates, in good agreement with values reported for leaves of other woody

species (Syvertsen et al. 1995).
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Figure 3.6: Difference between respiration corrected predicted and net observed discrimination (13AC - "3A
obs) Versus A/C,, as regression to derive mesophyll conductance, gw, with data from both months where 4/C,

was above 0.001 mol/m%s.
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Predictions of "*A during photosynthesis

From Cy/C, and the parameters described above, A values were predicted using
simple uncorrected (equation 3.1), respiration corrected, mesophyll conductance
corrected, and full formulations (equation 3.9), yielding 5 sets of predictions for each
branch bag and sampling campaign. Results are presented in Figure 3.7, together with
net observed discrimination, "*Agps, for 18/19 May and 20 June 2001. Calculations were
done separately to examine the impact of each of these contributions on the predicted
discrimination. In the three panels of Figure 3.7 are highlighted the offsets from simple
uncorrected discrimination values due to, top: photorespiration and day-time dark

respiration, middle: mesophyll conductance, bottom: a combination of all corrections.

Contributions of dark respiration in the light did not change predicted discrimination
values significantly during most of the day, when both relative rates of dark respiration
and effective fractionation, ¢*, were small. Relative rates at dawn and dusk were,
however, much larger, and together with concurrent high negative effective fractionation
factors, corrected discrimination values were up to 10 %o higher than without correction.
In May, this was also the case for several mid-day sampling intervals. However, this
might have been caused or amplified by technical problems with the experimental
equipment in the morning of the first May measuring day. Data obtained during that time
period from the top branch bags was excluded from quantitative analyses. Correcting for
concurrent day-time dark respiration did not fully account for the high values of
discrimination that were observed at dawn and dusk. The discrepancy was even higher
for the May mid bag sampling at 11:15, where predicted discrimination was only
increased by 1 to 28 %o, much lower than the observed value of 41 %o, again probably

due to a technical problem with that measurement.

Taking contributions of photorespiration to isotopic gas exchange in the branch bags
into account decreased predicted discrimination values by around 0.5 %o. The effect of
this correction was slightly higher at mid-day with gradual morning increases and
afternoon decreases as a consequence of temperature changes. The influence of
fractionation during internal CO, transfer ("mesophyll conductance") is similar to that of
photorespiration, leading to a decrease in predicted discrimination compared to simple
uncorrected values. The decrease was more pronounced at 1 to 2 %o and not as uniform

over the diurnal cycle because it is scaled by assimilation rate instead of temperature.
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This also resulted in the disappearance of corrections at dawn and dusk, when

assimilation fluxes were low.

In Figure 3.8, predicted discrimination values from the fully corrected formulation are
shown versus observations. Regression parameters obtained for all different
combinations are listed in Table 3.1. The regressions were weighted according to the
standard deviations of the measurements. The A value at 7:10 on 18 May was
excluded from the regressions because technical problems occurred in one of the top
bags (#3). Clearly, including the isotopic signature of respiratory contributions on
discrimination improves the agreement of predictions with data. Photorespiration has the
smallest impact on predicted discrimination. Including contributions from dark respiration
in the light enhances general predictions, but its effect is limited to times of low
assimilation, when simple predictions underestimate discrimination. Mesophyll
conductance, on the other hand, mainly influences discrimination at times of high
assimilation, when simple predictions overestimate discrimination. Combining these two
therefore helps to improve predictions for times of high and of low assimilation, so that
the best agreement between predicted and observed discrimination is achieved by a
combination of all contributions, using the full formulation of equation 3.11. Taking
contributions of concurrent respiration and internal CO, transfer on net isotopic gas
exchange into account also improves the correlation between predicted and observed
discrimination. However, at times of low net uptake, uncertainties in discrimination
measurements are too large to allow comparison so that reliable estimates of

discrimination under such conditions could not be established in our study.

Prediction simple Rp R4 meso full
Slope 0.44 (0.14) | 0.46 (0.14) | 0.48 (0.14) | 0.54 (0.14) | 0.60 (0.14)
Intercept 11.9(2.6) | 11.9(2.6) | 11.2(2.6) 8.3 (2.6) 6.6 (2.6)
R? 0.51 0.53 0.53 0.58 0.62

Table 3.1: Parameters for regressions of discrimination from simple, photo-, dark respiration and mesophyll

conductance corrected and full formulations vs. net observed discrimination (weighted according to the

standard deviations, standard errors in parentheses). All regressions were significant (P < 0.01).
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Figure 3.8: Quantitative comparison of discrimination predicted from Ci/C, using fully corrected formulation

versus observed discrimination for data combined from May and July 2001.

§"°C of plant material assimilated over the diurnal cycle

The above described discrimination values were integrated over the full diurnal cycle to
yield average isotopic compositions of plant material assimilated during that time
(equation 3.12). The purpose of these simulations is to derive estimates for the isotopic
signature of concurrent day-time dark respiration, i.e. the §'°C value of plant material
used as a substrate for dark respiration. Table 3.2 lists the isotopic composition of bulk
needle and twig material, 8"°Cg, the isotopic signature of CO, released in nocturnal dark
respiration, 613Cp.am, obtained from night-time branch bag measurements, and diurnal
integrals of assimilation weighted discrimination following the different formulations,
8"3Cp. May discrimination integrals are reported only for 19 May because of technical
difficulties on the morning of 18 May. The §'°C signature of dark respiration in the mid
bag had a large uncertainty (12 %o) because of the low rate of respiration. For July, bulk
material was assumed to have the same isotopic composition as in May, because its

main component, structural carbon, is unlikely to change over such short time periods.
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The 3"°C values of bulk needle material collected in May 2001 exhibited a gradient of
0.5 %o per m height in the canopy profile (significant at P < 0.001). The 8"*C enrichment
of bulk twig material of = 1 %0 compared to the respective needle samples (same as in
September, data not shown) was not significant (P = 0.077). Most bulk needle 5"C
values were isotopically lighter than §'°C values of nocturnal dark respiration as well as
of diurnal discrimination integrals. Discrimination integrals were in better agreement with
isotopic signatures of dark respiration than with bulk §'*C data. Since carbohydrates
assimilated during the day are the source material for dark respiration, in the absence of
respiratory fractionation, 613Cp.am obtained from night-time mass balance calculations
should indeed be close to discrimi nation integrals. Corrections for day-time dark
respiration (not shown) did not affect diurnally integrated discrimination values because
they were calculated in, or close to, dynamic equilibrium with the diurnal cycle of

discrimination (equation 3.13 with [ c*dt = 0, see also Appendix). Applying corrections for

13 13 13 13
613C (%0) bulk bUlk dark Ap Ap Ab Ap
needle twig resp. simple Rp Ow full
May -27.7
-29.0 -28.4 -27.3 -26.9
top 1 -29.0 -27.7 (4.4)
May (0.2) (0.3) -27.4
-32.9 -32.3 -32.2 -31.7
top 3 (5.5)
May -30.1 -26.1%
) - -32.3 -31.7 -30.7 -30.2
mid (0.4) (12.3)
May -31.1 -30.4
low (0.1) (n.a.)
July -25.7
-27.7 -27.1 -26.0 -25.4
top 1 (7.2)
-29.0* -27.7
July
- -28.4 -27.7 -26.3 -25.6
top 3

Table 3.2: 5"°C of bulk needle and twig samples, of nocturnal dark respiration, and of simple uncorrected,
photorespiration ("R,"), mesophyll conductance ("gw") and fully corrected diurnal discrimination integrals (*

assumed equal to May data, * very low flux rate). Standard deviations of measurements in parentheses.
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photorespiration and fractionation during internal CO, transfer ("g.") increased
discrimination integrals by around 0.5 and 1.5 %o, respectively. Fully corrected diurnal
discrimination integrals were thus about 2 %. more enriched than simple uncorrected
values, and thereby closer to isotopic signatures of dark respiration. It should be noted,
however, that measurements of the 8'°C of dark respiration had large uncertainties

because of the low nocturnal flux rates.

Time lags between assimilation of organic carbon and its use in respiration were
estimated from daily average turnover times of leaf carbohydrate pools. Leaf
carbohydrate turnover depends on rates of assimilation, respiration and export of
organic material to stems and roots relative to total carbohydrate pool of needles. Daily
integrated values of assimilation, constituting the influx into the foliage carbohydrate
pool, were used to calculate turnover times. Carbohydrates constitute only a small part
of total needle mass, usually around 7 % of dry weight, depending on needle age
(Barton 1997). Measurements of specific needle area ranged from 30 to 50 cm?/g,
yielding carbohydrate pools of around 0.5 and 0.6 molC/m? for top and mid bag foliage,
respectively. With total assimilation rates of 0.2 to 0.3 molC/m? per day, mean turnover
times were thus in the order of 2 days. In this case, 3"°C of dark respiration would
correspond to discrimination integrated over more than one full diurnal cycle, and
knowledge about the conditions on previous days would be required to link the isotopic

composition of dark respiration to diurnal discrimination integrals.

Changes in 8'°C of soluble needle carbohydrates, obtained using equation 3.13, over
time periods of three days are shown in Figure 3.9. To illustrate the impact of
carbohydrate pool sizes, they were assigned values of half or double that (0.25 and 1
molC/m?), corresponding to average needle carbohydrate turnover times of 1 and 4
days, respectively. In the legend of Figure 3.9, pool sizes are indicated by their
corresponding average turnover times of 1, 2, or 4 days. Amplitudes of variations
depend on the size of the carbohydrate pool, being smaller with larger pool size and,
therefore, slower turnover. Night to night changes in the resulting isotopic composition of
carbohydrates were up to 0.6 %o for the assumed average turnover time of 2 days, 1.1
%o for 1 day and 0.3 %o for 4 days. Potential impacts of fractionation during dark
respiration on the time development of needle carbohydrate 5'3C were, however, not
explored because of the uncertainties connected with both discrimination and nocturnal

respiration data.
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respiration in steady state, assuming 1, 2, or 4 days of average turnover time of the carbohydrate pool, for

May (top) and July (bottom) 2001.
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Discussion

The magnitude and diurnal variations of "*A observed over the diurnal cycle in the top
bags were similar for the two sampling days in May and July 2001, although the
environmental conditions were different. Overall, photon irradiance, air temperature and
water vapour mole fraction deficit were higher during the May compared to the July
sampling period. The May sampling day was characterised by sunny conditions with
some intermittent clouds, whereas the sky was mostly overcast with more diffuse light
on the July sampling day. The similarity of '*A values on both days probably reflects the
fact that both assimilation rates and stomatal conductance were somewhat lower on the
July day (see Figures 3.2 and 3.4). Such differences would have opposing influences on
Ci/C, (see equation 2.6) and thus on A values. The similarity of C/C, values on both
days indicates that these concurrent differences might have balanced each other to
some degree (see Figure 3.2). At dawn and dusk, high humidity and low irradiance lead
to open stomata accompanied by low assimilation rates, resulting in high "*A values.
During the day, rising irradiances and temperatures were followed by declining relative
humidity. As a result, stomatal conductance decreased, limiting the CO, flux through
stomatal openings. At the same time, assimilation rates were rising along with

irradiances, leading to overall lower C/C, and therefore *A.

The conspicuously high dawn and dusk values of *C discrimination found in our study
could not be fully explained by contributions of concurrent day-time dark respiration.
However, assumptions regarding the rate of dark respiration in the light were taken from
the literature (Atkin et al 2000), obtained for a different plant species (Eucalyptus
pauciflora) grown under controlled conditions (20 °C). It is unlikely that these
assumptions are valid for our field observations. To account for discrepancies between
predicted and observed dawn and dusk values while leaving C/C, unchanged would
require the rate of concurrent day-time dark respiration to be approximately the same as
that of assimilation, corresponding to more than 50 % of gross photosynthesis. The rate
would have to be 10 to 20 times that of Ry from equation 3.6, higher than R, from
equation 3.7 or from observations. On the other hand, C/C, could be higher than
calculated from gas exchange at these times. With the respective C/C, values changed
to 0.95, the rate of dark respiration in the light would only have to be twice that obtained
using the temperature and light inhibited formulation, well within the range of observed

nocturnal dark respiration rates. These rates would correspond to 30 % of gross
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photosynthesis, plausible relative contributions similar to those obtained for several
other times. This indicates that C/C, values inferred from gas exchange data may not
have been reliable at dawn and dusk. Of course, all relative errors are larger for smaller
fluxes. At the same time, accurate estimation of the impact of dark respiratory
corrections depends on correct determination of C/C,. Therefore, discrimination could
not be reliably predicted at dawn and dusk. Fortunately, predicted *C discrimination
values are not sensitive to rates of day-time dark respiration when ¢* is small, (see top
panel of Figure 3.7), so that the corresponding ®A uncertainties are small during most of

the day.

We found a gradient of foliage material 8"°C, with more depleted values towards the
forest floor, similar to that reported in previous studies (Francey et al. 1985, Buchmann
et al. 1997). The gradient may be explained predominantly by consistently lower vapour
pressure deficits leading to higher C;/C, and hence discrimination values lower in the
canopy profile, rather than by partial re-assimilation of respired CO, that is already
depleted in "*C. Evidence for this came from higher stomatal conductance values in the
mid than in top bags (see Figure 3.2) and from the lack of canopy 8"°C.m gradients

between mid and top bag levels (see Figure 3.5).

The difference between §'°C of twig and needle material agrees with the results of
Francey et al. (1985), obtained in a study on Huon pine. According to their hypothesis,
twig material is exported from mature needles that tend to have lower C; so that average
discrimination is lower and hence resulting organic substrate not as depleted, i.e.
isotopically heavier. This is supported by the finding that diurnal discrimination integrals
were generally closer to the isotopic composition of twig than to that of needle material.
Bulk material mainly consists of structural carbon (= 90% cellulose), largely unavailable
to autotrophic respiration. It should reflect the average magnitude of discrimination
during the growing season where the majority of needle structural carbon was laid
down, taking additional fractionation during synthesis of organic compounds into
account. If there was no fractionation during respiration or other plant metabolic
processes, a less depleted §'°C caused by lower discrimination implies relatively more
influence of diffusive and less of biochemical fractionation due to more pronounced
stomatal closure. Stronger stomatal opening, i.e. higher average C/C,, has been
observed during needle growth (see Francey et al. 1985, or Evans et al. 1986 and

references therein).
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Using variations in the 8"C signature of ecosystem respiration, Ekblad and Hdgberg
(2001) examined the speed of carbon cycling through plants from its uptake during
foliage photosynthesis to its release in root respiration. They measured the speed of this
link by relating changes in §'°C of ecosystem respiration to the variability of
environmental conditions that are translated into magnitude of photosynthetic *C
discrimination and imprinted in the isotopic composition of newly assimilated organic
carbon. Assuming that the carbon isotope ratio of microbial respiration has very little
variations on short time scales (days), they attributed changes in §'°C of soil respiration
to those of root respiration, reflecting the isotopic composition of plant assimilates. Here,
the first estimates of night to night variability in 8"°C of needle carbohydrates are
presented. These estimates were obtained from field observations and linked to diurnal
patterns of photosynthetic *C discrimination. Even over short time periods of a few
days, the variability of 8"°C of assimilates was surprisingly high, and night to night
changes might be big enough to enable estimation of the speed of assimilate transfer to
the roots. Furthermore, these results emphasizes the importance of determining
carbohydrate pool sizes and hence turnover times influencing amplitudes of temporal
variations that are used to link uptake and release of organic carbon in ecosystems.

Compared to the only other study of "*C discrimination during photosynthesis under field
conditions so far (Harwood et al. 1998), the observations reported here show a more
pronounced diurnal variability, in discrimination as well as in C/C, values determined
from gas exchange. The data presented here also allowed the derivation of an estimate
for mesophyll conductance. The rate of transpiration, subsequently used in
determination of Ci/C,, was identified as one potentially problematic parameter that
needs to be accurately determined. The value obtained for mesophyll conductance will
be different if predicted discrimination used in the regression is corrected for concurrent
respiration, rather than taken from the simple uncorrected formulation. In the original
equation (see for example Evans and Von Caemmerer 1996), respiratory contributions
are reflected in the intercept of the regression. This is only the case if respiratory
contributions are constant over the full range of A4/C, values, as can be assumed for
photorespiration. On the other hand, the results obtained in this study show that it is
probably not valid for day-time dark respiration. However, differences in regression
parameters between simple uncorrected and respiration corrected versions should be
(and were) only minor because corrections had most impact on values where 4/C, was

not significantly different from zero, excluded from the regression for numerical stability.
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Pronounced differences were found between the isotopic composition of nocturnal dark
respiration and bulk needle material, and also between both of these two signatures and
instantaneous values of discrimination. This is important because the isotopic
composition of bulk foliage material is often used to obtain estimates for average C/C,
values of plants under natural conditions. For example, in the study of Flanagan et al.
(1997), an average C/C, value was estimated from bulk needle isotopic composition,
and used as constant parameter to predict photosynthetic 'O discrimination over the
diurnal cycle. As shown here, not only is C/C, not constant over the day, but needle
isotopic composition is also probably not a good estimate for discrimination, or C;/C,, at
a time other than that of needle development. The influence of changes in C/C, on

diurnal patterns of ®0O discrimination is examined in detail in section 4.
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3.2 5"C of CO, from foliage and soil respiration

Introduction

At night, changes in 8"°C values of canopy CO, reflect the isotopic composition of
organic material constituting the substrate of autotrophic respiration from foliage and
roots and heterotrophic respiration from soil microorganisms. In the absence of turbulent
mixing with air from outside the canopy, pronounced concurrent gradients often develop
in the mole fraction and 5'3C of CO,, with stronger depleted 5'*C values at higher CO,
mole fractions, i.e. towards the forest floor. As described in the previous section, 3c
discrimination during photosynthesis results in plant material depleted in *C. Thus, if
there is no fractionation during respiration, '°C of canopy CO, will be simply determined
by relative rates and isotopic composition of foliage, root and soil respiration. However,
separating component respiratory sources using their '>C signatures in a "Keeling plot"
approach might be difficult because different sources often have similar isotopic
compositions. For example, foliage and root respiration are both supplied from soluble
carbohydrates so that they may be isotopically indistinguishable (Ekblad and Hogberg
2001).

In this study, 8'3C of foliage and soil respired CO, were estimated from measurements
of isotopic gas exchange during September 2000, May and July 2001. In the steady
state (with respect to diffusion), the isotopic composition of CO, leaving the soil or
foliage must be equal to the CO; produced in soil or foliage. Although CO, within the soil
is enriched through diffusional fractionation (= 4.4 %., Craig 1953), the flux of CO,
leaving would only have an isotopic composition different from its substrate if it was
affected by fractionation during respiration itself. Thus, under natural conditions,
existence or magnitude of respiratory fractionation can be estimated by comparing §'°C
of respired CO, with 8"°C of its substrate. Here, diurnal and seasonal changes in 3"°C of
foliage, soil and ecosystem respiration are presented and compared to §"*C of bulk
organic material from concurrently collected foliage and soil samples as estimates of the

8'°C of substrates of respiratory CO, fluxes.
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Results

5"3C of foliage respiration during the night

Figure 3.10 shows Keeling plots (equation 2.9) constructed from combined open and
closed air samples collected in the top branch bags at night, during May and July 2001.
Data from September 2000 is shown for comparison and to highlight possible seasonal
variations. The isotopic signature of foliage respiration was obtained from intercepts of
linear regressions (geometric mean regression), yielding 8'>C values of -26.9 + 0.2 %o
for September, -27.5 + 0.7 %o for May and -27.9 + 1.4 %o for July (all R? > 0.95). No

significant differences were found between the seasons (P > 0.32 for all combinations).

Figure 3.11 illustrates that respiratory 5'°C values did not significantly covary with
respiration rates (R> = 0.13, P = 0.37). Correlation might indicate occurrence of
feedback processes of the changing trace gas composition within the branch bags on
the isotopic composition of CO, released in foliage respiration. Only very few mass
balances (equation 2.8) could be calculated from observations of dark respiration in
branch bags, because pair measurements consisting of open and closed air samples at
night were sparse. This was due to difficult sampling conditions at night, as well as low
nocturnal respiration rates of branch bag foliage resulting in small gradients of CO, mole

fractions with large uncertainties over the closure period (see error bars in Figure 3.11).

Table 3.3 lists 8'°C values for averages of the isotopic signature of CO, released in
nocturnal dark respiration calculated using isotopic mass balances, intercepts of
regressions ("Keeling plots") combined from all (open and closed) air samples collected
at night during each field campaign (see Figure 3.10), and for bulk needle and twig
material. All values refer to top bags, as measurements of rate and §'>C of respiration in
mid or low bags were difficult to obtain due to very low fluxes. All §"*C values were more
depleted in May 2001 than in September 2000. Keeling plot intercepts in July were even
more depleted than in May, but mass balance average was less depleted than in May.
However, most values had large uncertainties, so that existence or direction of seasonal
changes cannot be established. Bulk needle and twig samples as well as Keeling plot
intercepts showed a decrease in 8'°C of a comparable magnitude between September

and May (0.6 %o). It was, however, based on only one bulk sample each for September.
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Figure 3.10: Keeling plot of all air samples (open and closed) collected during nocturnal respiration from the
top branch bag in September 2000 and May and July 2001.

-15
O Sep 00
-19 t
A P
—_ ¢ May 01
Eg. top
g 23
3 May 01
L e} mid
2 A
Q A A July 01
top
27 4
AR
-31
-35 T T
0.0 0.5 1.0 1.5

CO, flux [umolim?/s]

Figure 3.11: Isotopic composition of foliage respiration versus respiration rate, obtained from sample pairs
of top and mid branch bag air in September 2000 and May and July 2001. Error bars indicate standard
deviations of measurements.
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field campaign

mass balance

averages (%o)

Keeling plot

intercepts (%o)

bulk needle

samples (%o)

bulk twig

samples (%o)

Sep 2000 -25.1 (14.4) -26.9 (0.2) -28.4 (0.3) -27.0 (0.3)
May 2001 -27.5(5.2) -27.5(0.7) -29.0 (0.2) -27.7 (0.3)
July 2001 -25.7 (7.2) -27.9 (1.4) - -

Table 3.3: Isotopic composition of foliage respiration at night from mass balance averages and combined
Keeling plot intercepts, and bulk needle and twig §'C values for September 2000 and May and July 2001

(standard deviations in parentheses, for September bulk samples from average precision of analyses).

5'*C of soil respiration

In analogy to foliage respiration, Keeling plots were constructed from the CO, mole
fraction and isotopic composition of air samples of open and closed soil chambers.
Keeling plots for two soil chambers, soil 1 and soil 2, are presented in Figure 3.12. The
5"*C values of soil respired CO, were obtained from intercepts of regressions as
described above, yielding -27.6 £ 0.5 (soil 1) and -28.7 + 0.5 %o (soil 2) in September
(R? > 0.95), -29.3 + 2.1 (soil 1) and -29.1 + 1.5 %o (soil 2) in May (R? > 0.9) and -28.6
0.3 (soil 1) and -29.6 + 0.3 %o (soil 2) in July (R* > 0.95). Seasonal differences in the
8"3C of soil respired CO, were not significant for either soil 1 (P > 0.06) or soil 2 (P >
0.24). The 8"*C signature of soil 2 was depleted by about 1 %o with respect to that of soil
1 in September and July and enriched by 0.2 %o, in May. However, the differences
between the two chambers were only significant for July (P = 0.01) but not for
September (P = 0.16) or May (P = 0.72). Keeling intercepts and mass balance averages

were similar, with differences (< 1 %o) mostly smaller than uncertainties.

Figure 3.13 presents 8'3C of soil respiration versus respiration rate. Again, the absence
of a significant correlation between the two variables confirms that experimental
conditions did not create feedbacks on isotopic gas exchange. At lower respiration rates
of 0.5 to 2 umol/m?/s, several §"°C values were more strongly depleted, between -30
and -32 %o. At respiration rates higher than 2 umol/m?/s, §"3C values converged at a
stable level of -28.3 + 0.6 %o for soil 1 and -29.3 + 1.0 %. for soil 2. This difference of
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approximately 1 %o in the mean &'C signature of soil respiration between the two soil
chambers was significant (P < 0.01). At lower respiration rates, there was more scatter

of "C values (with higher measurement uncertainties, see error bars in Figure 3.13).

Figure 3.14 shows &'°C values of soil respiration obtained from mass balance
calculations over the course of the sampling days in September 2000, May and July
2001. In May, 8'3C values of respiration in both soil chambers seemed to increase by 5
%o, i.e. towards less depleted values, during the day. It is difficult to imagine possible
explanations for such a large diurnal cycle of 8"*C of soil respiration, even taking any
temporal variability of 8'>C of plant assimilates (as discussed in previous section) into
account. Accordingly, the 8"C value of around -29 %o obtained at 6:00 on the following
morning did not confirm this pattern. In addition, the isotopic signatures of respired soil
CO, in September and July were also more stable, not displaying any clear diurnal

patterns and less overall variability.

Table 3.4 gives an overview over results of different analyses of 8"*C of soil respiration
and bulk soil material from the September, May and July sampling campaigns. Similar

8"3C values of soil respired CO, were obtained from both mass balance averages and
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Figure 3.12: Keeling plot of isotopic composition against the inverse of CO, mole fraction from open and

closed soil air samples collected in September 2000 and May and July 2001.
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Figure 3.14: Diurnal cycle of isotopic composition of soil respiration source for September 2000, and May

and July 2001. Error bars indicate standard deviations of measurements.
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Keeling intercepts (within + 0.7 %o of each other). The 8'°C values of respired CO;
calculated from mass balance averages were depleted with respect to §'°C of bulk soil
samples by 0.7 to 1.5 %o. 8'C values of respired CO, from Keeling plot intercepts were
equal or slightly depleted (by up to 0.9 %o) with respect to bulk 8"°C values. These
differences were, however, mostly small compared to the standard deviations (see
table) and not significant.

soil 1 — 8"C (%) s0il 2 — 8"*C (%)
mass Keeling bulk  soil mass Keeling bulk  soil
balance intercept balance intercept
Sep 00 | -28.3 (0.2) | -27.6 (0.5) | -27.6 (0.3) | -29.3 (1.3) | -28.7 (0.5) | -27.8 (0.3)
May 01 | -29.6 (2.1) | -29.3 (2.1) | -28.8 (0.3) | -29.6 (1.2) | -29.1 (1.5) | -28.5 (0.3)
July 01 | -28.2(0.3) | -28.6 (0.3) - -28.9 (0.1) | -29.6 (0.3) -

Table 3.4: Isotopic composition of foliage respiration at night from mass balance averages and combined
Keeling plot intercepts, and bulk needle and twig §'3C values for September 2000 and May and July 2001
(standard deviations in parentheses). Standard deviations of September bulk samples (only one sample per

month) indicate average analytical uncertainties from repeated analyses of laboratory standards.
13 . .
& °C of ecosystem respiration

Figure 3.15 shows Keeling plots for September, May and July, combining all air samples
collected from open branch bags and open soil chambers at night, i.e. samples of
unperturbed canopy air. The §'°C signatures of ecosystem respiration integrated
throughout the canopy obtained from regression intercepts were: -28.8 + 0.5 %o in
September, -29.3 + 1.0 %o in May and -28.8 + 0.2 %o in July (all R > 0.9). Thus, seasonal
variations in the carbon isotopic signature of ecosystem respiration were not significant
(P > 0.78). Note that in May, only 5 data points were available to construct the

regression.
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Figure 3.15: Keeling plot from nocturnal samples of open branch bag and soil chamber air collected in
September 2000, and May and July 2001.

Discussion

Differences between §"*C of respired CO, from plants and that of its substrate were
used in a number of studies examining direction and magnitude of fractionation during
autotrophic respiration. Lin and Ehleringer (1997) found no such fractionation with
respect to soluble carbohydrates used as substrates by isolated protoplasts from leaves
of C3 and C, species. Smith (1971) reported a depletion by 1 %o in respired CO, with
respect to whole plant material of wheat, radish and pea. Park and Epstein (1961)
reported 2 to 5 %o enrichment with respect to whole tomato plant. Duranceau et al.
(1999) reported = 6 %o enrichment with respect to sucrose in leaves of bean plants.
Duranceau et al. (2001) and Ghashghaie et al. (2001) found respired CO, isotopically
enriched by 2 to 6 %o with respect to soluble carbohydrates and whole leaves of tobacco
and sunflower, and argued that direction and magnitude of respiratory fractionation of

CO, may vary depending on environmental conditions and species.

In this study, 8"°C of soluble carbohydrates, assumed to form the substrate for foliage
respiration, was not analysed directly. Although fractionation between respired CO, and
carbohydrates could thus not be derived, preliminary estimates of fractionation between
respired CO, and bulk foliage material were obtained. Respired CO,, inferred from

Keeling plot intercepts and mass balance averages, was found to be isotopically
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enriched by 1.5 to 3.3 %o, compared to bulk needle material, less pronounced but in
general agreement with the results of Park and Epstein (1961), Duranceau et al. (1999,
2001) and Ghashghaie et al. (2001).

The scatter in soil respiration 5'°C values at low respiration rates seem to have affected
predominantly May data. At the same time, average respiration rates were somewhat
lower in May (2.4 pmol/m?/s in September, 2.0 pmol/m?/s in May, 3.2 umol/m?/s in July).
This could have at least contributed to noisy May data as lower respiration rates
translate to higher measurement uncertainties, increasing the relative errors of inferred
soil respiration 8'°C values. However, the reason for lower May soil respiration rates is
unclear. Average soil temperatures in May were not lower than in the other two months
(10 °C in September and May, 7 °C in July). In addition, occurrence of more strongly
depleted values (that can be interpreted as scatter) was confined to two sampling times
(at around 7:00 and 10:00), pointing to unidentified technical problems during soil

chamber measurements at the respective sampling periods in May as a potential cause.

In soils, there are two simultaneous sources of respired CO,, root (autotrophic) and
microbial (heterotrophic) respiration. If their respective 8'°C values differ significantly,
then their relative contributions can be inferred. Accordingly, Ekblad and Hoégberg
(2001) estimated that root respiration contributed at least 65 % to total soil respiration in
a boreal mixed coniferous forest. They reported seasonal variations in 8'°C of soil
respiration of almost 5 %o.. Flanagan et al. (1996, 1999) also found seasonal changes of
up to 2 %o in 8"°C of soil respiration in boreal forest ecosystems. Assuming that the
isotopic composition of microbial soil respiration does not have pronounced variations
over short time periods, they attributed the day to day variability mainly to changes in
8"3C of root respiration, mirroring environmental conditions via photosynthetic

discrimination (see section 3.1).

In this study, §'3C values of bulk soil samples were not as depleted as expected from
the 8'°C values of the collected samples of plant biomass such as needles and twigs
(see Table 3.3). Soil microbial respiration has been found to release CO, with an
isotopic signature close to that of soil organic matter (Santruckova et al. 2000). Soil
organic matter consists of a mixture of plant and microbial biomass. Because of
selective utilisation of the different available biomolecules by soil microbes and isotope

discrimination during the microbial metabolism, soil material usually contains less *C
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than the average aboveground (plant) material as well as less *C with increasing depth
in the soil profile (see Santruckova et al. 2000 and references therein). Although the soil
samples were collected from the soil surface layer (top 5 cm after litter removal), the
data presented here confirm to the pattern of enriched soil with respect to plant material
reported in these other studies. However, bulk soil samples were analysed instead of

soil organic carbon, limiting the interpretation of the observed patterns.

The second source of respired CO, from soil are roots. Source material for root
respiration consists of soluble carbohydrates assimilated during the day. Its 8"°C value
should therefore be similar to that of foliage respiration at night. By comparing §'°C
values listed in Tables 3.2 and 3.3 it is evident that the isotopic signature of root
respiration is likely to be similar or somewhat enriched compared to the isotopic
signature of the microbial source of respiratory CO, (from bulk soil material). However,
the 5'°C signature of combined soil respiration (-28.2 to -29.6 %o) was found to be more
negative than either the soil (-27.6 to -28.8 %o) or the root respiration source material (-
25.1 to -27.9 %o0). This could have been caused by fractionation during respiration, or it
could reflect the fact that analyses were performed on whole soil bulk samples instead

of separated organic soil components.

5"3C values of integrated ecosystem respiration were remarkably constant over the
seasons. They were also all close to the isotopic signature of soil respiration in the
respective months. Relative rates of foliage or root versus microbial respiration could not
be quantified from our data. Temporal variability of §'3C of microbial respiration was
small, as indicated by 8"C values of bulk soil organic material. Assuming that roots
contribute 65 % to total soil respiration with 8'>C of recently assimilated carbohydrates
(Ekblad and Hdgberg 2001), stability of 5'°C values of ecosystem respiration would
imply that 5'°C of photoassimilates did not change greatly over time, in contrast to
results in the discrimination section, where surprisingly variable 5'°C of assimilates over
short time periods of a few days were inferred. Otherwise, similar environmental
conditions during sampling campaigns could also explain why 5"*C values would appear
stable over time. This would require comparable magnitudes of photosynthetic
discrimination in the days immediately before sampling campaigns, as well, because of
time lags between assimilation of carbohydrates and their consumption in root
respiration. Ultimately, these questions can be only answered through more extensive,

long term sampling.
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4. §%0 of CO,

4.1 Discrimination against '®0 during photosynthesis

Introduction

The oxygen isotopic composition of atmospheric CO, exhibits a strong meridional
gradient (Francey and Tans 1987) and varies seasonally. During transpiration from the
leaves of plants, the heavy oxygen isotope, '°0, accumulates in the leaf water. Because
CO, exchanges isotopically with water, the oxygen isotope signal of leaf water is
transferred to atmospheric CO, during leaf gas exchange (Farquhar et al. 1993). In
summer, leaf water is mostly enriched in "0 and photosynthetic activity thus increases
the "80/'®0 ratio of CO, in the atmosphere. In winter, the respiratory fluxes from plants
and the soil mostly release isotopically depleted CO,, decreasing the isotopic ratio of
atmospheric CO,. This seasonality is most pronounced in the northern hemisphere due
to the contribution from the vegetation covers of the large continents (see Ciais et al.
1997b, Peylin et al. 1999). Changing environmental conditions alter the magnitude of
fractionation by leaves, thereby determining the isotopic signal of the CO, that enters

the atmosphere from the canopy.

The intercept derived from the relationship of the isotopic composition against the
inverse of the CO, mole fraction (Keeling 1961) can give estimates of the isotopic signal
of the respiratory pool at night, but it cannot be used to constrain photosynthetic isotope
fractionation over a diurnal cycle, when gradients in trace gas composition caused by
plant gas exchange are diluted by turbulent mixing with air from above the canopy to
varying degrees. There has been only one study so far to examine the magnitude and
diurnal variability of photosynthetic oxygen isotope discrimination under natural
conditions (Harwood et al. 1998).

The steady state enrichment model of Craig and Gordon (1965) is widely used to predict
the isotopic composition of water at the evaporating leaf surface (e.g. Farquhar et al.
1993, Ciais et al. 1997a). Isotopic steady state conditions, the basic assumption of this

model, are not necessarily fulfilled at all times under natural conditions. Dongman et al.
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(1974) developed a non steady state version of the enrichment equation, taking leaf
water turnover rates into account. Because of its influence on the §'°0 signature of
photosynthetic CO,, it is important to test how well theses models predict the isotopic
signature of water at the evaporating sites. However, comparison with measurements is
difficult — one would have to carefully separate the surface areas from the rest of the
foliage material during collection of water samples. Here, this problem was avoided by
comparing photosynthetic '®O discrimination predicted by the two models from leaf
water isotopic composition at the evaporating sites to field data. This provides an
evaluation of the applicability of theoretical relationships between canopy environmental
parameters, isotope enrichment of evaporating site water and '®0 discrimination to Sitka
spruce under field conditions. Furthermore, two different assumptions regarding the
location of the catalysed isotopic exchange between CO, and water along the gradient
of decreasing CO, mole fraction (C; to C.) are assessed by comparing predictions to

field observations of photosynthetic 'O discrimination.

This section describes predictions and field observations of '®0 discrimination during
photosynthesis, i.e. the influence of photosynthesis on the 5'®0 signature of canopy CO;
and the role of leaf water isotopic enrichment and leaf internal CO, gradients in
determining this signature. The relationships between §'0O signals and environmental
parameters described in this section are used subsequently in Part Il, section 7.3, to
estimate diurnal patterns and integrated values of §'®0 of ecosystem gas exchange for
the days following measuring campaigns. Furthermore, in Part Il, section 9, the §'°0
signatures of canopy fluxes are then used along with the 5'°C signatures (see sections
3.1 and 3.2) to evaluate a newly developed approach for partitioning of net ecosystem

exchange into component fluxes.
Theory

The enrichment (or depletion) of 0O in ambient CO, during photosynthesis differs from
that in "*C, because CO, exchanges isotopically with H,O in a reaction catalysed by the
enzyme carbonic anhydrase. This has two important implications: firstly, the oxygen
isotopic composition of CO, will be predominantly influenced by the (mostly enriched)
isotopic signature of the foliage water that it comes in contact with even if it only enters
and diffuses back out of the stomatal cavity without being assimilated. Secondly, and

because of this, photosynthetic "0 enrichment is scaled by the backflux of CO, that can
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far exceed net assimilation, therefore absolute values and diurnal amplitudes can be

much higher than for "*C.

Assuming full isotopic equilibrium with chloroplastic water, fractionation against 'O
during photosynthesis ("'®0 discrimination”), A, can be written to reasonable

approximation following Farquhar and Lloyd (1993) as:

CC
c,-C

c

A =7+ (5%0, —5"0,, ) (4.1)

where C. and C, are CO, mole fractions inside the chloroplasts and in ambient canopy
air, respectively, a is the average fractionation during diffusion of CO, in air (7.4 %o),
8"®0.m is the isotopic signal of ambient CO,, and §'®O¢ is the isotopic composition of
CO; in equilibrium with the pool of foliage water that it exchanges with. This exchange is
assumed to take place at the surface of the chloroplasts (Farquhar and Lloyd 1993),
hence instead of C. the CO, mole fraction at the chloroplast surface, C., should be
used in the above equation. However, Gillon and Yakir (2000) suggested that C.s was
close to C;, the intercellular CO, mole fraction. As C.s might be intermediate between C.
and C;, both were obtained in our study from simultaneous measurements of 3c

discrimination (see Figure 1.3 for diagram of C,, C; and C).

Flux derived C/C, and C./C, were calculated using equations 2.6 and 3.10. C/C, and
C./C, were also estimated from net observed '>C discrimination, "*A.s, corrected for

contributions from respiratory fluxes and internal CO, transfer (see section 3.1):

13A0bs —a+ (b - am)

+(f—(e+e*) Ry JF*

Q: gwca 7 A+Rd Ca (42)
C. b—a—(e+e*)A dR
+ Ry
s\ R, T
c 13A0bs—a+(a—am) c +(f—(e+e )A+dR JC
c _ gLy 2 d a (43)
Ca b—a—(e+e*) d

A+R,

The derivation of equation 4.2 (4.3 derived analogously) is given in the Appendix.
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The isotopic composition of CO,, 580, is in equilibrium with that of water at the
chloroplast surface, §'®Ocw. The equilibrium coefficient of the exchange reaction
between CO, and water, ecoz.120(7), can be calculated from leaf temperature 7' (K) using

the formulation of Brenninkmeier et al. (1983):

17604
€cor-m20T) = — 17.93 (4.4)

The isotopic composition of water at the chloroplast surface, §'®Ocy, is assumed to be
close to that at the leaf evaporating sites. The latter is usually calculated using the
steady state enrichment model of Craig and Gordon (1965). It describes evaporation
from a water surface influenced by two source pools: ground or soil water on one hand,
and atmospheric water vapour on the other hand, and two fractionating processes: a
temperature dependent fractionation between the liquid and the vapour phase of water,
and a kinetic fractionation where the lighter isotope is transpired faster and the heavier
isotope stays behind, thereby enriching the isotopic composition of the leaf evaporating
site water pool. The actual §'°0 value of evaporating site leaf water is controlled by the
rate of transpiration from the leaf surface and thus proportional to relative humidity in the
air surrounding the foliage. The isotopic composition of water in isotopic steady state
(ISS) at the evaporating sites, §'®0,ss, can thus be determined using the §-notation of

the Craig and Gordon model from Farquhar et al. (1993):

8500y s = 80,55 = 80 + 2, +e,, + (570, -850, — g, )= (4.5)

i

where 8'®0g and §'®0y are isotopic compositions of source water and canopy water
vapour, respectively. g is the kinetic fractionation factor during diffusion of water vapour
in air, €¢q is the equilibrium fractionation factor during water evaporation, and e./e; is the
ratio of ambient to leaf intercellular water vapour mole fraction. The latter corresponds to

h*, the relative humidity of ambient air corrected with respect to leaf temperature.
Buhay et al. (1996) concluded that kinetic fractionation factors can be reliably estimated

based on leaf size and morphology. The diffusional fractionation factor, &, was

calculated from their equation (C6) for dissected needles:
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Vi-d,

1 44210 d, -698-0.95-7,° "
[-' G "'kJ.O.63
3

0.044
In0.242

g, =28.5 10" (4.6)

where 7V is airflow velocity and d is needle diameter. Airflow around the branches had a
controlled speed of 25 cm/s for both open bags and when the bags were closed during
measurement periods. With a mean diameter for Sitka spruce needles sampled from the
branches of 1.5 + 0.5 mm (depending on canopy level and needle age class

distribution), this yields an estimate of 27.7 £ 0.2 %o for &.

The equilibrium fractionation coefficient for the phase transition of water from liquid to
vapour, £.4(7), was determined using the regression parameters of Majoube (1971):

g, (T)= exp[“Ti7 -~ 0'4;5 6_ 0.0020667j 4.7)

where T is leaf temperature (K). At the typical day-time temperatures of 9 to 14 °C of

ambient canopy air, €. was generally around 11 to 10 %o.

The average isotopic composition of twig water was used to define the isotopic
composition of source water, 8'°0s. Since water vapour within the canopy originates
mainly from needle transpiration, §'®0y was assigned a value in temperature dependent
isotopic equilibrium with water delivered through twigs. €4 values were calculated on the
basis of day-time leaf temperatures weighted by measured leaf transpiration rates over
the course of the diurnal cycle from all branch bags (10.4 to 10.8 %o). This yielded a
mean 'Oy of —18.6 %.. A (hypothetical) contribution of 30 % soil evaporation (8" =

—7 %o) to canopy water vapour would have increased 'Oy, by only 0.3 %o on average.

In contrast to controlled laboratory experiments, plant foliage under fluctuating
environmental conditions may rarely be in the isotopic steady state (ISS) with respect to
leaf water enrichment, as represented by the Craig and Gordon model. Harwood et al.
(1998) found that leaf water was at ISS only during a few hours after mid-day. The
amount of time necessary for foliage water to attain an isotopic steady state will depend

on transpiration rates. A decrease in transpiration rate will cause a decrease in the rate

71



of foliage water turnover, hence the isotopic steady state will be reached more slowly
than at a higher transpiration rate. The rate of approach of leaf water isotopic
composition towards an isotopic steady state can be incorporated into the Craig and
Gordon model to obtain an expression for the non steady state (NSS) isotopic
composition of evaporating site water, §'®Oyss, following Dongmann et al. (1974):

1=ty

(,7
SISOICW—NSS = 5]805\/35 = 61801&9 - (61801&8‘ - 81801[\/_51s)' e ' (4-8)

where 5'®0ss is leaf water enrichment at time ¢ in isotopic steady state with
environmental conditions as calculated from equation 4, §"80""\ss is leaf water
enrichment at the previous time step, and ¢ - # is the interval between time steps
(usually 20 mins). The leaf water turnover time t can be calculated from the ratio of leaf

water volume ¥ (mol/m?) to transpiration rate £ (mol/m?/s) according to:

o 14
E-h-(1-g)(1-¢g,

(4.9)

where #* is the relative humidity of ambient air corrected with respect to leaf
temperature (as in equation 4.5). £ has been obtained as described in the Methods

section (equation 2.3).

Both versions (ISS and NSS) of the enrichment equation describe needle water isotopic
composition at the evaporating sites. To obtain the isotopic signature of bulk needle
water, less enriched components of the needle water volume have to be taken into
account. Pine needles have centrally located vascular bundles (“leaf veins”) carrying
unenriched source water that moves radially out through mesophyll tissue towards the
needle surface. Opposed to that, enriched water from the evaporating surface diffuses
back towards the vein, constituting a Péclet effect. The strength of the effect varies
depending on relative rates of diffusive and convective water fluxes, creating a variable
enrichment gradient along the path of water movement. The gradient is controlled by the
transpiration flux - it is stronger for higher transpiration rates, when backdiffusion
becomes relatively less important. Farquhar and Lloyd (1993) incorporated the Péclet

effect to give an expression for average bulk leaf water enrichment, 5'%0g:
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p

880, = 505 + (8”0, - 5"0;) (4.10)

This formulation applies to both §'®0g.ss and §'®0g.nss, With evaporating site enrichment

580k substituted with '80,ss or §'®0yss, respectively. The Péclet number is defined as:

o= EL (4.11)
C,Dis

where E is transpiration rate, L is scaled effective mixing length, C, is molar
concentration of water (5.56*10* mol/m®) and Dis is diffusivity of H,'®0 in H,'°O
(2.66*10° m?%s). The Péclet number, p, is an expression for the gradient described
above. The balance between convective and diffusive transport is influenced by the
average transport velocity (E/Cy). The smaller the Péclet number the weaker the
gradient, and so the greater the extent to which bulk leaf water §'20 will be influenced by
diffusion rather than convection. Wang et al. (1998) characterised conifers as having
smaller Péclet numbers. With more emphasis on diffusion, bulk water §'0 in conifer
foliage should therefore be closer to evaporating site enrichment. The resulting
predicted bulk needle water isotopic composition, §'®0g, can then be compared to

measurements of water extracted from bulk needle samples.

Results

Field observations of ®A during photosynthesis

In May 2001, flask sampling started after sunrise, with dawn samples taken on the next
day. In July 2001, flask sampling started at dawn and a complete diurnal cycle was
obtained. Figure 4.1 shows 8A s Values for the different branch bags (top1 and top3, 10
m, and mid, 8 m) determined from sample pairs following equation 2.7. Noticeable are
the extremely high dawn and dusk "®A.s values of around 100 %o, in sharp contrast to
mid-morning values in the order of 10 %.. Afternoon values were between 20 and 60 %eo.
Mid bag values (only May data) were similar to those of top bags, except at noon, when
the highest "®Aqs value of both campaigns was measured (126 %o). "®Aqs Was slightly

smaller in July compared to May.
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Figure 4.1: Observed 80 discrimination, ®Aqps, of branch bag foliage during photosynthesis obtained from

top and mid bags in May 2001 and top bags in July 2001.

74



------- top1 flux Ci
¢ top1DCi
-~ top3 flux Ci
O top3DCi
mid flux Ci

mid D Ci

top1 flux Cc

¢ top1DCc

top3 flux Cc

® top3DCc
0.2

mid flux Cc

A midD Cc

6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00

time on 18/19 May 2001

------- top1 flux Ci

¢ top1DCi

top1 flux Cc

Ci/Ca, Cc/Ca

¢ top1DCc

rrrrr top3 flux Ci

© top3DCi

top3 flux Cc

® top3DCc

0 T T T T T
3:00 6:00 9:00 12:00 15:00 18:00 21:.00

time on 20 July 2001

Figure 4.2: C/C, and C./C, calculated from fluxes and from 3¢ discrimination (D), "3 Aops, for top and mid

branch bags in May and July 2001.
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Parameters for predicting A

Ci/C. and C./C,

Ci/C, was calculated from CO, and H,O mole fraction and flux measurements obtained
from the IRGA and relative humidity sensors for each time step (interval 20 min per bag
at day-time) as detailed in section 2 (Methods). To calculate C., mesophyll conductance,
gw, Was obtained as described in section 3.1. Mesophyll conductance for branch bag
foliage was estimated at 0.29 mol/m?%s, only slightly greater than the upper range
obtained for stomatal conductance (= 0.24 moI/m2/s). Flux based C./C, was then
calculated using equation 3.10. Estimates of C/C, and C.,/C, from net observed *C
discrimination were obtained following equations 4.2 and 4.3. Figure 4.2 shows Ci/C,
and C//C, from flux data and from ">C discrimination. Flux based values for the top bags
are not continuous on the first half day of the May campaign when some
instrumentalerrors occurred. At most times, flux and discrimination based estimates
agreed well. In contrast, when "*Aq,s was above 30 %o, respiratory corrections were not
large enough to account for discrepancies between predicted and observed A, and
hence between flux and discrimination based estimates of C/C, and C./C,. For a more

detailed discussion see section 3.1.
Isotopic composition of canopy CO,

Figure 4.3 shows 5'80,tm, the oxygen isotopic composition of canopy CO,, obtained from

open samples, i.e. measurements from open branch bags. These values are reported
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Figure 4.3: 5"®0atm Of canopy CO»: observations and regressions of open sample 5'%0 vs. 1/[COg].
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with respect to V-PDB-CO,. The time course of 5'80,m Was derived from a regression of
8'®0.m against the inverse of the canopy CO, mole fraction. The prerequisite for
application of this method, contributions from two pools of CO, with different isotopic
signatures, is not likely to be strictly fulfiled inside the canopy during the day, as
turbulent mixing with air from above the canopy, plant photosynthesis and soil
respiration each carry their own distinct isotopic signatures. However, regression yielded
R? values of > 0.9 for the May day-time data, with intercepts of -6.9 %o (May) and -5.9 %o
(July). This might indicate that during the day, contributions from the soil (intercept at -
14 %o, May and July) can be largely neglected and the simple model of mixing between
two pools can be applied. Apparent discrepancies between regressed and measured
8'®0.m can be explained mostly by differences between IRGA and flask CO, mole
fraction data, with flask samples collected from open branch bags 3 to 4 minutes before

IRGA measurements started immediately after bag closure.
Isotopic composition of needle water at the evaporating sites

Micro-climate and transpiration data obtained from branch bag sensors were used for
each time step and bag to calculate 50w of needles according to equations 4.3 and
4.6. All water 80 values are reported with respect to V-SMOW. The isotopic
composition of source water was obtained from average 8180twig, the isotopic
composition of twig water (-8 %o). Twig water was found to be depleted with respect to
soil water from the top 5 cm of the soil profile by 0.3 to 5 %o at most times. Without
fractionation during water uptake or transport through the xylem cells of tree
stems, 8180twig should represent an uptake weighted average isotopic composition of
water from different soil layers, potentially also including ground water. Twig water
should not experience the same degree of evaporative enrichment as soil water. Soil
and twig water 8'®0 values are discussed in more detail in section 4.2. The isotopic
composition of canopy water vapour, 5'®0y, was calculated in temperature dependent
equilibrium with source water. The leaf water volume (V) was assigned a value of 7.85
mol/m? for both months. It was determined from the difference between fresh and dry
weight of 18 needle samples divided by the projected leaf area of the respective
samples. The calculations of 5'80nss values were initialised with the corresponding
5'%0ss values at 16:00 on the previous day (tests confirmed that this allowed enough

turnover time to attain the dynamic steady state usually reached after about one day).
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Predictions of evaporating site water enrichment obtained with ISS and NSS model
versions, 8'0jss and 8'®Oyss, are presented in Figure 4.4. Shortly after dawn, 8'°Oyss
values started rising rapidly by 5 to 10 %0 within 1 to 2 hours whereas the increase in
5'®0nss values was slower. Only later during mid-morning did §'®Oyss values reach the
same level of enrichment as the §'®0,ss values. This difference in timing was due to the
low transpiration rates usually found in the morning. On the other hand, such low
transpiration rates were also found in the evenings and sometimes even throughout the
night. For this reason, 8'®Oyss values were often not as depleted as §'°Oss values
during the night, when §'®0jss values decreased to source water §'0 values in the
absence of evaporative enrichment (see equation 4.5). Thus, 5'%0pss values were often

higher than §'®0,ss values at dawn and then started rising from already higher levels.

Typical maximum &'®0yss values were around 5 %o lower than those of §'°0,ss. Maxima
of 3"®0nss Were shifted towards the afternoon compared to those of §'®0,ss. For both
ISS and NSS versions, average §'®0 values were higher in top bags than in the mid
bag, and higher in the afternoon than in the morning. Diurnal trends of 505 were
superimposed by fluctuations on time scales of around one hour. These were not found
in §'®Onss because the transpiration rate dependent adjustment to changing
environmental conditions effectively dampens short-term fluctuations and smoothes

diurnal patterns.

Errors in calculated §'®0 caused by a hypothetical shift of 1 %o in §'0y (for example
from an underestimation of soil evaporation or tropospheric water vapour contributions)
would be in the order of 1 %o at dawn, 0.8 %o at dusk and 0.4 %. (top bags) and 0.6 %o
(middle bag) during the rest of the day. Such errors would be mostly negligible
compared to differences between ISS and NSS values. Any impact on flux weighted
values would also be small. This is because uncertainties due to variable 80y are
scaled by relative humidity and are thus generally smaller at the times of high

evaporation rates.
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Figure 4.4: Needle water §'%0 and the effect of taking turnover rates into account: enrichment at

evaporating sites of branch bag foliage assuming ISS (dashed lines) and NSS (solid lines).
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Isotopic composition of bulk needle water

One test of needle water "0 enrichment predictions is to simply compare them to bulk
needle water 3'°0 measurements. To do this, predictions were adjusted following
equation 4.9 to take the Péclet effect on the average isotopic composition of bulk water
into account. A scaled effective mixing length (L) of 100 mm was assumed (see
equation 4.11). This value was chosen to achieve a reasonable qualitative agreement
between predicted and measured §'°0 of bulk foliage water. Figure 4.5 shows the
calculated isotopic compositions of bulk foliage (61SOB_NSS) and evaporating site
(8"®0nss) water, illustrating the influence of transpiration rate on the leaf water gradient
due to the Péclet effect. In both versions (ISS not shown), the respective bulk needle

water isotopic composition was 3 to 4 %0 depleted compared to evaporating site values.

Measured and predicted values for bulk foliage water isotopic composition are shown in
Figure 4.6 for 18 May 2001 (July data not available). The isotopic composition of bulk
needle water, 8'°0y, followed the same general trend as that predicted by the non
steady state version of the bulk water enrichment equation, 5'®0p.nss. It had only small
average diurnal amplitudes of 5 to 8 %.. Predicted and observed values were around 5
%o higher in the afternoon than in the morning, and 5 to 10 %o higher in the top than in
the mid bag, although at several times, bulk needle water sampled from the top of the
canopy was less enriched than bulk needle water samples from further down in the
canopy profile. In the afternoon, predicted values in top bags were higher than those of
the mid bag. In the mornings and evenings, bulk data measurements had a better

agreement with 5'®0g.nss than with §'80g.ss values.

An unanticipated result of needle water analysis was that §'®Oy did not decrease
significantly during the night. At midnight, the largest difference between bulk needle
and twig water 5'®0 of 18 %o was observed, whereas it was 12 to 15 %o at all other
times. These gradients were established even over small distances as twig and needle
samples were usually sampled together, i.e. the attached needles were separated from
the respective twigs. Results of the NSS bulk version agreed very well with enriched

night time values found in bulk samples.
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Figure 4.5: Bulk leaf water isotopic composition (61803.Nss, dashed lines) taking the Péclet effect into

account and leaf water enrichment at the evaporating sites (6180Nss, solid lines).
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Figure 4.6: Predictions of bulk needle water isotopic composition assuming ISS (61803433) or NSS (61805.

nss) conditions and measurements of bulk needle water enrichment.
Predictions of ®A during photosynthesis

'®A was predicted following equation 4.1 with the above described input variables C; or
Ce, 8"®0am and 8"®0cw (8"°0iss or 5'®Oyss) for each time step and bag. This yielded four
sets of "®A predictions: "®Aiss.ci, ®Aiss.cor PAnss.ci and "®Anss.ce. Three of these (without
18A|35_Ci) are presented in Figure 4.7, together with the observed values. Predicted
values were more variable in May than in July. NSS predicted values at dawn and dusk
were highly enriched by up to 500 %o (or depleted in the ISS version, respectively) in
both months, and also around noon in May. These values coincided with C/C, or C./C,
close to 1, when stomata are open, hence at conditions of large CO, backfluxes that
also amplified differences between "®A;ss and "®Anss so that these reached up to 600 %e.
For most of the July campaign, environmental conditions were more stable resulting in
more gradual changes in discrimination values over the course of the day. Variations

and differences of '®Aiss and "®Anss were small and mostly correlated with those of
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Figure 4.7: Observed and predicted "8A using flux derived Ci/C, or Cc/C, assuming ISS (dashed lines, not
shown for Ci/C;) or NSS (solid lines).
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5'®0iss and 8'®0yss because C/C, (and hence C./(C,-C.)) values were low and not
varying greatly. In contrast, variations and differences were again amplified by high
rates of CO, backflux early and late in the day.

Predicted A values using 8'®Ongss or C. were generally in better agreement with "®Aqps
than those using §'®0iss or Ci. ®Aqs Was clearly lower than §'0,ss in the morning and
higher towards the evening. For some of the afternoon sampling times (roughly between
12:00 and 15:00), there was little difference between ISS and NSS predictions. At these
times, leaf water was close to isotopic steady state. In addition, there were only small
differences between predicted 8A values using either C; or C., so that at these times,
predictions appear not to be very sensitive to exact formulations of their input variables,
with differences between predictions based on §'®0,ss or §'®0Opss, and C; or C, smaller
than measurement uncertainties of 1 to 2 %.. In contrast, prediction differences were
substantially larger than '®A.,s uncertainties of 9 %o at dawn and dusk (20 %o for May
noon, mid-bag). On the other hand, even small changes in C,/C, have huge impacts on
'®A, while at the same time amplifying the impact of 8'®O¢y variations, causing predicted
values to be extremely sensitive to correct determination of both C./C, and 5"0cw.

Therefore, it is difficult to predict A with confidence at these times.

Measured "®Aqys values versus predictions of A using §'®0Oyss and C./C, combined from
both sampling days are presented in Figure 4.8. Regression analyses were performed
on all combinations of measured versus predicted data sets. The regressions were
weighted according to the standard deviation of the observed discrimination values (see
error bars of Figure 4.1). Regression parameters are listed in Table 4.1. The dawn and
dusk "®Agps Values of 92 to 126 %o were excluded from the regressions, otherwise they
would be overrepresented and bias the regressions. That is because the dawn and dusk
samples are representative for only about 10 % of the photosynthetic period, whereas
they constituted almost 30 % of all samples because of the chosen sampling strategy.
The method of determination of leaf water enrichment (ISS or NSS) had more impact on
regression parameters than the site of isotopic exchange (C. or C;), except for times
when leaf water was at isotopic steady state. The correlations between predicted and
measured values were better using NSS than using ISS versions (ISS regressions were
not significant). Predictions using the NSS versions, i.e. taking into account non steady
state effects on the enrichment of foliage water at the evaporating sites, were in

significantly better agreement with observations than their corresponding ISS versions
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(P < 0.05). NSS predictions in combination with C;, the substomatal CO, mole fraction,

were slightly higher than observations, whereas in combination with C., the CO, mole

fraction in the chloroplasts, NSS predictions were slightly lower than observations. No

significant differences were found between these two combinations (P = 0.61).
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Figure 4.8: Comparison of 8 Aobs With predicted 18A, using 5'®0nss and Co/C, for data from May and July

2001. Note that both axes are on a logarithmic scale.

Prediction set PAissci Aiss-ce "®Anss-ci "®Anss-co

Slope 056 (029) | 052 (024) | 1.04 (0.26) | 0.91 (0.24)
Intercept 10.2 (5.3) 8.1 (4.5) 16 (4.9) 13 (4.4)
correlation (R?) 0.23 0.26 0.54 0.52

P 0.071 0.052 0.002 0.002

Table 4.1: Regression parameters of predicted 184, using 5"®0issinss and Ci/Cq or Co/Ca, versus "Acps, for

data from both months weighted according to the standard deviations of the respective measurements

(standard errors of slopes and intercepts in parentheses).
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Discussion

The discrimination against '®0 during photosynthesis, ®As, Was sensitive to changes in
environmental conditions in a way similar to "*C discrimination, *Aqs. At dawn and dusk,
high humidity lead to open stomata, enabling a high backflux coincident with low
assimilation rates. This resulted in high C/C, and C./(C,-C.) values. During the day,
humidity declined with rising irradiances and temperatures. Following humidity
decrease, stomata closure reduced the gross CO, fluxes into and out of the substomatal
cavities. Decreasing stomatal conductances were resulting in lower rates of CO, back
diffusion, expressed in overall lower levels of Ci/C, and C./(C,-C.) (for discussion of BA
and C/C, see section 3.1). While diurnal patterns of Ay and *Aqps were similar,
changes in ®A.s were much greater, since A is proportional to the ratio of intercellular
to ambient CO, mole fraction, C/C,. On the other hand, "®A also depends on the CO,
flux diffusing back out of stomata and thus on Ci/(C,-C;) (or C./(C5-C.)). This term rises
exponentially with C/C,. Besides its effect on '®A through scaling of fluxes, stomatal
conductance also influences the isotopic composition of chloroplast water, §'®Ocyw, the

second main variable affecting '°A, through regulation of evaporation rates.

The effects of 8" 0cw changes on '®A were mostly counterbalanced by concurrent
changes in C,/C,. At evening times, they reinforced each other, although the influence
of 880w was generally small compared to that of C,/C,. In addition, these changes
might involve different time scales, with stomata potentially adapting more rapidly while
5'®0cw responding more slowly to variations in natural conditions. In the morning, high
relative humidity inhibited transpiration, resulting in less isotopic enrichment of leaf
water. At the same time, open stomata enabled high rates of CO, backdiffusion while
CO, assimilation rates were still low, outweighing the influence of low 8Oy and
leading to overall high ®A., values. With rising temperature and decreasing humidity,
transpiration rates and 580w increased. But stomatal closure to limit transpiration and
rising CO, assimilation rates reduced CO, backdiffusion, and therefore overall "®Aqs
values were low despite high 8'®Ocw. When relative humidity again rose in the evening,
stomatal opening and decreasing CO, assimilation enhanced CO, backdiffusion again.
Because there was no large transpiration flux, 8'®Ocw retained its preceding enriched

level, further increasing already high ®Aqs values.
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The depletion of bulk needle water caused by the Péclet effect, or the gradient between
evaporating sites and average bulk values, was stronger during the day because
transpiration rates and hence the ratio of advective to diffusive fluxes were higher. At
dawn, there was virtually no transpiration because canopy air was close to water vapour
saturation. In the time period following dawn (1 to 2 hours), transpiration rates were still
low despite already decreased relative humidity (or vapour mole fraction deficit, MFD).
This indicates that transpiration was limited by closing of stomata. Supporting this,
stomatal conductances had a brief local minimum at around 6:00. On the May sampling
day, temperature and relative humidity were highly variable due to rapid changes in
cloud cover. This was more pronounced within the top levels of the canopy, because
irradiance fluctuations are damped by shading further down in the profile. In July,
environmental conditions were more stable and temporal changes more gradual, with a

clear maximum of steady state enrichment of evaporating site foliage water at noon.

Diurnal amplitudes of bulk needle water isotopic composition (5 - 8 %o) were less than
those observed in other studies (> 20 %o, Cernusak et al. 2002). The increase in
predicted and observed values over the day and towards the canopy top followed
gradients in environmental parameters like temperature and humidity. However,
transpiration rates were in fact not higher towards the top of the canopy, thus bulk
needle water was sometimes less enriched there than lower in the canopy profile. With
the slowing down of leaf water turnover in the evening the high levels of bulk needle
water enrichment were retained over long periods (see Figure 4.6). The still enriched
midnight values strongly support the interpretation that in the absence of an appreciable
transpiration flux the approach to isotopic steady state can be slow enough to cause

bulk needle water §'0 values to stay enriched until morning.

Good agreement of calculated with measured bulk water isotopic composition was
achieved when taking non steady state effects into account. The scaled effective mixing
length (L) of 100 mm seems large for average needle dimensions of 1.5 x 20 mm,
however, it is well within estimates of the scaling factor of 10% to 10°. The scaling reflects
that water does not move through a body of water but through leaf tissue. The average
Péclet number over the light period was 0.35 in May, within the range cited for conifers
(0.15 to 0.5, Wang et al. 1998), and 0.1 in July, towards the lower end of that range. In
general, when comparing measured and predicted bulk needle water enrichment values
it should be kept in mind that these values represent different places within the canopy,

as needles for bulk water analysis had been collected from the vicinity of the branch
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bags, at the same heights but not from the exact same locations. Differences could have
been caused or amplified by small-scale variability in canopy environmental conditions
due to air movements and patchiness of sunlight. In addition, relative contributions from
sun and shade foliage to needle samples might vary for each sampling time. Therefore,
comparisons of predictions to measurements cannot be interpreted quantitatively.

Nevertheless, they can be useful with respect to interpretation of general patterns.

During the day and under stable environmental conditions, the different predictions of
photosynthetic O discrimination did not differ greatly. Therefore, it could be argued that
isotopic steady state for leaf water enrichment can be safely assumed for model
predictions. Indeed, if assimilation was maximal at mid-day, observed diurnal
discrimination integrals would reflect the steady state discrimination characteristic for
these times. In such a case, taking NSS effects into account would not increase the
accuracy of predicted diurnal discrimination integrals. However, if assimilation maxima
were shifted in time (as observed for instance by Harwood et al. 1998, and references
therein), the observed discrimination integrals would differ from those predicted
assuming ISS conditions. This could be caused by systematic over- or underestimation
of discrimination values due to the assumption of isotopic steady state at all times. In
addition, the absolute differences in leaf water enrichment between ISS and NSS
versions might be not exactly symmetrical with respect to noon values (i.e. afternoon
NSS values are not higher than afternoon ISS values by the exact same amount as
morning NSS values are lower than morning ISS values). This seems especially likely
considering the already higher morning levels of evaporating site leaf water enrichment

predicted under non steady state conditions.

This was emphasized by the differences between ISS and NSS diurnal integrals of
discrimination calculated for the sampling days in our study: In May, taking NSS effects
into account resulted in diurnally integrated discrimination of separate branches for the
second sampling day that were 2 to 7 %o higher than those of the ISS version, although
fluxes were rather uniform over the course of the day (on the first sampling day, pre-
noon data was intermittent so that diurnal integrals would mainly reflect afternoon
conditions). Overall discrimination weighted for all branches under study weighted by
their respective assimilation rates was 30.3 %o in NSS version, 3 %o higher than in ISS
version (27.1 %o). In July, slightly higher fluxes were observed in the morning, and
diurnal discrimination integrals in the NSS version were 0.5 and 3 %o higher than for the

ISS version. Overall assimilation weighted discrimination was 15.5 %o in NSS version,
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1.4 %o higher than in ISS version (14.1 %o). Such differences might be less pronounced
for species with higher transpiration rates that are closer to isotopic steady state
conditions over longer periods of the day or experience morning and afternoon leaf
water enrichment shifts of equal magnitude. They are, however, likely to be even greater
when assimilation maxima are more strongly shifted in time. It is interesting to note the
large difference between May and July diurnally integrated discrimination, with May
integrals about twice as large as July integrated values. This was caused by overall
lower fluxes in July due to lower temperature and humidity compared to May, with the

effect of less enriched leaf water outweighing the effect of lower internal CO, gradients.

For diurnal integrals of 'O discrimination, the extreme dawn and dusk values found in
our study are not the main determinants for the overall value as they are weighted by
correspondingly low assimilation values. However, they suggest that the non steady
state approach is required to predict evaporating site enrichment. Firstly, high evening
values point to leaf water §'°0 that is more enriched than at steady state. This cannot be
explained by mixing with unenriched leaf water fractions, only by slowing down of leaf
water turnover as incorporated into the NSS formulation. Secondly, high morning values
also require leaf water 3'°0 to be more enriched than at steady state. This is because
even slightly negative values of 5'0, as would be predicted assuming ISS, would lead

to strongly depleted morning discrimination values that were not observed in this study.

The above arguments indicate that the magnitude of 'O discrimination at dawn and
dusk helps to distinguish between ISS and NSS versions of evaporating site enrichment
predictions, that might in turn control the magnitude of diurnal integrals. Therefore,
reliable determination of these values is important for examining the validity of isotopic
steady state or non steady state assumptions. Unfortunately, the accuracy of '®A
predictions at dawn and dusk is limited by their extreme sensitivity to changes in C/C..
A hypothetical change in C./C, by 0.01 from 0.93 to 0.94 (only = 4 ppm) would result in
an increase of the predicted '®A value by 20 %o (for typical NSS evening leaf water 5'°0
of = 5 %o). If the same change of 0.01 would be from 0.96 to 0.97 instead, the increase
of "®A would be even larger at 70 %o. Such small changes in C,/C, could be caused by
over- or underestimations of assimilation or transpiration rates of only 10 to 20 %, not
unrealistic at times characterised by small gradients of branch bag CO, and H,O mole
fractions. In addition, A predictions are also more sensitive to changes in the

evaporating site leaf water §'®0 at high C./C.. Increasing or decreasing the §'®0 value
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of leaf water at the evaporating sites by 5 %o would result in a corresponding increase or
decrease of predicted A of 70 or 120 %0 at C./C, of 0.93 or 0.96. Therefore, °A
predictions have to be well constrained at dawn and dusk, and '®A measurements at

these times contain valuable information even though they have large uncertainties.

Highly enriched morning discrimination values also indicate that needle water §'0 does
not decline to the depleted levels of source (twig) water during the night. Otherwise,
even NSS predicted evaporating site 'O enrichment would start at negative values in
the mornings. Support for that also comes from night-time bulk needle water §'0 that
were consistently at = 8 %o (see Figure 4.6) and thus substantially enriched compared to
twig water at -8 %o. It is unclear whether stomata are open or closed during the night —
studying leaf diffusive resistances, Grace et al. (1975) concluded that the stomata of
Sitka spruce needles are open in the dark at high relative humidity. In our study, there
was no detectable water flux from the needles at night (except after dusk in May), and
ambient air was water vapour saturated at most times. In the absence of transpiration
there should be no further enrichment of evaporating site leaf water. Thus, the 5'%0
values of leaf water at the evaporating sites are assumed to decrease over time as
water in needles mixes with water in twigs. This has been documented in previous
studies (Cernusak et al. 2002). Depending on mixing time, the isotopic composition of
foliage water might even reach that of the (depleted) water source. The exceptionally
high night-time bulk water §'20 values found in our study suggest a barrier to diffusional
mixing between needle and twig water that might be characteristic for coniferous
species. Taking the large water holding capacity of coniferous trees into account, and in
the absence of water mixing, needle water therefore remained enriched during the night.
This also agrees with evaporating site enrichment starting at already higher levels at
dawn, as derived with the NSS version, and in discrepancy to depleted values of leaf
water §'®0 at isotopic steady state. Because leaf water turnover depends on
transpiration, deviations from steady state enrichment predictions are likely to be more
pronounced in species with low transpiration rates such as conifers. For reliable
estimation of non steady state enrichment effects, gradients of water §'®0 values within

leaves, and of C./C, it is important to accurately determine transpiration rates.
Photosynthetic '®O discrimination might be overestimated due to incomplete isotopic

exchange between CO; and leaf water (for equation applying in this case see Farquhar

and Lloyd 1993). The exchange reaction is catalysed by the enzyme carbonic
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anhydrase, abundant in chloroplasts. Since typical diffusion times of the CO, backflux
that determines '®A are longer than the isotopic equilibration catalysed by carbonic
anhydrase, the exchange results in almost instantaneous isotopic equilibrium between
CO, and the pool of leaf water it exchanges with. The abundance level of carbonic
anhydrase determines the degree to which this isotopic exchange is completed (Yakir
and Wang 1996). For coniferous trees, the exchange can be assumed to be nearly
complete so that equation 4.1 is a good approximation of the full formulation of Farquhar
and Lloyd (1993). However, the location of carbonic anhydrase abundance will also
determine the site of the isotopic equilibration between CO, and leaf water. Farquhar
and Lloyd (1993) argued that carbonic anhydrase is limited to the chloroplasts. In this
case, the site of isotopic equilibration would be at chloroplast surfaces, and the
appropriate parameter for calculation of A would be §'®Ocs, isotopic composition of
water at the chloroplast surface. §'®Oc¢s could be less enriched than §'°Og of evaporating
site water, because it reflects an intermediate point on the variable gradient between
depleted source and enriched evaporating site water. In support of this, Yakir et al.
(1994) reported chloroplast water 10 %o depleted compared to evaporating site water.
Harwood et al. (1998) also found indications that chloroplast water was less enriched
than evaporating site water. In contrast, Farquhar et al. (1993) found the isotopic

signature of chloroplast water to be close to that of evaporating site water.

In this study, 5'®0cs was approximated by §'®Og, the isotopic composition of evaporating
site water. In addition, a few estimates of 5'°Ocs could be derived from "®A,,s and C./C,
inferred from "Aqs using equation 4.3. Because the Péclet effect is stronger when
transpiration is higher, it should have made most impact at times of high transpiration
rates. Although §'®Ocs was less enriched than §'®0Og (from §'®Oyss) at most times, as
illustrated in the top panel of Figure 4.9, the offset between the two values did not
increase with transpiration rates, shown in the bottom panel of Figure 4.9, as would be
expected from theory. Therefore, quantitative correlation between §'®0 of water at
evaporating sites and in chloroplasts cannot be obtained from our data. However, times
when the discrepancy caused by using §'®Og instead of §'0cs would be greatest,
corresponding to times with high transpiration rates with leaf water close to isotopic
steady state, would mostly coincide with those characterised by low C./C,, i.e. CO,
backfluxes would be smaller and '®A lower as well as relatively less sensitive to changes
in leaf water isotopic composition, as discussed above. Clearly, further measurements

are needed to establish correlations between the isotopic composition of evaporating
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site and chloroplast water under field conditions. This is important with respect to

numerical simulations describing processes in natural environments, especially on

smaller spatial resolution and shorter time scales.

Flanagan et al. (1997) analysed influences of photosynthesis and respiration on 'O of

canopy CO; in boreal forest ecosystems. However, '®A values were not measured.

Instead, A values were predicted based on the assumption of constant C./C,. As a

result of this, their "®A predictions exhibited diurnal changes of the opposite pattern to

those found in this study. Observations of this study thus strongly emphasize the

importance of taking into account diurnal variations in C,/C, for accurate predictions of

photosynthetic ®0O discrimination.
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4.2 §'®0 of CO, from foliage and soil respiration

Introduction

This section focuses on the role of respiration in determining the §'®0 signature of
canopy CO,. To a large degree, 80 of CO, released in soil or nocturnal foliage
respiration should reflect that of liquid water present at locations of its origin because of
80 exchange between CO, and water (Hesterberg and Siegenthaler 1991). Analogous
to isotope discrimination during photosynthesis, this is again the most important
difference between carbon and oxygen isotopic signatures of CO, in canopy gas
exchange. While respiratory CO; fluxes in most ecosystems have similar carbon isotope
ratios, making it difficult to separate their contributions based on §'*C signatures (see
section 3.2), the same fluxes can have very distinct oxygen isotope ratios. Usually, soil
CO, fluxes are strongly depleted in "0 with respect to canopy CO,, resulting in depleted
880 values at higher CO, mole fractions similar to 8'°C, especially towards the forest

floor.

At night, generally there is little turbulent mixing, and the 5'®0 signature of CO, in the
canopy will be mainly determined by rates of foliage, root and soil respiration, §'®0 of
water pools that CO, equilibrates with, and relative impacts of diffusional fractionation
versus equilibration of soil CO, fluxes. Therefore, measurements of §'0 of canopy CO,
can in principle constrain component fluxes at the ecosystem scale. Several recent
studies have used the oxygen isotope ratio of CO; in canopy air to distinguish between
respiratory contributions from foliage and soil respiration (Wang and Yakir 2000,
Flanagan et al. 1997, Mortazavi and Chanton 2002). In this study, the §'®0 signatures of
foliage and soil respired CO, were estimated from measurements of isotopic gas
exchange during September 2000, May and July 2001. In the following, diurnal and
seasonal variations of §'®0 of foliage, soil and ecosystem respiration are presented and
compared to %0 of bulk water extracted from concurrently collected foliage and soil
samples, thought to represent the main determinant of §'®0 of CO, fluxes. Briefly, the
problems encountered when trying to directly measure the §'®0 signal of CO, released

by Sitka spruce foliage during the night are described.
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Theory

The most important factor determining the oxygen isotopic composition of soil CO,
fluxes is the 5'0 of soil water that it equilibrates with (Stern et al. 1999). Soil water
carries mostly depleted average §'®0 signatures of local precipitation. Evaporation of
water from the soil surface can lead to "0 enrichment of water in shallow compared to
deeper layers of soils, potentially also diminishing offsets between §'®0 of soil fluxes
and those of canopy CO.. In full isotopic equilibrium, the 580 of CO, fluxes from soils
will be depleted by = 8.8 %, (Hesterberg and Siegenthaler 1991) compared to the §'0
of soil CO, due to slower diffusion of molecules containing the heavier oxygen isotope.
Fractionation during diffusion in soils also increases §'>C of soil CO,, but in steady state,
CO; leaving soil has the same §'°C as CO, produced in soil (see section 3.2). For
oxygen, the situation is different because §'°0 of soil CO, is constantly re-equilibrated
with soil water. Therefore, §'0 of CO, leaving the soil can be very different from that of

CO;, produced in soil.

Another feature unique to the §'0 signature of soil CO, exchange is that there can be a
change in 5180 of the soil CO, flux without associated net CO, flux, caused by invasion
of atmospheric CO, into the soil where it equilibrates with soil water, followed by
backdiffusion into the atmosphere above (Tans 1998). As a consequence, §'20 values
and the (inverse of) the CO, mole fraction are no longer linearly correlated. Instead, they
will follow a relationship with increasing curvature for increasing rate of invasion
(exchange) to respiration flux. Therefore, neglecting atmospheric invasion in mass
balance approaches (and Keeling plots) will lead to errors in the derived isotopic
signature of the source. Following Tans (1998), the apparent source signature including
this error can be expressed as:

6]SOA = 8180source + B(Slsoeq - 6mOatm) (412)
where 8804 and §"®0¢ouree are apparent and true source signatures of CO, flux from soil,
3"%0¢q is soil water isotopic composition that CO, flux (8"®Osource) is in equilibrium with
and 8'%0.m, is isotopic composition of atmospheric CO,, and B is the ratio of exchange to
respiration flux of CO,. With diffusional fractionation factor d (8"®Ogource = 8'%0eq — d), the

above equation can be modified to estimate 5'°Oc:
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18 18
8180€q=6 0,+d+pd°0,, (4.13)
1+

The ratio of exchange to respiration, B, can be calculated from P and R (umol/m?/s), the
invasion flux and soil respiration rates (f = P/ Rs). The flux rate of atmospheric invasion,

P, can be expressed as (Tans 1998):

P= VgangkHKDlx—airMC (414)

where the square root corresponds to a piston velocity (cm/s or m/day) of soil-air
exchange, and g, (0.2) and &, (0.3) are fractions of total soil volume occupied by air and
water filled pores, respectively. Dig.qir (0.14 cm?/s) is molecular diffusivity of C'*0'0 in
free air, while k, the tortuosity factor (2/3), accounts for the fact that the path in soil air is
often blocked by soil particles. The Bunsen solubility coefficient, B, can be calculated
from: B = 1.739 exp(-0.039 7 + 0.000236 7'%), and ky, the rate of hydration of CO,, from:
ky = 0.037 exp(0.118(T - 25)), where T is soil temperature in °C (all values and
temperature regressions from Tans 1998 and references therein). M (mol/m®) is air
pressure and temperature dependent volumetric air density and C (umol/mol) is the CO,

mole fraction of ambient air.

Results

§'%0 of foliage respiration during the night

Figure 4.10 shows §'®Oco, of CO, against the inverse of CO, mole fractions ("Keeling
plot", equation 2.9) from open and closed air samples collected in the top branch bags
at night, during September 2000 and May and July 2001. The apparent isotopic
signature of foliage respiration was obtained from intercepts of geometric mean
regressions, yielding §'20 values of 9.5 + 4.7 %o (Sep), 148 + 33 %o (May) and 106 + 29
%o (July). The September value, translated into §'®Opy0 of water (6.9 = 2.1 %o) was in
reasonable agreement with that of water extracted from bulk foliage samples at night
(4.3 £ 0.7 %o). However, May and July 5'0 values were much higher than could be

explained by a source of respired CO, with §'0 of foliage water (7.9 + 0.3 %o in May).
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Figure 4.11 illustrates that these apparently extremely high values for 'O signature of
the respiratory source were not confined to the Keeling plot approach. The few mass
balances (equation 2.8) of foliage dark respiration that could be calculated also yielded
highly elevated §'®0 values of respiration sources, 89 and 191 %o in May, and 44, 323,
and 350 %o in July. In September, one value was also high, 29 %.. In contrast, the other
value was depleted, -18 %o. Except for this depleted value, §'®0 sources from mass

balances sharply decreased between respiration rates of 0.17 and 0.5 pmol/m?/s.
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Figure 4.10: §"%0coz against inverse of CO, mole fractions ("Keeling plot") of all air samples collected at

night from top branch bag in September 2000 and May and July 2001.

500
400 - O Sep 00
top
A
A & May 01
= 300 + top
=
May 01
mid
200 A PS
£ A July 01
2 top
100 A P
A
o
o4
o
-100
0.0 0.5 1.0 1.5

CO, flux [pmol/m?/s]

Figure 4.11: 5"80co2 of source versus rate of foliage respiration, obtained from sample pairs of top and mid

branch bag air in September 2000 and May and July 2001. Error bars indicate standard deviations of data.
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§'%0 of soil respiration

Analogous to 8"°C, Keeling plots were constructed from CO, mole fractions and oxygen
isotopic composition of air samples of open and closed soil chambers. Figure 4.12
shows Keeling plots for two soil chambers, soil 1 and soil 2. 5%0c02 signatures of soil
respired CO, were obtained from regression intercepts (independent x and y axes).
5'®0mz0 of soil water was estimated from §'®Oco, assuming a fractionation of 8.8 %o
during diffusion and CO, in full isotopic equilibrium with water. This yielded §'®Oj0
values of -14.5 + 5.8 %o (soil 1) and -14.6 £ 5.2 %o (soil 2) in September, -9.9 + 2.0 %o
(soil 1) and -11.2 + 2.7 %o (soil 2) in May, -20.4 £ 5.0 %o (soil 1) and -23.1 £ 4.1 %o (soil
2) in July. Correlation coefficients (R) were > 0.8 in May and > 0.6 in July, but only 0.14
and 0.4 in September.

5800 of soil respiration versus soil respiration rate are shown in Figure 4.13. The top
panel shows data derived assuming no atmospheric invasion (f = 0), the bottom panel
shows data where atmospheric invasion was calculated from soil temperature, CO,
mole fractions and respiration rates (variable B). For the B = O version, there was a
positive correlation between respiration rate and §'®Oco, of soil respiration in September

and May, with less depleted §'®Oco, at higher respiration rates. September and May
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Figure 4.12: 5'%0co2 against the inverse of CO, mole fractions ("Keeling plot") from open and closed soil air

samples collected in Sep 2000, May and July 2001.
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8"®0co2 values were about 5 %o higher at respiration rates above 2.5 pmol/m?%s (-13 %o)
than at respiration rates between 1 and 2 umol/m?/s (-18 %.). There was no clear trend
of 8"®0co, With respiration rate for July data. Some values at higher respiration rates
between 3 and 4 pmol/m?/s were in the same range as September and May data (-13
%o), whereas more strongly depleted §'®0c¢o, values (-22 %o) were found at only slightly

lower respiration rates between 2.5 and 3.5 pmol/m?/s.
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Figure 4.13: §"®0n20 of source versus rate of soil respiration for Sep 2000, May and July 2001, top panel:

for B = 0, bottom panel: for variable f.
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The piston velocity was between 5.0 and 5.6 m/day. Diffusion was assumed to have a
fractionation factor of 8.8 %.. The temperature and CO, mole fraction dependent
invasion exchange flux was in the order of 1.0 + 0.1 umol/m?%s. With constant invasion
flux, the ratio of invasion to respiration flux, B, was inversely correlated to respiration
rate. B ranged from 0.3 at high rates to 1.4 at low rates of respiration. Thus, correlation
of 8'®0¢o, data with respiration rate effectively disappeared in the variable B version.
Most §'®0co, values were within a range of -5 to -10 %o across all respiration rates,
although a few July values were more depleted than that (-13 %o). Generally, §'®Oco;
values with variable invasion flux rates were 3 to 4 %o higher than those assuming no

atmospheric invasion.

Figure 4.14 shows diurnal cycles of soil water 'O, values estimated from isotopic
mass balances of soil respiration, for B = 0 and for variable B, in September 2000, May
and July 2001. There were no pronounced seasonal differences in 5'®0u,0 values
inferred from soil respiration. For the § =0 version, soil water 5'80u00 values increased in
both chambers by about 10 %0 over the day, from = -17 %o in early morning to = -7 %o in
the afternoon. Taking atmospheric invasion into account almost completely removed
diurnal changes, because night times were characterised by high p (0.8 to 1.4), whereas
B was smaller during the day (0.3 to 0.5) at higher respiration rates. More depleted
values (-13 %o) at night were found in July. Day-time values were about -8 %o in all
months. Average soll 5'®0p00 values taking atmospheric invasion into account were -7.4
1 1.7 %o in September, -6.7 £ 1.6 %o in May and -9.5 £ 3.2 %o in July.

Variable 8 data is presented again in Figure 4.15, with the addition of 58 0p,0 of water
extracted from bulk soil and twig samples collected in September and May. Diurnal
changes in bulk soil 8"®0p,0 values (3 to 6 %o) were in the same order as those inferred
from isotopic mass balance of soil respiration (5 %o), with maximal values of = -2 %o
between 9:00 and 12:00 and minimum values of around -8 %o at 19:00. 'Oy of twig
water samples increased gradually by 4.5 %o over the course of the day. Twig water
5% 0p0 was more depleted than that of soil water until noon, reaching values in the
range of soil water 8"®0y,0 at around 16:00. Between 6:00 and 18:00, §'00 inferred
from soil respiration was in good agreement with twig water values, and between 15:00
and 18:00 with soil water values, as well. Until around 6:00, values inferred from soil

respiration were about 5 %0 depleted with respect to soil water §'Op0.
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Figure 4.14: Diurnal cycle of §"®0n20 of soil water inferred from §'®0c¢o; of soil respiration source for Sep

2000, May and July 2001, for § = 0 and variable 8, assuming diffusional fractionation of 8.8 %e.
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Figure 4.15: Diurnal cycle of §"®Opz0 from soil chamber gas exchange and of bulk water §'®Opo from soil

and twig samples in Sep 2000, May and July 2001 (variable B).
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5'®0 of ecosystem respiration

Figure 4.16 shows 8'®Oco, against the inverse of CO, mole fractions ("Keeling plot") for
September, May and July, combining all air samples collected from open branch bags
and soil chambers at night. Average 5'®0c0p values for each month increased from
September to May to July. On average, September data was within the range expected
for canopy 8'®0Oco; values (< 0 %o), May values were slightly elevated compared to that,
but most July values were substantially higher, between 3 and 4 %.. Obviously, 5'®0cos
and CO, mole fractions were not correlated. Hence, regressions ("Keeling plots") could
not be used to estimate isotopic signatures of ecosystem respiration integrated

throughout the canopy.
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Figure 4.16: Isotopic composition versus 1/CO, ("Keeling plot") from nocturnal samples of open branch bag

and soil chamber air collected in September 2000, and May and July 2001.
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Discussion

It is very unlikely that the extremely high source 8'®0 values inferred from branch bag
measurements at night were caused by simple equilibration of CO, with foliage water.
This would have required unrealistic magnitudes of enrichment (30 to 350 %o). Note that
a similar phenomenon was observed for tobacco leaves at night in a laboratory gas

exchange system (J. Lloyd, personal communication).

Subsequently, different hypotheses for explanation of these values were formulated:
CO, could have equilibrated with foliage water by diffusing into and back out of stomata
without an associated net flux, resulting in overestimation of source §'®0, analogous to
atmospheric invasion in soils. Such an effect would ultimately depend on the abundance
level of carbonic anhydrase, the enzyme that is catalysing the isotopic exchange, in
water at the stomatal surfaces. Spatial limits of carbonic anhydrase have not been
determined directly yet, but experiments indicated that activity of this enzyme is limited
to chloroplasts (Gillon and Yakir 2000). In this case, diffusion probably would not have
brought enough CO, in contact with water at chloroplast surfaces within the given time,
especially against CO, gradients from respiratory CO, release. CO, could also have
equilibrated with condensed water on insides of branch bag surfaces. This might lead to
an apparent source §'®0 signature that would be intermediate of foliage and condensed
water as CO, added by respiration would undergo this additional isotopic exchange. But
it would not explain the effect in question, because CO, in branch bag air would be in
equilibrium with condensed water, not causing differences between open and closed
samples. In addition, the isotopic signature of condensed water would probably be
depleted compared to that of foliage water, resulting in apparently lower source §'0

signatures.

On the other hand, it could have also been some molecule other than ?C'®0™0. It is
well documented that plants produce and emit a huge variety of molecules such as
biogenic volatile organic compounds (BVOC's) (for example, Kesselmeier 2001, Geron
et al. 2000, Helmig et al. 1999). One of these studies specifically examined BVOC
emissions from Sitka spruce trees (Street et al. 1996). Search for candidate molecules
was constrained by several requirements Suspected compounds should have mass 46
or produce fragments of mass 46 when split in the ion source of the mass spectrometer.

The latter is complicated by the fact that sensitivity of detection cups can be compound
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specific, so the same voltage does not necessarily translate to the same number of
molecules (W. Brand, personal communication). Compounds should not produce
fragments of mass 45 (or 44) at substantial amounts as this would also affect §'°C
values. Compounds would also have to be emitted from foliage but not from sail,
because this phenomenon did not occur in soil measurements. Compounds should be
present at night, but not during the day, as would have been evident in measurements
of photosynthetic 80 discrimination. This might indicate that the responsible compounds
would be removed by photochemical reactions in the light (and also applies to emissions
from bag material). Compounds should not react with magnesium perchlorate (used as
desiccant for air samples) and should not be water soluble. Compounds or fragments
should have a freezing point range of -70 to -196 °C, otherwise they would be separated

from the sample gas in the laboratory procedure (Werner et al. 2001).

For known BVOC's emitted by plants, no fragment of mass 46 has been identified
(Lamb et al. 1999). In addition, BVOC emissions are usually very low at night (Pio et al.
2001, Apel et al. 2002). Several compounds with mass 46, NO, (Hargreaves et al. 2000,
Sparks et al. 2001), formic acid (Sauer et al. 2001, Glasius et al. 2000, Glasius et al.
2001), dimethylether, wood ester and ethanol, could be excluded for one or several of
the above reasons. Most of them, and compounds containing fragments of mass 46

were found to also produce equal or higher amounts of mass 45 fragments.

In contrast, many sulphur compounds produce fragments of mass 46 but not of mass
45. A data base search listed more than 7000 different sulphur compounds with this
specification. However, presence or absence of specific compounds could not be
verified without analysis of affected air samples. Unfortunately, flasks containing original
air samples were not available after completion of laboratory analyses. Thus, the
hypotheses listed above could not be tested and the mysterious nocturnal flux could not
be identified.

Generally stronger depleted twig than soil water §'°0y,0 could indicate that twig water
originated from deeper layers below the soil surface. In this case, twig water 5020
should be approximately constant over time, and not be affected by evaporative
enrichment like water in surface soil layers. Twig water §'®0y,0 values were less
variable than those of soil water, but increased slightly over the course of the day. This
could have been caused by gradual enrichment of water in twigs, for example due to

mixing with enriched foliage water fractions. It could also reflect gradients in 5"®0u20
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values between the soil layers due to the natural variability of the §'%0 composition of
water from different precipitation events. On the other hand, differences within and
between soil and twig water 5®0u,0 values and those inferred from soil respiration
measurements could have originated from the fact that soil and twig samples were
collected from different and varying locations and not from those of gas exchange

measurements (soil chambers).

Because soil (and ground) water pools are supplied by precipitation, seasonality in
5'®0na0 Of precipitation can cause seasonal variations of soil water §'®Oyz0, damped by
mixing with larger soil water pools. Thus, absence of strong seasonal changes of
5'®0na0 in soil respiration and bulk water data indicates that 8'®0y,0 of precipitation was
largely constant during the respective months. In support of this, modelled §'®0}0
values in the surface layer of the corresponding grid cell (57.5°N, 3.75°W, 3.75°x3.75°)
of the ECHAM4 general circulation model did not vary greatly over respective time
periods (M. Werner, personal communication). "800 of precipitation decreased from -
6.0 %o in September to -7.0 %o in May and increased to -6.3 %o in July. Modelled 5"®0u20
of soil water increased from -7.5 %o in September to -7.2 %o in May to -6.7 %o in July.
Both parameters had minimum values of -8.8 %o in winter. Precipitation had maximum
5'®0n20 values in August (-5.9 %), whereas soil maximum §'®0y,0 was lower (-6.5 %o)
and occurred later in the year (October), indicating that mixing of new precipitation with
the soil water pool will not only dampen the seasonal cycle of soil water 8'®0Oy,0 but also

shift its phase.

The seasonal trend found in bulk soil water §'®Oy,0 data (1.3 %o average decrease from
Sep to May) presented here is in reasonably good agreement with model predictions
(0.8 %o Sep to May decrease). The average §'°Opo values calculated from mass
balances corrected for the atmospheric invasion flux were in good agreement with the
soil §'® 020 values from the model. They also had a similar seasonal change (2 %o
decrease from September to July). Regressions ("Keeling plots") not taking atmospheric
invasion into account yielded more negative §'®0O.,0 values, about 8 %0 depleted with
respect to modelled soil 3'®020, and stronger seasonal changes (7 %o decrease from
September to July). However, the pronounced diurnal variations of 8800 found in soil
flux measurements due to variable impacts of invasion fluxes with respect to soail
respiration fluxes, as well as in bulk source water values, indicate that the "Keeling plot"

approach cannot be applied to estimate "0 of soil respired CO,, because the
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prerequisite of a constant isotopic composition of the source is not fulfilled. Furthermore,
the full isotopic equilibrium between CO, and soil water might not be established. In this
case, the fractionation factor of 8.8 %o, would not be applicable for CO, diffusion out of
the soil. However, such an effect could not be examined here because the necessary
direct comparison between the §'°0 signatures of the soil water and the equilibrated

CO, flux was not available.

The data presented here underlines the importance of taking variable ratios of amount
of exchanged CO, to amount of respired CO, into account, when studying impacts of
soil respiration on 8'®0co, of atmospheric CO, (Tans 1998). This is supported by finding
no correlation between rate and §'®0co, of soil respiration data when corrected for
impact of atmospheric invasion (in contrast to positive correlation with uncorrected
data), because analytical analysis by Stern et al. (1999) established that respiration rate
has only a minor effect on §'®0c¢q, of soil CO,. Therefore, correcting the apparent source
signature of 8800y for influence of atmospheric invasion was necessary in order to
compare respiration inferred 5'®0p.0 values of soil water to those of bulk soil water
samples. Furthermore, variable impacts of atmospheric invasion fluxes are required to
estimate the appropriate §'®Oco, signatures of soil CO, exchange fluxes. The ratios of
invasion to respiration fluxes (B) are higher at night (= 0.9) because of smaller
respiration rates at lower nocturnal temperatures, while ratios are lower during the day
(= 0.4). Thus, diurnally variable apparent source §'®Oco, signatures, scaled by net soil
respiration rates, can be used to describe the isotopic signature of total soil CO,
exchange in ecosystem scale studies. This procedure will be followed in section 7.3 to
estimate the diurnal variations in the §'®Oco, signature of CO, released from the soil for

the integration of canopy exchange fluxes.

8'®0co, values of integrated nocturnal ecosystem respiration did not decrease with CO,
mole fractions (increase with 1/CO,) as would be expected from addition of isotopically
depleted CO, by, at least, soil respiration (foliage respiration might release CO,
enriched in '®0, but usually at lower flux rates). Instead, §'®0¢o, showed an average
increase from September to May to July, with slightly elevated May and highly elevated
July values (3 to 4 %o). Such high night-time canopy §'®0co; values are not plausible,
even allowing for enriched foliage respiration. They must have been caused by the
same effect responsible for high apparent foliage respiration 8O0 signatures. As

argued for foliage respiration, it is likely that these enriched values do not represent
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actual 5'®0 signatures but instead some other, yet unidentified, molecule with mass 46.
Therefore, §"®0co; values of overall ecosystem respiration could not be estimated in this

study.
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5. Stoichiometric ratio of O, : CO, exchange

Introduction

Both O, and CO, are exchanged during photosynthesis and respiration in the terrestrial
biosphere. Thus, the biological productivity of terrestrial ecosystems influences the
distribution of atmospheric O, as well as that of CO,. On short time scales, variations in
atmospheric O, concentrations result from terrestrial and oceanic photosynthesis and
respiration, thermal ingassing and outgassing of O, in ocean water and combustion of
fossil fuels and biomass. For most of these processes, O, exchange is anticorrelated
with CO, exchange. The stoichiometric ratios of inverse O, and CO, exchange depend
on the elemental composition and the reduction state of organic material. Fossil fuel
combustion consumes O, and produces CO, with an O, : CO, exchange ratio varying
from about 1.1 for coal to 2.0 for methane, with an utilisation weighted global average
ratio of 1.38 (Keeling 1988a). Photosynthetic and respiratory fluxes from the terrestrial
biosphere are assumed to have an O, : CO, exchange ratio of about 1.1 (Severinghaus
1995). Sources and sinks of CO, are thus stoichiometrically coupled to sources and
sinks of O,. The exception to this is the exchange with the ocean, proceeding through
reaction of dissolved CO, with bicarbonate and carbonate, which does not affect O..
Therefore, combined measurements of atmospheric CO, and O, mixing ratios give

information on carbon fluxes that cannot be obtained from CO, measurements alone.

The distribution of O, in the atmosphere thus can be used as a tracer for studying the
natural carbon cycle and its anthropogenic disturbances (Keeling 1988b). The
magnitude and spatial distribution of net carbon storage in terrestrial ecosystems can be
determined from measurements of the interhemispheric concentration gradient and the
depletion rates of atmospheric O, in the atmosphere (Keeling et al. 1993). For example,
the decrease in the mean atmospheric O, concentration averaged over 1990 — 1997
(15.6 £ 0.9 permegl/y in 3(O,/N,) ratio) was less than would be expected from fossil fuel
combustion. This implies that the terrestrial biosphere has taken up about 1.5 £ 0.8

GtCly over that time period (Heimann 2001).

The value for the stoichiometric ratio of O, and CO, exchange with the terrestrial

biosphere needs to be well established to take advantage of measurements of the
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distribution of atmospheric O, on the global scale. Furthermore, measuring the
stoichiometric ratio of O, : CO, exchange allows to calculate O, fluxes from CO, fluxes
on the ecosystem scale. In this study, stoichiometric ratios were obtained for O, : CO,
exchange during photosynthesis in branch bags and during respiration in soil chambers.
The observed CO, fluxes were then translated into O, flux rates at the canopy scale
using the stoichiometric O, : CO, ratios of the separate processes. Subsequently, the O,
fluxes were used in section 8 to determine the integrated exchange of §'0 of O, in

canopy air.

Data collected during two other field campaigns were included in the analysis presented
here to increase the number of samples. Table 5.1 gives an overview over the field sites

where O, samples were collected.

Date 3 - 6 August 1999 19 - 20 July 2001 6 - 11 August 2002
Harvard Forest Griffin Forest Nationalpark Hainich
Field site
(HF) (GF) (NH)
Site near Petersham, near Aberfeldy, near Craula,
location Massachusetts, USA Scotland, UK Thiringen, Germany
and 42°32'N, 72°11' W 56°37' N, 3°48' W 51°05'N, 10°28' E
elevation 340 m 340 m 445 m
Dominant Red Oak and Sitka Spruce
) ) European Beech
species Red Maple (plantation)
sit www.bgc.jena.mpg.de/
ite
o Goulden et al. 1996 Section 2 (Methods) public/carboeur/
description -
sites/index_s.html
Samples ) branch bags,
canopy air branch bags
collected soil chambers

Table 5.1: Field sites and campaigns where samples for Oz analysis were collected. 3(O2/N;) ratios of the
Harvard Forest samples were determined in the laboratory of J. Severinghaus at the Scripps Institution of

Oceanography, La Jolla, CA, USA. All other analyses were carried out as described in section 2 (Methods).
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Theory

Photosynthesis and respiration are represented by the forward and reverse directions of

the following reaction:
C02 + Hzo <~ CHQO + 02

where O, is released to the atmosphere during photosynthesis and taken up in
respiration while CO; is taken up during photosynthesis and released to the atmosphere
during respiration. The reaction equation implies a molar exchange ratio of 1 : 1
between rates of O, and CO, uptake and release. However, this is not exactly true,
because organic material (approximated here as CH,0) also contains small amounts of
other elements such as nitrogen and sulphur. The elemental composition of organic
matter thus controls the stoichiometric ratio of O, : CO, exchange over long time periods
and large spatial scales. At shorter temporal and smaller spatial scales, O, : CO, ratios
are additionally influenced by the reduction state of the organic material and by the
separate processes contributing to gas exchange, photosynthesis, respiration, and
biochemical reactions during higher plant metabolism, i.e. synthesis of organic
compounds. Soil respiration could have even more variable ratios, depending on the

nitrogen content and the different coefficients of gas diffusion from the soil.

Following the convention originally proposed by Keeling and Shertz (1992), changes in
the atmospheric O, mixing ratio are reported as changes in the O,/N; ratio. Assuming
that variations in the atmospheric N, mixing ratio (expected to be on the order of 10 or
less (Heimann 2001)) are substantially smaller than those of O,, changes in the O,/N,
ratio should predominantly reflect changes in the O, mixing ratio (Keeling 1988b). O,/N,

ratios are reported as deviations, 6(0O./N,), from an (arbitrary) reference:

(Oz/Nz)sample -1 (51)
(0,/N,)

ref

6(02 /Nz) =

where the result is multiplied by 10° and expressed in units of permeg. Because O,
comprises 20.95 % of air by volume, 4.8 permeg (= 1/0.2095) is equivalent to 1 ppm
("ppm equivalent"). Thus, when 1 ppm of CO, is converted into O,, the 8(O,/N,) ratio of

air increases by 4.8 permeg.
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For calculating the stoichiometric ratio of O, : COy, it is necessary to report both mixing
ratios on the ppm scale (equivalent to umol/mol for CO,), so that magnitudes of fluxes
can be compared on a mol to mol basis. For branch bag measurements, the

stoichiometric ratio, S, of exchange processes was calculated according to:

_ A[o,]  0.2095-(3(0,/N,), -8(0,/N,),)
~ Alco,] C,-C

€ o

(5.2)

where C is the CO; mixing ratio (mole fraction), and the subscripts o and e refer to open
and closed branch bag samples, respectively, indicating the start and end points of bag

closure periods.

Results

Diurnal cycles of 3(O./N) ratios

Figure 5.1 shows 8(O./N,) ratios of air samples collected from canopy air, open branch
bags and open soil chambers during the different field campaigns. As explained above,
all 3(O./N;) ratios are reported with respect to an arbitrary standard. The common
feature apparent in the 8(O,/N,) measurements from all campaigns is that 3(O./N,)
ratios were higher during the day and lower at night. The top panel presents 8(O./N,)
ratios of canopy air obtained in Harvard Forest in August 1999. The diurnal cycle of
8(04/Ny) ratios showed a minimum of -20 permeg at 5:00, followed by a rapid increase
until 9:00. Throughout the day, 8(O./N,) values were around 190 permeg with a gradual
increase towards the afternoon. The maximum of 220 permeg at 18:00 was followed by
a decrease of 8(02/N,) values during the night. The value of 230 permeg at 16:00 was
omitted from quantitative comparisons because the sample was lost after completion of

the first analysis.

The middle panel presents 6(0O./N,) data obtained from open branch bags and soil
chambers in Griffin Forest in July 2001. The 8(O,/N,) ratios of the open branch bag
samples collected at 16:00 were higher (= 300 permeg) than those collected at 0:30 (=
80 permeg). The bottom panel presents 3(O,/N,) data from open branch bags in the

Hainich in August 2002. In this campaign, air samples for 5(O2/N;) analysis were only
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Figure 5.1: 3(O2/N) ratios of air samples. Top: canopy air, Harvard Forest, 1999. Middle: open branch bags

and soil chambers, Griffin Forest, 2001. Bottom: open branch bags, Hainich, 2002.
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collected during the photosynthetic period of the sampling days. On 6 and 7 August,
8(0O2/N,) ratios increased in the morning and decreased again in the afternoon.
Maximum 8(O,/N,) values at around 14:00 were approximately 150 permeg higher than
the respective morning and evening minimum values. There was no clear diurnal signal
discernible on 11 August. Instead, 5(O./N;) ratios showed several large fluctuations of
up to 300 permeg over short time periods of 20 minutes. Overall, 5(0O2/N;) ratios on 6
August were higher than on 7 August by about 50 permeg and higher than on 11 August
by 100 to 200 permeg.

The Griffin Forest data shown in the middle panel of Figure 5.1 display higher 5(O2/N3)
ratios at the top of the canopy than close to the ground at both sampling times. 5(O./Ny)
ratios of air samples from open branch bags were about 350 permeg higher than from
open soil chambers, establishing a vertical gradient of increasing ambient O, mixing
ratios with height in the canopy profile. This gradient, equivalent to about 70 ppm in the
O, mixing ratio, was also found (inversely) in CO, mixing ratios at day-times. During the
day, the gradient was caused by the influence of photosynthesis, adding O, to ambient
air at predominantly higher levels in the canopy. The existence of such a canopy
gradient for both O, and CO, mixing ratios indicates that turbulent mixing of air from
above into the canopy did not extend down to the forest floor during the day. Stronger

turbulent mixing would have removed pronounced gradients in canopy air composition.

Photosynthesis and foliage respiration

O, mixing ratios of air samples obtained from branch bag measurements in Griffin
Forest versus their respective CO, mixing ratio are presented in Figure 5.2. Standard
deviations (similar size as symbols) were 10 permeg for 8(O./N;) ratios (2.1 ppm
equivalent) of open and closed samples, 0.13 ppm for the CO, mixing ratio of open
samples, and 1.3 ppm for the CO, mixing ratio of closed samples (see section 2). Both
mixing ratios are plotted as offsets from an arbitrary zero point defined by the sample
with maximum O, and minimum CO, mixing ratio. Values are in ppm units (ppm
equivalent for O,) to highlight related changes in O, and CO, mixing ratios. In Griffin
Forest, one sample pair was obtained from the control bag to rule out the possibility that
any systematic drift affected the 8(O,/N) ratios of air in branch bags. During the closure
period in the control bag, the 8(0./N,) ratio increased by 11 permeg. This is close to the

10 permeg standard deviation of the laboratory analyses. At the same time, the CO,
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mixing ratio increased by 1.4 ppm. Control bag CO, and O, changes were not inversely
correlated, and both very likely reflect the experimental uncertainty. These observations
were subsequently used to estimate uncertainties for stoichiometric ratios of O, : CO,

exchange determined from sample pairs.

At approximately the same time as control bag samples were obtained in Griffin Forest
(midnight), one branch bag sample pair was also collected to examine concurrent
changes in O, and CO, mixing ratios due to foliage respiration. The 6(0O./N,) ratio
decreased by 23 permeg (4.8 ppm equivalent in O, mixing ratio) over the closure period.
However, the expected corresponding increase in the CO, mixing ratio was not found. In
fact, CO, mixing ratios actually also decreased. Such a decrease would normally
indicate photosynthetic CO, uptake, but the change was only 1 ppm, within limits of
uncertainties of closed branch bag measurements. Therefore, the O, : CO, exchange

ratio for foliage respiration could not be obtained from the observed changes.
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Figure 5.2: O, versus CO; mixing ratios of air samples from open (open symbols) and closed (full symbols)
top and control branch bags, Griffin Forest, July 2001. Axes are scaled to zero point from sample with
maximum Oz and minimum CO> mixing ratio.
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The impact of photosynthesis was evidenced by differences in 5(O/N;) ratios between
open and closed branch bag air samples during the day, with pronounced inverse
changes in O, and CO, mixing ratios during the 5 minute closure periods. One of the
branch bags (top 1) was receiving more solar radiation than the other (top 3).
Accordingly, the rate of photosynthesis was higher, with a more rapid increase in O,
and decrease in CO, mixing ratios in the top 1 bag. During closure periods, mixing ratios
increased by 73 ppm (350 permeg) for O, and decreased by 62 ppm for CO,. Changes
in the top 3 bag were smaller in magnitude, with 32 ppm (151 permeg) increase in O,
and 26 ppm decrease in CO, mixing ratios. Stoichiometric O, : CO, exchange ratios of
photosynthesis calculated using equation 5.2 were 1.18 + 0.05 for the top 1 bag, and
1.20 + 0.12 for the top 3 bag.

Figure 5.3 presents stoichiometric ratios of photosynthetic O, : CO, exchange of branch
bag foliage obtained from sample pairs collected during the Hainich field campaign. The
stoichiometric ratios are shown versus the time of day for the different sampling days in
the top panel of Figure 5.3, and versus the flux of photosynthetic CO, assimilation in the
bottom panel. The mean assimilation weighted stoichiometric ratio for the 26 data points
from all days was 1.08 + 0.16 (or 1.10 excluding data from 6.8, n = 19). The
stoichiometric ratios inferred for the first sampling day (6.8) showed a high level of
variability, ranging from 0.7 to 1.6 with three values below 1. At the same time,
assimilation fluxes for several of these samples (4 of 7) were also on the lower end of
the observed range of flux rates, at 2 pmol/m?%s or lower. The maximum ratio of 1.25 on
the other days was observed at a similarly low flux rate, 1.7 umol/m%s. All other
samples from the following days had stoichiometric ratios between 1.0 and 1.2. For flux
rates between 2 and 5 pmol/m?s, and on all sampling days except the first (6.8),
stoichiometric ratios of O, and CO, exchanges were between 1.04 and 1.20 and centred

around a value of 1.10.
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Figure 5.3: Stoichiometric ratios of photosynthetic O, : CO, exchange from pairs of air samples collected in

branch bags, Nationalpark Hainich, August 2002. Top: versus time of day on 6, 7, 10 and 11 August.

Bottom: versus CO; flux rates.
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Soil respiration

Figure 5.4 presents data of sample pair O, and CO, mixing ratios taken from soil
chamber measurements from Griffin Forest in July 2001. Measurement uncertainties
indicated by error bars are smaller than symbols. The O, mixing ratios of open samples
were 50 ppm (250 permeg) higher during the day than at night. On the other hand, open
sample CO; mixing ratios were also 15 ppm higher during the day. This is in contrast to
lower day-time CO, mixing ratios expected from a potential invasion of
photosynthetically influenced air into lower canopy layers due to turbulent mixing. As a
result of this discrepancy, data from day and night samples did not fall on the same line
in the O, : CO; plot of Figure 5.4.

Furthermore, while changes in CO, mixing ratios over the closure periods of soil
chambers were almost equal in magnitude, with increases of 72 and 71 ppm, they were
accompanied by different changes in O, mixing ratios, decreases of 68 ppm (323
permeg) at day-time and 46 ppm (220 permeg) at night. Stoichiometric O, : CO, ratios
inferred for respiration in the soil chambers were 0.94 + 0.04 for the day, and 0.65 +

0.04 for the night time measurement.
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Figure 5.4: O, versus CO, mixing ratios of Griffin Forest air samples from open (open) and closed (full
symbols) soil chambers on 20 July 2001. Axes same as for branch data (Fig 5.2).
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Integrated canopy exchange

Figure 5.5 presents O, versus CO, mixing ratios of all open data points obtained during
the field campaigns from samples of canopy air or from open branch bag and soil
chamber measurements. Data points were combined to obtain the stoichiometric ratio of
integrated canopy gas exchange from a regression of O, versus CO, mixing ratios. In
the regressions, O, and CO, mixing ratios were treated as independent variables. The
top panel of Figure 5.5 shows data collected during the Harvard Forest sampling
campaign. The stoichiometric ratios of canopy O, : CO, exchange were 1.14 + 0.19
during the light period on both days, 1.16 + 0.02 during the night, and 1.03 + 0.05 over
the full diurnal cycle, with correlation coefficients of > 0.85.

The middle panel of Figure 5.5 shows Griffin Forest data. The night-time open soll
chamber data point did not follow the same relationship as the other data points.
Canopy air close to the ground will be predominantly influenced by soil respiration at
night, whereas its impact will be partly removed by turbulent mixing during the day. If the
stoichiometric ratios of soil respiration are as variable as indicated by the two
measurements reported above, soil air might not conform to any stable relationship
between O, and CO, exchange, especially at night. Therefore, this data point was
excluded from further analysis. Regression of mixing ratio data yielded a stoichiometric
ratio of canopy O, : CO, exchange of 1.01 + 0.06 for day and night samples, with a
correlation coefficient of 0.99.

The bottom panel of Figure 5.5 shows data from air samples collected in open branch
bags in the Hainich. Stoichiometric ratios of canopy O, : CO, exchange were calculated
for three days separately. The ratios were 1.12 + 0.08 on 6 August and 1.19 + 0.03 on
11 August 2002. On 7 August, the first sample collected after the onset of measurable
photosynthesis in the branch bag (indicated by an open symbol) had a CO, mixing ratio
of 30 ppm higher than the other samples from that day, and might have been influenced
by respiration. Regression excluding this sample yielded a stoichiometric ratio of 1.14 +
0.04, whereas the ratio including the first sample was 0.98 + 0.03. All correlation

coefficients of regressions from Hainich data were > 0.98.
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Figure 5.5: O, versus CO; mixing ratios of air samples used to construct stoichiometric ratios of integrated
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chamber night time data point was excluded). Bottom: Hainich, August 2002.
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Discussion

During the day, 8(O./N,) ratios of canopy air increased because of release of
photosynthetically produced O, from foliage, whereas nocturnal canopy 8(O./N,) ratios
were lower due to O, uptake in foliage and soil respiration (samples were not collected
at night in the Hainich). Similar night to day differences in 6(O,/N,) ratios of around 230
permeg were found for data from Harvard Forest (canopy air samples) and from Giriffin
Forest (open branch bags). For both campaigns, the maximum value of the diurnal
amplitude in 3(O./N,) ratios was observed at approximately the same time in the
afternoon. The minimum value in Harvard Forest was observed at 5:00, shortly after
dawn. On the other hand, the corresponding night-time values reported for Griffin Forest
were obtained at 0:30. The latter do not necessarily reflect the minimal values of
8(04/Ny) ratios potentially reached during the night, especially if the timing of 6(O./N,)
minima seen in Harvard Forest was typical for diurnal patterns in the canopy gas
composition. In this case, the earlier nocturnal sampling times in the Griffin Forest
compared to the Harvard Forest campaign might have resulted in an underestimation of
the diurnal amplitudes of 5(O,/N,) ratios in Griffin Forest. The steep decrease in 5(O,/N,)
ratios between 4:00 and 5:00 in Harvard Forest could have been caused by the onset of
vertical mixing at dawn. As a result of this, canopy air at 18 m height would have been

influenced by air parcels from the forest floor depleted in O, due to soil respiration.

It is obvious that the exchange patterns found in the Griffin Forest sampling campaign
cannot be valid in general. Stoichiometric ratios were found to be higher than 1 for
photosynthetic O, release and lower than 1 for O, uptake in soil respiration. Thus, both
processes would favour the accumulation of atmospheric O,, increase ambient O,
mixing ratios without affecting CO, mixing ratios at an equal magnitude. If this was the
case, O, and CO, exchanges would not be in balance, and atmospheric O, mixing ratios

would continue to rise.

The data set presented here was derived from measurements aimed to determine O, :
CO, ratios of canopy gas exchange under field conditions. The ratios obtained are thus
not necessarily equivalent to those reported in other studies as they do not relate to
elemental abundances but instead to gas fluxes that can be influenced by other
processes such as turbulent mixing of canopy air and diffusion in soils. For example,
Keeling (1988a) derived oxidative ratios of 1.05 + 0.02 and 1.07 £ 0.05 from elemental
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abundance data for wood and soil organic material, respectively. The ratio of soil
organic matter (more specifically, humic acids and humins) was later arithmetically
corrected to 1.12 + 0.06 (Severinghaus 1995).

Based on elemental abundances, Severinghaus (1995) calculated an oxidative ratio of
1.25 for oxidation of a hypothetical mix of 35 % protein (C4HsON), 50 % cellulose
(CeH1005) and 15 % lignin (CsH1202), where for example protein alone would have an
oxidative ratio of 1.5. The ratios depend on whether oxidation includes nitrification. In
the absence of nitrification, the resulting oxidative ratio would be close to 1. These
considerations indicate that O, : CO, ratios during gas exchange, like oxidative ratios,
might depend on the nitrogen content of organic matter. For example, Sitka spruce
needles were found to contain 41 + 5 % cellulose and 22 + 4 % lignin, with a total
nitrogen concentration of 1.7 £ 0.4 % (Wainhouse et al. 1998, O'Neill et al. 2002). The
content of soluble carbohydrates was estimated at 7 + 2 % (Barton 1997), with protein
comprising the maijority of the rest (= 30 %). Such a composition would yield an
oxidative ratio of 1.23, close to the stoichiometric ratio of approximately 1.2 found in the
Griffin Forest campaign. However, complete agreement between the stoichiometric ratio
of instantaneous photosynthetic gas exchange and the oxidative ratio of needle organic
material would require all plant metabolic processes involved in the synthesis of the
various needle organic compounds to proceed at equal, constant rates, a condition

unlikely to be fulfilled at most times.

Severinghaus (1995) also calculated stoichiometric ratios of soil gas exchange by
measuring concurrent O, and CO, changes in flow-through chambers under laboratory
conditions. Results were between 1.06 and 1.22, and nitrification was suspected to
determine where in this range values for separate soils would fall. Although it was
concluded that soil gas exchange will have highly variable oxidative ratios from place to
place, values below 1 were not found in any of these experiments. It is difficult to explain
the stoichiometric ratios of 0.9 and 0.65 for soil gas exchange found in this study.
Oxidation of other elements like nitrogen or hydrogen would require the removal of more
O, from ambient air. Dissolution of evolving CO, in soil water would also cause
stoichiometric ratios to be even higher. The decomposition of oxidised compounds such
as citric acid (with an oxidative ratio of = 0.8) could explain ratios below 1, but
contributions from specific compounds are unlikely to dominate total rates of soil

respiration. Another potential explanation is horizontal movements of gases in the soil,
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with O, diffusing more easily into the soil in places where roots enhance soil air
circulation. Any O, transferred horizontally to the places of oxidation would escape the
measurements in the chamber spaces above. This is a possible scenario because soil
chambers were not installed where large roots were visible at the soil surface. However,
it would also mean that the overall stoichiometric ratio of soil gas exchange should be
closer to the oxidative ratio of soil organic matter, because integration over larger areas
should remove small scale anomalies. In light of this, the vertical gradient in the 5(O./N,)
ratio of canopy air at night probably was an artefact, caused by the locally highly

variable O, distribution of soil air.

Stoichiometric ratios of O, : CO, exchange for photosynthesis or integrated canopy gas
exchange that can be compared directly to the results of this study have only been
reported in a limited number of studies so far. Bloom et al. (1989) reported
stoichiometric ratios for photosynthesis of barley shoots from experiments in flow-
through growth chambers. O, : CO, exchange ratios during photosynthetic gas
exchange were found to depend on the source of nitrogen: 1.26 with nitrate, but 1.0 with
ammonium. Thus, differences in nitrogen sources can cause O, : CO, exchange ratios
to vary by more than 25 %. A stoichiometric ratio of 1.08 was obtained for locally
integrated O, : CO, exchange at Baring Head, New Zealand (A. Manning, personal
communication). This ratio was determined from analysing atmospheric data when air
masses influenced by the land were encountered, so that concurrent changes in
atmospheric 5(0O,/N,) ratios and CO, mixing ratios could be attributed to terrestrial

activity alone.

Agreeing with these results, the stoichiometric ratios of photosynthetic gas exchange
were found to be approximately 1.1 in this study, from averages over branch bag
measurements as well as from regressions of data from canopy air samples collected
during the photosynthetic period. The average value of stoichiometric ratios of 1.1
during photosynthesis could reflect the elemental composition of foliage material, while
fluctuations of mostly 0.1 around this average could reflect short-term variations of the
complex interplay of reactions involved in photosynthesis (see for example Pessarakli
1997). In contrast, the stoichiometric ratios of integrated canopy O, : CO, exchange
were indistinguishable from a 1 : 1 relationship for data over the full diurnal cycle from
Harvard Forest and for the night and day samples from Griffin Forest. Although

stoichiometric ratios of photosynthesis can vary substantially, those of plant respiration
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ratios are determined solely by the elemental composition and the level of reduction or
oxidation of the organic material. The stoichiometric ratios of soil respiration averaged
over larger areas (to remove small scale anomalies such as found in this study) can

additionally be influenced by anaerobic metabolism, for example in water logged soils.

The ratio of integrated canopy O, : CO, exchange (from variations in mixing ratios of O,
and CO; in canopy air, see Figure 5.5) of approximately 1.0 was consistently different
from stoichiometric ratios found for photosynthetic and respiratory gas exchange
separately (1.1 to 1.2). This implies that the processes contributing to canopy gas
exchange did not confirm to the same relationship of O, : CO, exchange. However, data
on the stoichiometric ratios of soil respiration or turbulent exchange were not obtained in
this study. A potential explanation is that the stoichiometric ratios from separate day or
night time samples refer to gross exchange, whereas integrated stoichiometric ratios
from combined day and night time samples refer to the daily net exchange. Thus, the
integrated ratio could reflect the average composition of newly assimilated plant material
during that day. Another scenario is that the variations of O, : CO, mixing ratios over a
full diurnal cycle form a hysteresis curve (as illustrated in Figure 8.2). The shape of such
a curve would be determined by differences in the stoichiometric ratios of separate gas
exchange processes as well as by phase shifts of these processes with respect to each
other (see for example the discussion of seasonal variations in §'°C versus CO, mixing
ratio in Heimann et al. (1989)). It is conceivable that the choice of sampling times results
in stoichiometric ratios combined from these samples that are not representative for the
total integrated canopy exchange (i.e. the full hysteresis curve). However, it is unclear
whether the differences in O, : CO, exchange ratios between separate and integrated
gas exchange constitute a typical pattern or a sampling artefact. This can only be

answered through more extensive sampling.

Measurements of gas exchange during separate processes under field conditions will
help to better constrain the stoichiometric ratio of O, and CO, exchange for use in global
or ecosystem models of the carbon cycle. As discussed above, the magnitude and
variability of this ratio might depend on the relative importance of gross and net fluxes
contributing to gas exchange, and therefore on the scale examined. Clearly, further
studies under field conditions as well as in the laboratory are needed to estimate the
natural variability of stoichiometric ratios on different spatial and temporal scales.
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6. 5'°0 of O, in photosynthesis and respiration

Introduction

The "®0/'®0 composition of atmospheric O, is a potentially important tracer of the global
oxygen cycle and hence of the carbon cycle coupled to it (see section 5), because it is
sensitive to gross gas exchange between the atmosphere and the terrestrial and marine
biospheres (Berry 1992). The isotopic composition of O, in air (23.8 %o) is heavier (i.e.
contains more '®0) than expected from oxygen in equilibrium with ocean water (6 %o).
This isotopic enrichment, originally called the Dole-Morita effect, was discovered
independently by Dole (1935) and Morita (1935). After a series of studies (Ruben et al.
1941, Dole and Jenks 1944, Dole et al. 1947, Roake and Dole 1950, Rakestraw et al.
1951, Dole et al. 1954), the primary cause of the Dole-Morita effect was established:
terrestrial and marine organisms process '°O faster than '®0 in respiration so that the
remaining air is enriched in the heavy oxygen isotope (Lane and Dole 1956). Later,
additional processes that contribute to the Dole-Morita effect were identified, requiring
integration of the global oxygen and water cycles for quantitative estimations of its value
(see Berry 1992, Bender et al. 1994, Seibt 1997).

The Dole-Morita effect can be calculated from an isotopic mass balance that includes all
relevant O, exchange processes, analogous to calculations for '*C in CO, (Tans 1980).
The biological component of the mass balance consists of two major processes:
photosynthetic release of O, carrying the isotopic composition of water at the site of O,
production in chloroplasts, and fractionation during respiratory O, uptake. Both
processes occur in the terrestrial as well as in the marine biosphere. An important
difference between the two is that O, released in terrestrial photosynthesis is enriched
compared to that released in marine photosynthesis because the water surrounding the
sites of O, production in the foliage becomes enriched through transpiration (see section
4.1), whereas the oxygen produced by marine organisms carries an isotopic signature
that is close to that of average ocean water. The isotopic signatures of the O, released
from the terrestrial and marine biospheres have been estimated to differ by = 5 %o
(Farquhar et al. 1993, Seibt 1997), making the magnitude of the Dole-Morita effect
sensitive to relative rates of terrestrial and marine gas exchange. The value of the Dole-

Morita effect cited most often is 23.5 %o (Kroopnick and Craig 1972). However,
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correcting this value by using the fractionation factor of 1.0412 for oxygen isotopes
between water and CO, as recommended by Friedman and O'Neil (1977) yields a value
of 23.8 + 0.1 %o. Horibe et al. (1973) also reported a value of 23.8 + 0.06 %eo.

A promising application of the Dole-Morita effect arises from the fact that §'°0 of O, is
preserved in air bubbles in ice cores. Whereas temporal information on §'®0 of CO; is
not available because CO, equilibrates isotopically with water (see section 4), O, does
not undergo isotopic exchange with water. If the precise age of the air is established,
then the 0 record of past atmospheric O, can be linked to 'O records of ocean water
(inferred from marine sediments) to yield information on temporal variations in the
magnitude of the Dole-Morita effect, a measure of relative biological productivity of the
marine and terrestrial biospheres because of its sensitivity to gross oxygen exchange
fluxes (Bender et al. 1994, Malaize et al. 1999).

Theory

In this study, 5'%0 values of O, were not determined on an absolute scale but with
respect to air from high pressure cylinders used as reference gases for mass
spectrometric measurements. Therefore, 820 values are reported here as offsets from
an (arbitrary) standard that was assumed to correspond to the average &0 of
atmospheric O, of 23.8 %o. Values can be expressed in %o, but because they are usually
very small, units of permeg are introduced by multiplying values by 10° (instead of 10°,

as for %o).

During the light period, the mixing ratio and isotopic composition of O, in branch bag air
will be changed by the addition of photosynthetically produced O,. Photosynthesis has
been found to release O, with an isotopic composition identical to that of water
surrounding the sites of O, production (Stevens et al. 1975, Guy et al. 1993, Yakir et al.
1994). Thus, for the (extremely simplified) case where photosynthesis is the only
process affecting the isotopic composition of O,, the expected temporal change in §'°0

of Oy in a branch bag can be calculated from:

18 I8
1(6180mm)_ 5 OC 0 Outm io (61)

dt B 19) dt
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where §'®0. and 8", (%) are the isotopic compositions of chloroplast water and of
ambient O,, and O is the O, mixing ratio (in ppm equivalent) of branch bag air. Temporal
changes of 5%0,m and O were estimated from pairs of samples collected at the
beginning (open) and end (closed sample) of isolation periods (analogous to CO,, see
Figures 2.3 and 2.4).

In principle, equation 6.1 allows to estimate the isotopic composition of chloroplast water
from observed changes in 5804m and O, mixing ratio. Difficulties and limitations of this
approach will be discussed below. Note that O is = 21 %, whereas changes (dO/dt) were
of the order of 30 to 70 ppm O, over the bag closure period. Because of this,
photosynthetically induced changes of 'O in branch bag air were so small (> 20
permeg) that the §'®O.m value on the right hand side of equation 6.1 could be assumed

constant.

The isotopic composition of chloroplast water, §'®0,, that is transferred to O, during its
photosynthetic production, was estimated from "0 of CO, as detailed in section 4. In
the above formulation, impacts of concurrent respiratory fluxes on gas exchange in the
branch bags have been neglected. Photorespiration and day-time dark respiration were
estimated to take up 10 to 30 % and 5 to 10 % of gross photosynthetic O, production,
respectively (see Figure 3.4). Thus, the flux rate appropriate for scaling of 'O, gross
photosynthetic O, production, was 10 to 50 % higher than estimated by the net rate of
O increase in branch bag air (dO/dt). Discrimination during respiratory oxygen uptake
causes enrichment of §'20 in ambient O,, whereas oxygen released in photosynthesis is
mostly depleted in 80 with respect to ambient O,. Often, the resulting changes in
5'®0.m are small, because these contrasting effects partly balance each other. Such
additional influences will be neglected in the present case as they are not important for
the general picture presented here. This also applies to the exact value of §'°0,, as will

be seen later.

Discrimination against B0,m N atmospheric O, during respiration is in principle
equivalent to that against CO, isotopes during photosynthesis (Rayleigh process),
causing simultaneous changes in isotopic composition of source and product (see
equation 2.7). However, changes in 8", over chamber closure periods were so small
that this feedback could be neglected (as above). Hence, for simplicity, the same

approach as for photosynthesis (equation 6.1) is used:
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o0 (6.2)

where Ar (%o) is the %0 discrimination during respiratory O, uptake. As in equation 6.1,
Ar can be estimated in principle from observed changes in 8O and the O, mixing
ratio. However, both equations also allow to calculate expected 830, changes from
observed changes in the O, mixing ratio and assumed 5'80 values of fluxes. Here, -20
%o was used for soil respiration discrimination. Again, the exact value is not important for

the following considerations.
Results and Discussion

Figure 6.1 shows §'®O.m (as offset from 23.8 %o) and O, mixing ratios (as §(O./N,)
ratios) of air samples obtained from open and closed branch bags and soil chambers
during the sampling campaign on 20 July 2001. §'®O4m values displayed the changes
expected from influences of the dominant biological processes during the chamber

closure periods. In branch bags during the day, §'®O,m decreased by about 20 permeg

800 30
Abranch bag,
open (02)
A
Abranch bag,
600 20 closed (02)
& control bag,
A open (02)
400 1 10 o, Osoil chamber
> d open (02)
& AA +©
g 3 M soil chamber
o 200 -0 —_ closed (02)
= 3
—_ g Abranch bag,
= 4 open (d180)
=~ «
o 01 F-10 = Abranch bag,
B3 0 closed (d180)
< control bag,
-200 L .20 open (d180)
4 control bag,
] closed (d180)
-400 u F-30
|
-600 -40

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00
time on 20 July 2001

Figure 6.1: 3(0O2/N>) ratio and isotopic composition of O; in air samples obtained from open and closed

branch bags and soil chambers in July 2001.
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due to release of depleted O, during photosynthesis. In soil chambers, 580, increased
by about 20 permeg due to discrimination against '*O during respiratory O, uptake. In
the control bag, an apparent change of comparable magnitude, 21 permeg, was
observed in 80, of O, while §(02/N2) only changed by 10 permeg (= 2 ppm). Error
bars of 8(O./N;) ratios are smaller than symbols (10 permeg). Obviously, uncertainties in
measurements of §'°0. are large compared to signals, i.e. differences between open
and closed samples. All error bars for §'®0.m of sample pairs are overlapping. Analytical
precision of laboratory measurements was used for error bars of §'®Oum (12 permeg).
Uncertainties of closed samples might be even larger, but this cannot be estimated

because error bars of the sample pair obtained from the control bag overlap as well.

Figure 6.2 presents the observed changes of §'®0., in branch bag and soil chamber air
versus the expected changes in 5'®0am over closure periods based on observed
changes in the O, mixing ratio, calculated from equations 6.1 and 6.2. Error bars of
observed changes in 8'®0,m represent combined uncertainty for sample pair data, 17
permeg. Although error bars overlap the 1:1 line, it is evident that no conclusions can be
derived from data that has such large levels of uncertainty. The calculations illustrated in

Figure 6.2 were based on the assumption that only one process is affecting the isotopic
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Figure 6.2: Expected and measured change in §'%0 of O3 in air samples during closure periods of branch

bags (three, left) and soil chambers (two, right) in July 2001.
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composition of O,, photosynthesis in branch bags (during the day) and respiration in soil
chambers. For branch bag air, contributions of concurrent respiration to gas exchange
were neglected (see above). For soil chamber air, influences of possible diffusional
fractionation were neglected. Of course these assumptions are unrealistic. Calculations
taking into account such additional processes would reflect more accurately the situation
encountered under natural conditions. However, expected changes of 580, under
more plausible scenarios would be even smaller, so that estimates reported here can be

viewed as representing their upper limits.

Clearly, data from this study cannot be analysed on a sample pair basis, but might yield
a correlation for canopy air composition similar to "Keeling plot" type relationships.
Figure 6.3 illustrates the existence of such a correlation between 'O, and O, mixing
ratio, with higher O, mixing ratios accompanied by lower §'®O4m values. Even though
changes in isotopic composition of O, cannot be analysed quantitatively due to large
uncertainties of §'%0 data, a general trend is evident Figure 6.3 from all data, and also
from open sample data alone. Qualitatively, the trend follows theoretical predictions,
where O, released during photosynthesis carries an isotopic signature (of chloroplast

water, 3 to 15 %o) that is depleted with respect to ambient O, (23.8 %), thereby leading
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Figure 6.3: Isotopic composition versus mixing ratio of O, in air samples obtained from open and closed

branch bags and soil chambers in July 2001 (as offsets from mean, arbitrary axis).
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to lower 8'®0.m at higher O, mixing ratios, and discrimination during foliage or soil
respiration enriches the remaining air in ®0O, thereby leading to higher §'®Oum at lower
O, mixing ratios. Regression of 580, Versus 1/[O;] from open branch bag air samples,
analogous to "Keeling plots", yielded -8 %o for §'®0 of chloroplast water that is
transferred to photosynthetically added O,. However, disturbances from turbulent mixing
and respiratory fluxes violate the two pool mixing assumption for canopy O, during the
day, and 8'0 of leaf (and chloroplast) water varies diurnally. Also, measured values are
extremely far from intercepts of inverse mixing ratios, amplifying uncertainties in source

isotopic compositions derived from Keeling plots.

The §'0.m measurements presented here were made at the highest level of precision
currently available. Thus, the question arising is: with this precision, how large would
changes in O, mixing ratios have to be to cause concurrent changes in 5'804tm large
enough to be reliably detected? The top panel of Figure 6.4 shows expected changes in
5'®04m depending on O, mixing ratio changes, calculated for different 8'°0 values of leaf
(chloroplast) water following equation 6.1. For example, a 50, difference of 18
permeg between start and end samples would require the 5(0O,/N;) ratio to change by
about 1000 permeg. The concurrent decrease in the CO, mixing ratio of about 200 ppm
would be very large, more than half of the CO, usually present in branch bag air at the

beginning of closure periods during the photosynthetic period (< 380 ppm).

The bottom panel of Figure 6.4 shows the change in O, mixing ratio (6(O,/N,) ratio on
the right axis) required to change §'®0.m by 12 permeg, the current laboratory precision
of single 8"®0.m measurements, versus leaf water isotopic composition. For example,
with water in the chloroplasts having a §'®0. of 12 %, a change of 1000 permeg would
be required in the 5(0,/N,) ratio to achieve the 12 permeg change in 5'80,tm. As the top
panel of Figure 6.4 illustrates, required O, changes rise with increasing §'®0, values.
Higher &'®0. result in smaller differences between the isotopic signature of
photosynthetically released O, and the isotopic composition of O, already present in the
air. The closer §'®0; is to 23.8 %o, the larger the changes in O, mixing ratios would need

to be to cause measurable changes in §'%0 .
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Figure 6.4: Top panel: Differences in isotopic composition of branch bag air expected from changes in the

O3 mixing ratio for different 5'®0¢ of leaf water (0, 5 and 10 %o), corresponding to the isotopic signature of

photosynthetically added O,. Bottom panel: Change in the O, mixing ratio required to change the isotopic

composition by 12 permeg, the current level of single sample analytical precision, versus 5'%0 of leaf water.
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Changes of this magnitude might be achieved either by choosing species and
conditions with high rates of photosynthesis or by extending the time span of closure
periods. Both possible solutions however have serious problems. High photosynthetic
rates, i.e. high CO; and O, fluxes, are usually coupled with high rates of transpiration
through stomatal openings. High transpiration fluxes lead to isotopic enrichment of leaf
water, requiring larger changes in O, mixing ratios as argued above. In addition,
photorespiration fluxes are likely to be substantial when high photosynthetic rates cause
decrease of internal CO, mixing ratios (see section 3.1). Extended closure periods
circumvent the problems of high flux rates, but photorespiration will probably start to
disturb the system when CO, mixing ratios fall to very low levels. Other feedbacks
between carbon and water exchange rates and micro-environment of the plants under
study will also increase over time, making exact determinations of experimental
parameters difficult. On the other hand, at times of depleted leaf water such as at dawn,

photosynthetic rates are usually very low, requiring even longer closure periods.

Clearly, there are many difficulties with the approaches described above. The only
remaining option is to achieve better analytical and experimental precision for
measuring 8'®O.m. The question then is: how precisely would we have to measure
5'80,m? For illustration: A hypothetical increase in the CO, mixing ratio by 100 ppm,
from 300 to 400 ppm, constitutes a change of 33 % with respect to the original CO,
inventory. If this change is achieved by adding CO, with an isotopic composition
differing from that of the original CO; pool by 20 %o, then the overall isotopic composition
of that pool will change by about 5 %o, well within the detection range (see section 2). In
contrast, an increase in the O, mixing ratio of the same magnitude, 100 ppm, from
209500 to 209600 ppm, changes the original O, inventory by about 0.0005 %. If the
isotopic composition of the added O, differs from that of the already existing O, pool by
the same value of 20 %o, then the overall 880, of that pool will change by only about

10 permeg.

Uncertainties in changes of §'®0,, values are roughly 1.4 times those for single data
points. Hence, to determine a 10 permeg change at the 5 permeg precision level would
require 5'®O.m values to be determined with 3.5 permeg precision. Of course, overall
experimental precision would have to be increased appropriately to gain advantage from
increased laboratory precision. To achieve 10 % relative error, i.e. 1 permeg uncertainty,

would require 0.7 permeg precision of single measurements. At this precision level,
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5'®0. would have an uncertainty of = 2 %.. This would be sufficient for studying cycles of
leaf water enrichment under natural conditions that might have amplitudes of 10 times
that value, but it would still not allow to identify which leaf water compartments transfer
their isotopic signature to CO, and O,, whether they are identical, or how large and
variable their offsets are. While this could be examined in laboratory studies by, for
example, supplying plants with isotopically very depleted water, measurements under
field conditions might have to wait until the analytical precision has reached the sub-

permeg level, i.e. about 1/100 of its currently best value.

On the other hand, analytical standard errors at the sub-permeg level could be achieved
by repeating laboratory analyses of air samples. The standard error of measurements
corresponds to the standard deviation divided by the square root of the number of
measurements. Thus, the standard error decreases with increasing measurement
repeats. For example, the single data point standard error of 0.7 permeg (as above)
would require approximately 290 measurements at 12 permeg, 50 measurements at 5
permeg or 20 measurements at 3 permeg measurement standard deviation. This
approach seems especially promising in the light of the automated mass spectrometric
analysis procedures that are currently being developed (W. Brand, personal
communication). In this case, measurements under field conditions might only have to
be postponed until the analytical precision reaches about half to one quarter of its
currently best value, which seems possible within the next few years. The
measurements of 5'®0 in O, presented might be useful to highlight a few problems and

challenges such future studies might encounter.
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7. Canopy scale integration of CO, exchange

Introduction

The main processes affecting the CO, mole fraction in canopy air are turbulent
exchange with air from above the canopy, soil and foliage respiration and
photosynthesis. Changes in CO, mole fraction of air within the canopy are accompanied
by variations in its carbon and oxygen isotope composition. Respiration by foliage and
soil increases the CO, mole fraction of canopy air while at the same time decreasing its
carbon isotope composition, because the §'°C signature of respired carbon reflects its
substrate, mostly depleted plant and soil organic material. Soil respiration has the same
effect on §'0 of CO; if the soil water that it equilibrates with is depleted in "®0 with
respect to the atmosphere, whereas the effect of nocturnal foliage respiration can be
opposite if foliage water remains enriched at night. During the photosynthetic period,
carbon assimilation by plants lowers the CO, mole fraction of canopy air while
simultaneously enriching the remaining CO, in *C and, if transpiration from foliage has

resulted in enriched §'0 of water at the evaporating sites of foliage, also in '®0.

In this section, the integrated canopy exchange of CO, and of §"°C and §'0 of CO, is
estimated from the above listed component fluxes of gas exchange and their isotopic
signatures. The predicted isotopic signatures of the separate fluxes utilised here have
already been determined and discussed in sections 3 and 4. Net turbulent CO, fluxes
and one-way turbulent fluxes of isotopic gas exchange are calculated from canopy
exchange integrations, i.e. isotopic mass balances ("derived fluxes"). The derived net
turbulent flux of CO, exchange is then compared to data from a nearby eddy covariance
tower ("observed fluxes"). The goal of this section is firstly, to allow comparison of
variations in 5'®0 of O, in canopy air estimated in section 8, and secondly, to provide
input fluxes for the partitioning of canopy gas exchange into component fluxes that will

be presented in section 9.
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Theory

Assuming there is no net horizontal advection of CO,, temporal changes in the CO,
mole fraction of well mixed canopy air (1 box model) can be calculated from a mass

balance (equation 1 of Lloyd et al. (1996)):

1

M.dicaz—Fn+RS+Rf—A (7.1)
t

where M; (mol/m?) and C, (umol/mol) are moles of air per unit ground area and its CO,
mole fraction within an air column of specified height from the soil surface. Rs, R and 4
(umol/m?s) are rates of soil and foliage respiration and carbon assimilation, all with
positive signs. F,, (umol/m?s) is the net flux of CO; into or out of the canopy. The net flux
is the difference between two one-way fluxes, F, = Fi, — F,;, of turbulent gas exchange
with air outside of the canopy, where Fj, (in-out) denotes the flux of CO, leaving and Fy
(out-in) the flux entering the column so that positive F, indicates a net turbulent flux

directed out of the canopy.

Accordingly, temporal changes in '°C and §'®0 of CO, in canopy air can be calculated

from isotopic mass balances (equation 10 of Lloyd et al. (1996)):

M,C %(61‘) = F,(8, = 8,)+ R (34 _6i)+Rf'(6Rf' _51')"‘ AA (7.2)

where & and 8, (%o) are carbon (5'°C;, 8'°C,) and oxygen (5'%0;, §'0,) isotopic
compositions of CO, within the canopy and entering the canopy from above,
respectively, Srs and Sgs (%o) are the carbon (5'°Crs, §'°Crs) and oxygen (5'®Ogs, 8'®Ors)
isotopic signatures of CO, produced by foliage and soil respiration, and A (%) are the
photosynthetic discriminations against *C (**A) and 8O ('®A), respectively. In the
following, the separate components of equation 7.2 are referred to as isofluxes
(umol%/m?s). In sections 7 and 9, all variables inside the canopy are denoted by the
subscript i, with the exception of the CO, mole fraction denoted by C, to distinguish it

from the substomatal CO, mole fraction, C;, as used in sections 2, 3, 4 and 9.
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Additional observations

Eddy Covariance System

Fluxes of CO, and water vapour as well as canopy meteorological parameters were
measured from a 15 m high instrument tower employed as part of the CarboEuroFlux
project (description at www.bgc.jena.mpg.de/public/carboeur/sites/index_s.html). Thirty
min average CO; and water vapour fluxes were determined from continuous above
canopy measurements of CO,, H,O and wind velocity. The flux measurement system
(Moncrieff et al. 1997) consisted of a three-dimensional sonic anemometer mounted at
15.2 m (Solent A1002R, Gill Instruments Ltd., Lymington, England) to measure the
vertical wind component, a pumping unit to draw air at a flow rate of 6 L/min through 18
m of heated tubing (6 mm i.d. Dekabon 1300, Furon, Gembloux, Belgium), a fast-
response closed-path infrared gas analyser (IRGA) for CO, and H,O analysis (LI-6262,
Li-Cor Inc., Lincoln, Nebraska), and a laptop using the EdiSol software (Moncrieff et al.
1995). A description of the instrumentation, calibration and corrections applied during

processing of data can be found in Clement (in preparation).
Soil gas exchange

In addition to the soil chamber measurements described in section 2, soil CO, efflux
rates were also measured with a portable soil chamber and CO, analyser setup, the
coupled SRC-1 and EGM-1 (PP Systems, Hitchin, Hertfordshire, England). At 3 sites
each in a 0.01 ha plot, 12 PVC collars (100 mm tall, 3 mm wall thickness, inserted 2 cm
into the soil) were distributed over the distinct strata of the soil surface (furrows, flats
and ridges). A customised adapter was used to connect the collars to the portable soil
chamber. Air was then drawn from within the collars to a portable infrared gas analyser.
CO, fluxes were calculated from gradients in chamber CO, mole fractions measured
every 8 seconds over 2 minutes. The collars enclosed a surface area of 7.1 x 10° m% A
small, low speed fan ensured mixing of air within the chamber during the
measurements. Soil CO, fluxes were calculated by software included with the IRGA.

The system is described further by Jensen et al. (1996).

Data was collected with the portable soil chamber throughout the diurnal measurement

cycle coinciding with the sampling intervals for the branch bags and soil chambers. Soil
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Toar [°C]

temperature was measured concurrently between 1 and 5 cm depth in the soil profile

using a pair of RTD (PT100, RS Components, UK). Half of the soil surface area was

covered by ridges and 25 % each by flats and by furrows. Differences in rates of soil

CO, fluxes were more marked between strata than across sites, with mean rates of 2.3

+ 0.8 umol/m?s for ridges, 1.6 + 0.8 pmol/m?s for flats, and 1.1 + 0.8 pumol/m?s for

furrows. Soil CO, flux rates were described using an Arrhenius function relationship with

soil temperature as the independent variable (see equation 3.7). Respiration rates at 10

°C, Ry, determined from 128 measurements, were 2.6 + 0.2 umol/m?s for ridges, 2.0 +

0.15 pmol/m?s for flats, and 0.94 + 0.24 pmol/m?s for furrows. Figure 7.1 illustrates

diurnal cycles of average soil temperatures (thick lines) that were constructed from sets

of 12 measurements at each time step.
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Figure 7.1: Diurnal cycles of soil temperature (°C) at a depth of 1 to 5 cm in the soil profile for May (left) and

July (right) 2001. Thick lines indicate averages, grey diamonds indicate the separate measurements (sets of

12 at each time step).

7.1 Net ecosystem exchange of CO;

The top panel of Figure 7.2 shows diurnal variations in the CO, mole fraction of canopy

air for separate branch bags, over three days following sampling periods in May and

July 2001. Data on CO, mole fractions obtained from flask samples of air from open

branch bags are shown for comparison. The thick lines indicate values of CO, mole

fractions used for subsequent calculations and isotope regressions, calculated from

averages of all branch bags and smoothed over three time steps of 20 minutes each

(also applied to all other average fluxes and discriminations referred to in Part 2).
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In July, average night-time CO, mole fractions were higher (400 to 425 ppm) than in
May (390 to 400 ppm). In both months, the nocturnal increase in CO, mole fraction was
less marked during the second and stronger during the third night examined. Day-time
values in July (340 to 350 ppm) were lower than in May (360 to 370 ppm). Thus, diurnal
changes were more pronounced in July than in May. During the first half of the May
sampling day and around noon on the July sampling day, occasional low CO, mole
fractions were recorded by the IRGA that were in contrast with the flask data, whereas
flask and IRGA data were in good agreement for all other times. Technical difficulties
were encountered during branch bag measurements on the first half of the May
sampling day (18.5). Therefore, average CO, mole fractions for all time steps until 11:00
were calculated using only data from the top3 and mid branch bags, and using only mid
bag data between 4:40 and 5:40.

The bottom panel of Figure 7.2 presents rates of soil respiration (Rs) subsequently used
in calculations of CO, and isotopic exchanges within canopy air. The plots also show

values from soil chamber flask measurements (soil 1 and 2 obs). Soil respiration rates
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Figure 7.2: Diurnal changes over three days in May (left) and July (right) 2001. Top: CO> mole fraction of

canopy air (C,) for separate branch bags and averages. Bottom: CO: flux released in soil respiration.
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have been assumed here to depend primarily on soil temperature. Hence, diurnal cycles
of soil respiration were constructed from diurnal patterns of soil temperature (see Figure
7.1), using parameters (R4o) from regressions between respiration rates and soil
temperatures. Because temperatures or respiration measurements were not available
for soils over the full three day periods, time courses of respiration rates were assigned
from a sinusoidal curve with minima shortly after dawn (5:20) and maxima in the late
afternoon (17:20). The timing of diurnal phases as well as total peak to peak amplitudes
were assumed to be the same in both months (1 umol/m?s), but at a slightly higher level
in July, ranging from night-time values of 2.5 to 3.5 umol/m%s during the day, than in
May (1.5 to 2.5 umol/m?s). The assigned rates were in the same order of magnitude as

those obtained from flask data of soil chamber measurements.

Diurnal variations of daytime assimilation (4) and nocturnal respiration (R;) rates of
foliage are presented in Figure 7.3. Here, foliage respiration rates are displayed as
negative fluxes. Mid-day maxima of assimilation rates were slightly lower in May (6 to 7
umol/m?/s) than in July (7 to 8 umol/m?s). In both months, nocturnal respiration rates
were between 0.5 and 1 pmol/m?s, and similar for all branch bags. Averaging
assimilation rates removed most scatter on time scales of one hour, but it should be
noted that differences between bags were substantial at day-times. In both months,
assimilation rates were generally slightly higher in the top1 than in the top3 branch bag.
Even higher assimilation rates were measured in the mid bag in May, where a maximum
assimilation rate of 12.5 umol/m%s was observed at noon on the third day. Due to
technical difficulties on the May sampling day, data from the top1 branch bag were
excluded from calculation of average assimilation rates between 6:40 and 9:40.

Figure 7.4 shows fluxes of CO, exchange within a column of canopy air over three days
starting with sampling periods in May and July 2001. Biological fluxes contributing to net
ecosystem exchange of CO, in canopy air were photosynthesis and soil respiration
during the day and foliage and soil respiration at night. Day-time dark respiration by
foliage was included in net rates of assimilation. The average tree height, 10 m, was
used as the height of the well mixed column of canopy air. The total canopy leaf area
index was estimated to be 6 m?’m?. The canopy was assumed to consist of an upper
and a lower layer, each containing 50 % of the canopy leaf area. The upper half of the
canopy leaf area was assigned average gas exchange rates obtained from the top and
middle branch bags (see thick lines in Figure 7.3). Pooled data from measurements in
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Figure 7.3: Rates of foliage daytime assimilation and nocturnal respiration of CO, from branch bag
measurements, separate bags and averages, in May (top) and July (bottom) 2001.

139



July 2000 indicated that photosynthetic rates of branches lower in the canopy were 24 +
13 % of upper canopy rates. Accordingly, gas exchange rates in the lower half of the
canopy were derived as a percentage of those in the upper half of the canopy. Foliage
gas exchange rates were thus effectively obtained by scaling average top branch bag
rates by a leaf area of approximately 4 m*m?. Maximum rates of canopy photosynthesis
on a ground area basis were 22 to 25 umol/m?/s in May and 24 to 28 umol/m?s in July.
Stem and branch respiration were neglected and root respiration is implicitly included in
soil respiration. Net ecosystem exchange consisted of two fluxes, a storage flux of
temporal changes in CO, inventory of canopy air and a net flux, F,, of turbulent
exchange with air outside of the canopy. The derived net turbulent exchange fluxes (F,
derived) were calculated from all other exchange components using the mass balance
of equation 7.1. For comparison, the net fluxes of turbulent exchange obtained from

continuous measurements over two days at a nearby eddy tower are also shown.

Day-time magnitudes and variations of derived net turbulent exchange fluxes were
mainly determined by those of photosynthetic fluxes. In comparison, soil respiration
fluxes were more uniform over time, and changes in CO, inventory of canopy air were
neglectably small at most times except at dawn on the sampling days and during the
third night in July. Resulting derived mid-day net turbulent exchange fluxes were
generally smaller in May and on the second July day (= 20 pmol/m?/s) than on the other
two July days (= 25 pmol/m?%s). Integrated daily rates (over 24 hours) of derived net
turbulent exchange fluxes were -0.74, -0.57 and -0.64 mol/m?day for the three days in

May, and -0.84, -0.33 and -0.64 mol/m?/day for the three days in July, respectively.

The derived rates of net turbulent exchange of CO, were in reasonable agreement with
those obtained from eddy flux measurements. In both months, net CO, fluxes from the
eddy tower were smaller than those derived from the mass balance of integrated canopy
exchanges. The shapes of derived and observed net exchange fluxes were in good
agreement for the first day in May and the second day in July. However, the derived
curve did not show the observed strong positive flux of CO, (= 10 umol/m?/s) leaving the
canopy at dawn on the second day in May, and derived rates were two to four times as
large as observed rates during the morning of the first July day. Total daily rates of net
turbulent exchange from eddy flux data were -0.57 and -0.36 mol/m?/day on the first and
second day in May, and -0.38 and -0.10 mol/m?/day on the first and second day in July,

i.e. one third to half of the total daily rates derived from canopy integrations.
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Figure 7.4: CO; fluxes contributing to net ecosystem exchange of canopy air in May (top panel) and July

(bottom panel) 2001. Fluxes of turbulent exchange derived from mass balances for 3 days and obtained

from measurements at a nearby eddy tower for 2 days.
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7.2 5°C of canopy CO, exchange

The top panel of Figure 7.5 shows diurnal variations in the §"°C composition of CO; in

canopy air (8'°C;) for separate branch bags over three days starting with sampling

periods in May and July 2001. Continuous values were derived from a regression of

isotopic composition versus mole fraction of CO, constructed from flask data obtained

from open branch bags (correlation coefficients R? > 0.9). Flask measurements of §'°C

of CO, obtained from air samples of open branch bags are shown for comparison. Thick

lines indicate again average §'C values calculated from all branch bags. Average §'C;

values at night were more depleted in July (-8.9 to -10.7 %o) than in May (-8.8 to -9.6 %),

and day-time values were more enriched in July (-6.5 to -6.8 %o) than in May (-7.6 to -

7.9 %o). Diurnal changes were thus larger in July than in May. Flask and continuous data

were in reasonably good agreement.
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Figure 7.5: Diurnal changes over three days in May (left) and July (right) 2001. Top: §'3Ci of CO in canopy

air. Bottom: §"Cgs of foliage respiration at night, both for separate branch bags and averages.
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The lower panel of Figure 7.5 presents isotopic signatures of foliage respiration used for

nocturnal respiration isofluxes, 8'°Cg;, for separate branch bags and for flux rate

weighted averages over three days in May and July 2001. §"*Cgs values were calculated

assuming a constant size of the soluble carbohydrate pool of 500 mmolC/m? in foliage,
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Figure 7.6: Diurnal cycle of discrimination for single branch bags and smoothed average over three days

starting with sampling periods in May and July 2001.
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equivalent to average turnover times of two days (same as solid lines in Figure 3.9).
Calculations of 8"*Cgs of dark respiration from foliage are detailed in section 3.2. Here,
average values of 8"®Cg; used for nocturnal foliage respiration were -29.0 %o in May and
-26.3 %o in July, with only small variations between nights of 0.2 %o in May, 0.5 %o in
July. The isotopic signature of soil respired CO,, §'°Cgs, was taken as constant using

average values from soil chamber measurements, -29.6 %o in May and -29.0 %o in July.

Diurnal cycles of "*C discrimination (from the full formulation of equation 3.9), ®A, are
shown in Figure 7.6 for separate branch bags and averages over three days following
sampling periods in May and July 2001. For comparison, observed values of *A from
flask measurements are also shown. Average values of "°C discrimination had maxima
of around 30 %o and higher at dawn and dusk on all days, and were lower during the
rest of the day, 17 to 20 %o in May and 15 to 18 %o in July. These changes resulted in
pronounced diurnal amplitudes of 10 to 15 %o, except during the sampling day in May,
when values varied by up to 12 %o within short time periods of one hour. Effects of
concurrent photorespiration and day-time dark respiration on isotopic gas exchange
during photosynthesis have been included in the "*A calculations. Theory and results of

3A calculations have already been detailed in section 3.1.

Isofluxes for ecosystem CO, exchange for a column of canopy air, 8"Cq, x flux
(%opmol/m?/s), combined from §'°C signatures of fluxes as described above and flux
rates as described in section 7.1, are presented in Figure 7.7 over three days following
sampling periods in May and July 2001. Respiration fluxes and storage fluxes caused
by temporal changes in 8'°C values of CO; in canopy air varied somewhat but were
relatively small compared to mid-day photosynthetic isofluxes. Isofluxes of
photosynthesis had positive signs as both isotopic signature ('°A) and rates of
assimilation have positive values. Contributions of concurrent photorespiration and day-
time dark respiration were included in photosynthetic isofluxes via their influences on
3A. Following equation 7.2, (8"°C,-8"Ci)F, was thus calculated from the mass balance

of all other exchange components.

Maximum photosynthetic isofluxes were 500 to 550 %opmol/m?%s in May, slightly less
than in July with 500 to 600 %.pmol/m?/s. Photosynthetic isofluxes primarily determined
magnitudes and variations of one-way turbulent exchange isofluxes. Maximum isofluxes

of one-way turbulent exchange were smaller in May (-430 to -470 %oumol/m?/s) than on
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two of the July days (-450 to -560 %opmol/m?/s) but comparable to those on the second
day in July (= -440 %oumol/m?%s). Daily integrated one-way turbulent isofluxes were also
smallest on that day (-7.3 %.mol/m?day), only about half of those in May (-15.9, -13.0
and -13.7 %emol/m?day) and the other two July days (-16.6 and -12.8 %emol/m?/day).
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canopy air in May and July 2001.
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7.3 5'®0 of canopy CO; exchange

The top panel of Figure 7.8 presents diurnal changes in §'®0 of CO, in canopy air (5'20;)
for separate branch bags over three days following sampling periods in May and July
2001. Flask measurements of §'0 of CO, from air samples of open branch bags used
to derive time courses of continuous values are also shown for comparison.
Regressions of 8'°0; versus the inverse of the CO, mole fraction from open branch bag
flask data (R? of 0.91 in May, but only 0.53 in July) were not as reliable as those used to
derive 8'°C; values. This might reflect partly apparent enrichments in §'0; of flask
samples not correlated to changes in "0 content of CO, but caused by some other
unidentified compound (see section 4.2 for details). Average '°0; values calculated
from all branch bags are indicated by thick lines. In July, regressed §'°0; values were
more enriched at night (0.3 to 0.8 %o.) and during the day (1.6 %o) than in May (-0.3 to 0.2

%o and 1.0 %o), with similar diurnal amplitudes of around 1 %o in both months.

Isotopic signatures assigned to soil respired CO,, 5'®0gs, for May and July are
presented in the middle panel of Figure 7.8, including values from soil chamber
measurements (soil 1 and soil 2) as described in section 4.2. The influence of
atmospheric invasion was included in assigned 5'%0gs values, leading to effective
diurnal cycles of 580k of soil respired CO,. Continuous data was derived assuming
sinusoidal diurnal variations similar to those of CO, flux rates of soil respiration, with the
same phasing. Diurnal amplitudes were larger in July, ranging from -22 to -14 %., and

smaller but with similar minima in May, ranging from -22 to -17 %eo.

Isotopic signatures of nocturnal foliage respiration isofluxes, 5'80k;, are presented in the
bottom panel of Figure 7.8 for separate branch bags and averages over three days in
May and July 2001. §'Ogs values were calculated assuming foliage respired CO, to
have an isotopic signature in temperature dependent equilibrium with foliage water at
the evaporating sites, 8'°0g, from the non steady state (NSS) formulation as described
in section 4.1. Because §'®Og values were derived taking the influence of foliage
transpiration into account, average values of §'®Og: decreased throughout the night, with
starting values determined by the degree of isotopic enrichment of foliage water during

the day. 8'®0g; values were between 0.5 and 15 %o in May and -4 to 12 %o in July.
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Figure 7.9 presents diurnal cycles of '®0 discrimination (from NSS formulation), '®A, for
separate branch bags and averages over three days in May and July 2001. '®A values
from flask measurements are also shown for comparison. Average values of 'O
discrimination showed pronounced diurnal cycles, with extreme dawn and dusk values
of 90 to 120 %o in May and -60 to -100 %o or 60 to 130 %o in July. During the rest of the
day, '®A generally ranged from 25 to 35 %o in May, fluctuating by 20 %o on the sampling
day, whereas '®A was gradually increasing from 10 to 30 %o on the first day, between -
20 and 10 %o during the second day and steeply increasing from -10 to 40 %o over the
course of the third day in July. Theory and results of '®A calculations have already been

detailed in section 4.1.

Figure 7.10 shows derived oxygen isofluxes, 8'®Oq. X flux (%oumol/m?/s), over three
days following sampling periods in May and July 2001. Analogous to §'°C, isofluxes of
5'®0 have been derived from combined §'®0 signatures of fluxes as described above
and flux rates as described in section 7.1. Isofluxes of soil respiration had negative
signs because of negative §'°0 signatures of soil water transferred to §'®Og, values of
soil respired CO,. Isofluxes of nocturnal foliage respiration had positive or negative
signs depending on whether foliage water was more or less enriched in 'O than
ambient CO,. Storage fluxes from changes in 5'80; of CO, in canopy air were around
zero. Oxygen isofluxes of photosynthesis had mostly positive signs as enrichment
through transpiration resulted in mostly positive isotopic signatures of foliage water, and
hence "®A. Negative photosynthetic isofluxes were determined in the mornings of the
second and third day in July. Thus, (5'0,-5'®0)F, was calculated from all other
exchange components using the mass balance of equation 7.2. Magnitudes and
variations of one-way turbulent exchange isofluxes were mainly determined by diurnal

patterns of photosynthetic isofluxes.

Maximum photosynthetic isofluxes were around 1000 %.umol/m?s in May, and only
around 600 %oumol/m?/s in July. Maximum isofluxes of one-way turbulent exchange
were much larger in May (-700 to -900 %oumol/m?%s) than in July (-200 to -500
%oumol/m?/s). Daily integrated derived one-way turbulent isofluxes (over 24 hours) were
much higher in May (-29.0, -29.1 and -27.2 %omol/m?/day) than on the first and third day
in July (-18.2 and -8.8 %.mol/m?day) and smallest on the second July day (-2.2

%omol/m?/day).

148



150 | 1 1L
A
100 A
Q\E
<
|
50 / M
A i |
N /
17/
—top 1 & top1obs
—top3 ® top3obs
mid A mid obs
——average
-50 T T T T .
18.5 0:00 18.5 12:00 19.50:00 19.512:00 20.50:00 20.512:00 21.50:00
date and time
150 H
—top 1 ¢ top1obs
——top 3 ® top3obs
W ——average
100 ¢
£
<
50
0 4
‘50 T T L T LI T LIl T
20.7 0:00 20.7 12:00 21.7 0:00 21.7 12:00 22.70:00 22.712:00 23.70:00

date and time
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Discussion

Diurnal changes of assimilation and respiration fluxes of CO, scaled to the canopy level
resulted in predicted diurnal variations in net ecosystem exchange of CO, comparable
to results from previous studies using chamber or eddy flux methods. Peak rates of
photosynthesis (22 - 28 pmol/m?/s) and respiration (4 - 6 pmol/m?%s) were in the same
range as those observed in another Sitka spruce plantation in Scotland, 10 - 25
pumol/m?/s and up to 7 pmol/m?/s, respectively (Beverland et al. 1996). The daily
variability of assimilation and net exchange fluxes were also similar to those reported for
a pine forest in central Siberia although their overall magnitudes were smaller (Lloyd et
al. 2001, Lloyd et al. 2002).

Derived fluxes of net turbulent CO, exchange showed similar diurnal patterns but were
generally stronger than fluxes calculated from eddy covariance data obtained from a
nearby tower. The general overestimation of net exchange fluxes in canopy integrations
could have been caused by an overestimation of the canopy leaf area. Another factor
limiting the accuracy of derived net exchange rates is the scaling of photosynthetic
fluxes, i.e. the proportions of the canopy leaf area assigned to the upper and lower
canopy layers. Here, no distinction was made between sun and shade layers of the
canopy. The main reason for this was that all branch bags situated within the upper
canopy layer (top and middle bags) had similar maximum and daily integrated
assimilation rates although their environmental conditions were somewhat different on
average (more direct light and lower relative humidity at the top of the canopy vs. more
diffuse light and higher relative humidity just below the canopy top). However, employing
a more refined light regime model to calculate assimilation rates in different parts of the

canopy would certainly improve the accuracy of predictions of net exchange fluxes.

Discrepancies in the magnitude, shape and timing between derived and observed
curves are probably mostly due to the fact that eddy flux measurements determine
fluxes averaged over the footprint area of the tower (approximately 1 km?), whereas
canopy integrations were calculated from localised branch bag measurements.
Furthermore, potential influences of CO, advection could not be assessed with the 1
box model approach employed here. Also, the actual canopy height is unlikely to be the
height of the well mixed air column during the day because of turbulent mixing of

canopy air into the convective boundary layer. Additional offsets could arise from
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differences in productivity, water or nutrient availability or penetration of sunlight at the
two sites, as well as from errors in storage term calculations due to lack of vertical
information on CO, mole fractions in canopy air. Errors in storage fluxes might have
been particularly large at night and dawn as gradients in the CO, mole fraction of
canopy air were neglected by extrapolating point measurements of the CO, mole
fraction to the entire column. In conclusion, net turbulent fluxes of CO, exchange
derived from eddy data might not be representative for the local canopy CO, exchange

calculated from integrations of gas exchange processes that were measured separately.

CO, fluxes, and thus the component isofluxes and the derived one-way turbulent
isofluxes of ecosystem carbon isotopic exchange were about four times as large as
those calculated for a boreal forest in Siberia, more comparable to those calculated for
an Amazonian rain forest (Lloyd et al. 1996). Oxygen isofluxes of ecosystem exchange
had similar magnitudes but very different overall diurnal patterns than those predicted
for several boreal forest ecosystems in central Canada. This is largely due to differences
in photosynthetic isofluxes, mostly because diurnal variability of Ci/C, was not taken into

account in the Canadian study (Flanagan et al. 1997).

Carbon isofluxes were less variable between different days and the two months than
oxygen isofluxes, that had peak isofluxes about twice as large in May than in July. Also,
diurnal cycles of oxygen isofluxes were more different in shape and had larger
fluctuations than carbon isofluxes on all days. For example, oxygen isofluxes of
turbulent exchange were negative at day-times in May and on the first July day,
whereas they were positive in the morning and overall much smaller on the other two
days in July. An example for the simultaneous use of both turbulent isofluxes in

ecosystem studies will be given in section 9.
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8. 5'°0 of canopy O, exchange

Introduction

Analogous to the isotopic exchange of CO, described in sections 7.2 and 7.3, changes
in the O, mixing ratio of air within the canopy are accompanied by variations in its
oxygen isotope composition. Plant and soil respiration lower the O, mixing ratio of
canopy air while at the same time discriminating against "0 (Schleser 1979, Guy et al.
1989), thereby increasing its oxygen isotope composition. Photosynthesis releases O,
into canopy air with an isotopic composition identical to that at the sites of its production
(Stevens et al. 1975, Guy et al. 1993). This results in a decrease in the 5’0 of O, in
canopy air if the enrichment in 5'°0 of foliage water is below that of ambient O, 23.8 %o
(Kroopnick and Craig 1972, Horibe et al. 1973).

The expected concurrent changes in the O, mixing ratio and the 80 of O, due to
photosynthetic and respiratory gas exchange during the closure periods of branch bags
and soil chambers have already been described in section 6. Here, the integrated
canopy exchange of O, and its 5'°0 composition are estimated from gross O, fluxes and
their 5'®0 signatures predicted from theory, over the same three day period in July
already described in the previous chapter. The purpose of this simulation is to estimate
the magnitude of the ecosystem Dole-Morita effect and the diurnal variations of 5'0 of
O, in canopy air. Once the required analytical precision (see section 6) will be available
for observations of concurrent fluctuations in the mixing ratio and the 580 of 0, in

canopy air, such observations may provide further constraints on ecosystem functioning.
Theory

Assuming constant ratios of O, : CO, exchange for photosynthesis and respiration and
absence of net horizontal advection, temporal changes of O, mixing ratios in canopy air

can be calculated from a mass balance equivalent to that of CO, (equation 7.1):

MiiOa =_F;1x _Rsx_Rﬁc +4

dt

X
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where M; (mol/m?) and O, (umol/mol) are mol of air per unit ground area and O, mixing
ratios within a column of canopy air defined as for CO, in section 7. Ay, Ry and R
(umol/m?s) are the rates of O, evolution during photosynthesis and O, uptake during
respiration by foliage and soil with the respective O, : CO, exchange ratios (4x = St 4, R
= St Ry, Rex = Ss Rs). Fox (nmol/m?s) is the net flux of O, into or out of the canopy, with an
exchange ratio of S, (Fnx = =S, Fy). Here, all stoichiometric ratios are positive. Again, F.x
is the difference between two one-way fluxes, Fnx = Fiox — Foix, Of Oz leaving (Fiox) and

entering (Foix) the column, where positive Fy indicates a net O, flux leaving the canopy.

Temporal changes in §'®0 of O, in canopy air can be estimated from an isotopic mass

balance approach similar to that for CO, isotopes (see sections 7.2 and 7.3):

d

E(slgoix)z (6"0,, ~5"0, JF, . + ("0, "0, JH + R, b +R,b, + R.b, (8.2)

M0,

where 880, §'®04 and 880, (%) are isotopic compositions of O, within the canopy,
entering the canopy from outside and chloroplast water, respectively. by and b, are
discrimination factors of O, uptake by autotrophic and by photorespiration. bs is
discrimination by combined root respiration and microbial decomposition in soils. Note
also that fractionation during O, diffusion into the soil might additionally impact the
effective discrimination factor of soil respiration (Aggarwal and Dillon 1998, Angert et al.
2001). Discrimination during concurrent photo- and dark respiration needs to be
weighted by the respective oxygen uptake rates. This in turn has to be taken into
account in the gross rate of photosynthetic O, evolution, H, which can be expressed

following Farquhar and von Caemmerer (1982) as:

H=a &t R (8.3)
C -T :
34T
R A 8.4
=T (8.4)

where Ry« and Ry are the rates of O, uptake during photorespiration and day-time dark
respiration (Rqx = St Rq), With the stoichiometric ratio of Rqx (and implicitly of Rpx) assumed

equal to that of 4, (see equations 3.4 and 3.10 for definition of I'* and C.).
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Ecosystem exchange of O,

Figure 8.1 shows diurnal variations of O, fluxes (umol/m?s) that contribute to oxygen
exchange within the canopy over three days following the sampling period in July 2001.
The stoichiometric O, : CO, exchange ratios were assigned values as observed from
canopy air and branch bag measurements reported in section 5. O, fluxes of
photosynthesis and respiration were calculated from the respective CO, fluxes
assuming stoichiometric O, : CO, exchange ratios of 1.2 for photosynthesis and foliage
respiration and 1.1 for soil respiration. Temporal changes in the O, mixing ratio, d/dt(O,),
were calculated as inverse of changes in the CO; mixing ratio, d/dt(C,), with an O, : CO,
exchange ratio of 1.0 assumed for canopy air, estimated from open sample

measurements. F,, was calculated as a residual from the mass balance (equation 8.1).

Because they are stoichiometrically linked, derived diurnal patterns of O, exchange
were very similar to those of CO, exchange. During the day, F\« fluxes had maxima at =
30 pmol/m?/s, while nocturnal F, fluxes were in the order of 5 to 10 pmol/m?/s. The net
turbulent fluxes of O, out of the canopy were 3 to 10 pumol/m?s lower than the

photosynthetic O, production within the canopy. Most of the variability in this difference
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Figure 8.1: O fluxes contributing to ecosystem O, exchange of canopy air over three days in July 2001.
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is caused by fluctuations in the O, inventory of canopy air. Similar to CO, fluxes, total
daily F.x (integrated over 24 hours) was largest on the first, the sampling day (1.0
mol/m?/day), smallest on the second (0.4 mol/m?day) and larger again on the third day
(0.8 mol/m?/day). In contrast to CO, fluxes, the net turbulent flux F,, had positive values
during the day, i.e. net O, fluxes were directed outwards from the canopy air column.
The predicted stoichiometric ratio of net turbulent exchange fluxes was derived from the

ratio of -F,x to F).. It was close to 1.2 during the day and around 1.15 at night.

Figure 8.2 illustrates how the concurrent temporal variations of O, and CO, mixing ratios
in canopy air could form a hysteresis curve over the full diurnal cycle, for two days in
July 2001. The stoichiometric O, : CO, exchange ratios applied were 1.2 for
photosynthesis and foliage respiration and 1.15 for soil respiration. Here, F.x was also
assigned a constant O, : CO, exchange ratio. Thus, the net turbulent O, exchange flux
was calculated with a stoichiometric ratio of 1.22 from the net turbulent CO, exchange
flux. The storage flux, Md/dt(O,), was then calculated as residual flux from the mass
balance (equation 8.1). Temporal changes in the O, mixing ratio, d/dt(0,), were

subsequently calculated from this residual flux, i.e. from the changes in canopy storage.
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Figure 8.2: Hysteresis curves of O, vs. CO, mixing ratios over 24 h in canopy air for two days in July 2001.
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The hysteresis loops of O, : CO, mixing ratios over time are caused by differences in
the phasing of canopy O, fluxes with different stoichiometric ratios. The O, : CO, mixing
ratios move anticlockwise along the hysteresis loops. The spread of the loops is only
about half as wide on 22. July as on 20. July, although the stoichiometric ratios of the
fluxes are the same. A geometric mean regression over all values of the diurnal cycle
yields O, : CO, exchange ratios of 1.17 + 0.06 on 20. July and 1.09 + 0.03 on 22. July.
These ratios correspond to the stoichiometric ratios of integrated canopy exchange that
might result from observations of O, and CO, mixing ratios in canopy air as described in
section 5 (see Figure 5.5). Note that on the second day, the integrated ratio is lower
than the stoichiometric ratios of all separate gas exchange fluxes contributing to this
ratio. This supports the interpretation of such a phenomenon observed during field

measurements as reflecting a hysteresis loop (see section 5).
5'0 of canopy O, exchange

Diurnal variations in the isotopic composition of O, in canopy air, 8'°0, (see Figure 8.6),
were predicted from a regression of §'®0 values versus &(O./N,) ratios from open
branch bag samples (slope of -2 x 10 %o between (8'°0 -8"®0um) and (8(02/N,) -
8(02/N2)mean) With 8804 = 23.8 %o). For the three days following the sampling period in
July 2001, typical day-time values were around -2 permeg, whereas night-time values
were mostly between 2 and 4 permeg. Here, all 8"°0 values of O, in air are again

reported as offsets from 23.8 %0 in permeg.

The discrimination factor of O, uptake during dark respiration of foliage and roots, b4,
was taken as 20.2 %o (Guy et al. 1989). The discrimination factor of O, uptake during
photorespiration, b,, was taken as 21.7 %o (Guy et al. 1993), consisting of 2/3 from
fractionation by RuBP oxygenase (21.3 %0) and to 1/3 from fractionation by glycolate
oxidase (22.7 %o). Soil respiration was assumed to consist of 70 % microbial (= 18 %o,
Schleser 1979) and 30 % root components, with a discrimination factor of combined soil

O, uptake, bs, of 18.7 %o, neglecting fractionation during O diffusion into the soil.
Figure 8.3 shows diurnal cycles of §'®Og of foliage water at the sites of evaporation (in

isotopic steady state (ISS) and non steady state (NSS) versions, see section 4.1) for

separate branch bags and averages over three days starting with the sampling period in
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July 2001. 8'"®0¢ of evaporating site water was used as approximation of §'°Q,, the
isotopic composition of chloroplast water, in equation 8.2. Average maximum values
occurred at around 14:00 and were highest on the third day (13 %) and intermediate on
the first day (7 %o). By contrast, 8"®0 of foliage water was substantially depleted
throughout most of the second day, rising above 0 %o only between 11:00 and 14:00,
with maximum values of 1 %.. Mid-day maxima of the non steady state formulation were
lower than those assuming steady state by 8 %o on the first day, but only by 2 to 3 %o on

the other days.

Also shown in Figure 8.3 is the isotopic composition of ambient O, in canopy air, §'0;, =
23.8 %o. Changes in 'Oy, on the permeg scale, were too small to be visible. The
difference between 8'80 of foliage water and that of ambient O, &'®0, -5'°0j,
constitutes the isotopic signal mixed into the O, inventory of canopy air by gross
photosynthesis. As can be seen from the plot, this difference was largest when 820 of
foliage water was most depleted, for example at early morning and some late evening

times and also on the whole second day. Lowering of mid-day maxima by taking non
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Figure 8.3: Diurnal cycle of 5'%0 of water at the evaporating sites of foliage for single branch bags and

smoothed average over three days starting with sampling period in July 2001.
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steady state effects into account also contributed to larger differences. Magnitudes of
(8"%0, -5'%0) varied between minima of 10 %o at noon on the third day to maxima of 29

%o at dawn and dusk on the second day.

In analogy to CO,, isofluxes of O, exchange within the column of canopy air, §'®Ogu X
0, flux (%oumol/m?/s), are presented in Figure 8.4 over three days in July 2001.
Contributions from inventory changes were surprisingly large despite small variations in
5'®0,, on the permeg scale, because isotopic variations were amplified by large sizes of
the O, inventory (21 %). The resulting inventory fluxes (up to * 50 %oumol/m?%s) were in
the same order of magnitude as contributions from soil respiration (50 to 70
%oumol/m?s) and from foliage respiration (10 to 120 %eumol/m?s). The gross
photosynthetic isoflux on the second day was not significantly different from that on the
other two days even though O, flux rates were substantially smaller (> 50 %). This is
because the isotopic signal of the photosynthetic O, flux was much larger, with

differences between §'°0, and §'%0,, two to three times as large as on the other days.
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Figure 8.4: Diurnal changes in isofluxes (3'%0 x O flux rates) of ecosystem O, exchange over the course

of three days following sampling campaign in July 2001.
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Also of note is the large impact of photorespiration on isotopic exchange of O, in canopy
air. At most times, the isoflux of photorespiration (400 to 1200 %opmol/m?/s) was in the
same order of magnitude as the isoflux of gross one-way turbulent exchange with air
outside of the canopy (600 to 700 %opmol/m?/s). Expressed differently, contributions
from photorespiration reduced the impact of gross photosynthesis on gross turbulent
exchange fluxes by about a factor of two. At noon on the third day, the gross turbulent
exchange isoflux even changed direction, falling from 360 to -330 %oumol/m?%s within
one hour, due to an exceptionally high photorespiratory isoflux. At the same time, the
turbulent exchange isoflux also reached its highest negative value, as it was usually not

more than half of that (around -100 %opmol/m?/s) during the night.

Figure 8.5 presents 818003n0py, the isotopic composition of ambient O, that would result
from combined canopy exchange if the biological fluxes were the sole determinants of
the isotopic composition of O,. Calculations were based on respiratory discrimination
weighted by O, uptake rates of respiration and §'0., the isotopic composition of foliage
water, weighted by gross photosynthetic rates of O, release. On all three days, the
same general patterns in 8180C3n0py variations were found, consisting of a gradual
increase over the course of the day, with afternoon values 5 to 8 %o higher than in the

morning, interrupted by noon maxima 4 to 10 %o higher than afternoon and 10 to 20 %o
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Figure 8.5: Diurnal variations in resulting Smocam,py of integrated biological canopy O, exchange fluxes,

over the course of three days in July 2001.
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higher than morning values. Another conspicuous feature were abrupt dawn decreases
and dusk increases by 10 to 18 %0 over time periods of about one hour, except at dawn
on the third day. Maximum noon values were highest on the third (29 %.) and much

lower on the first (18 %o0) and second day (13 %o).

818003n0py is not comparable to an ecosystem version of the Dole-Morita effect. An
"instantaneous magnitude" of the Dole-Morita effect would only result if isotopic fluxes
were at steady state, i.e. of equal magnitude at each time step, or of equal daily
integrated magnitude for determination of a daily integrated Dole-Morita effect. In the
ecosystem studied here, for example, instantaneous and daily integrated rates of
(depleted) photosynthetic fluxes were far higher than those of (enriching) respiration,
dominating ecosystem gas exchange. If rates of release are not balanced by uptake
rates, an isotopic steady state approach such as required for calculating the Dole-Morita
effect cannot be applied. Here, isofluxes of canopy O, exchanges were integrated but
O, fluxes were not required to be equal at each time step. Thus, 61800an0py can be more
appropriately described as a "transient magnitude" of the Dole-Morita effect on a short
time scale. This can be seen from overall values of 61800an0py. As they were mainly
determined by isotopic signatures of photosynthesis, Swomopy values (13.6, 13.8 and

18.8 %o) were much lower than the isotopic composition of ambient O, (23.8 %eo).

Daily integrated magnitudes of a steady-state Dole-Morita effect were obtained by
scaling of fluxes so that respiration rates were equal to rates of photosynthesis, resulting
in magnitudes of 25.8, 21.6 and 26.9 %o, within the range expected for terrestrial
contributions to the global Dole-Morita effect (Bender et al. 1994). Assuming the isotopic
composition of foliage water at the evaporating sites (8'°0g) to be at isotopic steady
state (ISS) increases the calculated Dole-Morita effect by more than 1 %.. Applied at the
global scale, it would mean that taking into account non steady state effects on the
enrichment of foliage water at the evaporating sites might lower estimates of the

terrestrial Dole-Morita effect by as much as 1 %o.

Variations in isotopic signatures of CO, and O, in canopy air

Changes in 880 signatures of O, and CO, in canopy air are coupled via their
dependence on the 8'®0 of water at the evaporating sites of foliage. Thus, simultaneous

isotopic measurements of CO, and O, in canopy air may be useful in determining the
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5'®0 signatures of photosynthetic fluxes and theoretically also in constraining rates of
gross ecosystem exchange of CO, and O,. However, contemporary variations in §'20 of
atmospheric O, have not been observed under natural conditions yet because
measurement uncertainties are large compared to signals (see section 5). In the
following simplistic approach, an effective air volume is estimated into which the
biological component fluxes of photosynthesis and respiration have to be mixed to
achieve variations in 8"°C and "0 of CO, in canopy air in qualitative agreement with
those predicted from regressions of observed data (see section 7). Based on this
estimated effective air volume, expected variations in 580 of O, in canopy air are then

derived using the same mixing assumption for biological fluxes applied to CO, isotopes.

Figure 8.6 presents variations in the isotopic compositions of CO, and O, in canopy air
over three days in July 2001. The dashed lines show values from regressions of isotopic
compositions versus mixing ratios (see Figures 7.5 and 7.8). Solid lines illustrate the
expected diurnal changes in isotopic compositions of canopy O, and CO, from mixing of
isofluxes of photosynthesis and respiration into constant air volumes within hypothetical
columns of 10 m and 30 m height, where 10 m corresponds to the actual mean canopy
height. These air volumes were assumed to contain CO, and O, with background values
of -8.0 %o for §"°C; and 1.0 %o for §'0; of CO,, and of 23.8 %o for §'°0, of CO,.

The top panel of Figure 8.6 shows variations in 8'"°C; of CO; in canopy air. Average
amplitudes of diurnal variations in §'*C; from regressions (2 to 3 %.) were in good
agreement with those from mixing with a 30 m air column (2 %o) but much smaller than
from mixing with a 10 m column (5 to 6 %o). Night-time 8'>C; values were mostly = -9 %,
with regressed and calculated 8'°C; values within 1 %o of each other, except in the third
night, when mixing values did not decrease to the minimum regressed §'°C; (-10.7 %o).
5'3C; enrichments during the photosynthetic period calculated assuming a 30 m column
agreed well with regressed values (to within 0.3 %o), whereas those calculated assuming

a 10 m column were 2 to 3 %o more enriched than values derived from regressions.

The middle panel presents variations in §'%0; of canopy CO,. Diurnal variations in §'0;
from mixing with a 10 m column were up to 10 %o larger than those from regressions (=
1%o). Variations in 3'20; from mixing with a 30 m column were again in better agreement
but still higher (2 to 3 %o) than those from regressions. Dawn and dusk values were -3 to

10 %o depleted or enriched compared to regressions, but less strongly in the 30 m
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mixing scenario. At night, regressed and calculated §'°0; values were mostly between 0
and 1 %o. During the day, calculated values from mixing with a 30 m column were similar

to regressions on the second day (= 1 %o) and up to 1 %0 higher on the other two days.

The bottom panel of Figure 8.6 illustrates expected variations in 880, of O in canopy
air. These variations are expressed as offsets from 23.8 %o in units of permeg. As was
the case for CO, isotopes, assuming a mixing height of 10 m resulted in much larger
variations in 8'°0;, than assuming a 30 m column. Changes of §'°0, in the 30 m mixing
version were similar in magnitude to 580, from the regression, but not the same in
details. Whereas mixing values derived with a 30 m column were close to regressed
values at night (1 permeg), they were 2 to 3 permeg lower during the day. They were 3
permeg higher at 13:20 on the third day, when photorespiration had its largest impact on

isotopic exchange of canopy O..

Temporal variations of isotopic compositions of CO, in canopy air derived assuming a
column height of 30 m yielded better agreement with regressed values than with the
actual average canopy column height of 10 m. Of course, the canopy height is not an
effective mixing height at most times of the day, as canopy fluxes are mixed into a much
larger volume by turbulent exchange (Lloyd et al. 1996). The most conspicuous features
of variations in §'®0 of CO,, rapid fluctuations at dawn and dusk, were not observed for
8'C. Such discrepancies might highlight problems with deriving 8'°0 values of CO, from

regressions. They might also indicate overestimation of ®0 discrimination at such times.

The good qualitative agreement between mixed and regressed values for both §"*C and
5'®0 of CO, indicates that a simple mixing scenario based on a 30 m air column might
yield reasonable estimates for the magnitude of variations in §'0 of O, in canopy air. If
these estimates are realistic, then the largest night to day variations can be expected to
be on the order of 4 to 8 permeg. Thus, expected changes in §'°0 of O, in canopy air
would be comparable to those for branch bag measurements presented in section 5. As
discussed in section 5, detection of such small gradients (and their variations) would
require reductions in the experimental uncertainties as well as substantial improvements
of the analytical precision (currently 12 permeg), while repeating the laboratory analyses
would decrease the standard errors of the resulting data and help to improve the

identification and interpretation of patterns in the 3’0 of O, in canopy air.
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9. Application of canopy scale integration:

Partitioning net ecosystem exchange of CO,

Introduction

The mole fraction and carbon and oxygen isotopic signature of CO, in canopy air
constitute independent tracers of canopy gas exchange. Measurements of their
concurrent fluctuations may thus provide additional information that can be combined
with measurements of net ecosystem exchange of CO,, for example from eddy
covariance systems. The goal of the partitioning methods is to utilise that information to
constrain the rates of photosynthesis and respiration, i.e. the component fluxes of net

ecosystem exchange.

Two different approaches to this have been developed. Both methods construct a mass
balance for the CO, mole fraction in canopy air from the fluxes of assimilation,
respiration and net turbulent exchange of CO,. Both methods also construct a
corresponding mass balance for the isotopic composition of CO, in canopy air. These
isotopic mass balances rely on observations of the isotopic signature of ecosystem
respiration. They are also based on the relationships between photosynthetic
discrimination and the ratio of substomatal to ambient CO, mole fraction, Ci/C,, and
between C/C, and stomatal conductance to CO,. The two methods differ, however, in
the formulation of the isotopic mass balance. The isofluxes of turbulent exchange
(equivalent to the derived isofluxes in section 7) refer to the one-way turbulent exchange
of CO, for the "one-way isoflux approach" (Lloyd et al. 1996), whereas they refer to the

net turbulent exchange of CO, for the "net isoflux approach" (Bowling et al. 2001).

Here, another approach has been developed based on that of Lloyd et al. (1996). This
method ("dual discrimination approach") takes advantage of the simultaneous
availability of 3"°C and 'O signatures of CO; in canopy air. The goal of this section
was to test the reliability of the different partitioning methods in estimating assimilation
rates from net ecosystem exchange measured by an eddy covariance system and in
retrieving the original assimilation rate used as input flux for integrated canopy
exchange of 8'°C and §'®0 of CO, (see section 7). The July dataset was chosen for the

testing of partitioning approaches because it had less variability of fluxes and isofluxes
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on short time scales (= 1 hour) than the May dataset. The solutions of the partitioning
equations can be constructed in a similar way for the different approaches. A more
detailed description of the partitioning of net ecosystem exchange using the net isoflux

approach is given as an example in the first part of this section (Theory).

Net isoflux approach

Theory

The net isoflux approach (Bowling et al. 2001) aims to calculate the rates of assimilation
and respiration from measurements of net ecosystem exchange ("partitioning"). The
partitioning approach is based on the mass balance equation for the mole fraction of
CO, in canopy air (Lloyd et al. 1996):

M9 F R 4 9.1)
dr :

where M; is the number of moles of air within a column of specified height per unit
ground area (mol/m?) and C, is the CO, mole fraction of canopy air (umol/mol). 4, R
and F, are the rates of assimilation, soil respiration and net turbulent exchange of CO,
(umol/m?/s). Here, 4 had a positive sign (different from the sign convention of Bowling et
al. 2001). Values of M;, C, and F, can be obtained from measurements. Equation 9.1

thus contains two unknowns: the rates of soil respiration, Rs, and of assimilation, A4.

To reduce the number of unknown variables, an isotopic mass balance is constructed by
multiplying all components of the above mass balance by their respective §'°C

signatures (Bowling et al. 2001):

13
Mi d le Ci +613CnF~n — 613CRSRS +<13A—613Ci)A (92)
t

where A is the photosynthetic "*C discrimination, and 8'°C;, '*Crs and 8'°C, are the
isotopic signatures of CO, in canopy air and released by soil respiration, and the
isotopic composition of the eddy isoflux (see Bowling et al. 2001). Values of 8'°C;, §"*Crs

and 8'*C,, can be obtained from measurements.
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To develop the partitioning equation, the two mass balance equations are combined by

multiplying equation 9.1 by 8"*Cgs and subtracting the result from equation 9.2, yielding:

A@(cafz3+&§3—6”MY$?]+@mc;+n—5”mya:{”A+5”&—6”JA (9.3)

The combined equation does not contain the respiration rate, Rs, any longer, but it still
contains two unknowns: the photosynthetic *C discrimination, A, and the net
assimilation rate, 4. If the value of "*A could be measured, then equation 9.3 could be
solved for the assimilation rate. However, the magnitude of A discrimination cannot be
determined directly. Instead, the relationship between *C discrimination, *A, and the
ratio of substomatal to ambient CO, mole fraction, C/C,, as well as that between C/C,
and stomatal conductance to CO,, g., can be utilised. For example, in the simple
version, A is substituted by C/C, from equation 3.1 ("*A = a + (b - a) C{/C,), and C/C, is
in turn substituted by the stomatal conductance to CO,, g., , from equation 2.6 (4 = g
(C5-Ci)). Because g; also depends on the assimilation rate, the substitutions result in a
quadratic equation for 4. The partitioned net rate of CO, assimilation can then be
calculated from the solution of this quadratic equation (see Appendix 2). Because the
relationship between the substomatal CO, mole fraction, C;, and stomatal conductance,
g, is used to solve the partitioning equations for the assimilation rate, the net isoflux

approach relies on canopy integrated values of stomatal conductance to CO..

Two different formulations of partitioning equations were used: a "simple" alternative
version where only stomatal conductance was considered in the derivation of
partitioning solutions and a "full" version that also included mesophyll conductance. For
the full version, a value of ¢ = 0.09 was used to approximate the offset between
substomatal and chloroplast CO, mole fraction (C; — C. = ¢C,, see Lloyd et al. 1996).
This also applies to the other approaches. Simple and full versions of the derivation of
partitioning solutions for the net isoflux approach are detailed in Appendix 2.

Results

The 8"°C signature of net turbulent exchange, §'°C, = 2mC,+n (see Bowling et al. 2001,

equation 16), was derived from a regression of §'°C; values versus CO, mole fraction
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(Cq) from air samples collected in open branch bags during the day. The parameters
from a regression of the form 8'°C; = mC,+n, obtained from 13 samples, were m = -0.054
and n = 12.04 (R? = 0.96). Because the goal was to derive rates of assimilation, only
day-time fluxes were considered so that foliage respiration, R;, could be omitted from the
equations. For the same reason, 3"°Cgs of soil respiration was used instead of §'*Cg of
integrated ecosystem respiration for the isotopic composition of respiratory contributions
during the day. However, the difference between the two was small (-28.8 %o for
ecosystem and -29.0 %o for soil respiration). Storage CO, fluxes and isofluxes were
calculated in the same way as for canopy scale integrations described in section 7.
Fluxes of net turbulent CO, exchange were either derived from canopy integrations
(mass balances) or obtained from eddy covariance measurements (both detailed in

section 7, see Figure 7.4).

Assimilation rates derived from partitioning (4,) using the net isoflux approach are
shown in Figure 9.1. Also shown are the original assimilation rates (4) used as input into
canopy scale integration of CO, exchange (see Figure 7.3). Thin lines indicate
partitioned assimilation rates from the simple version, considering only the impact of
stomatal conductance on 'C discrimination (equation P.11). Thick lines indicate
partitioned rates from the full version, also including the impact of mesophyll

conductance on "*C discrimination (equation P.8).

The top panel of Figure 9.1 presents partitioned assimilation rates calculated from
derived fluxes. Rates from the simple partitioning of derived fluxes were 5 to 15
umol/m?/s higher than original rates, while rates from the full partitioning formulation
were higher or lower than original rates by 2 to 5 pmol/m?s. Partitioned assimilation
rates could be calculated for early morning and late evening times but results were up to

10 times higher than original rates, even for the full version.

The bottom panel of Figure 9.1 presents rates of assimilation obtained from partitioning
of eddy fluxes, supplied from eddy covariance measurements at the nearby tower. With
the simple formulation, partitioned assimilation rates from eddy fluxes were 8 to 40
umol/m?/s higher than input rates. With the full version, partitioned rates were 4 to 26
umol/m?/s higher than input assimilation rates. Even with the full formulation, the
assimilation rates derived from partitioning of eddy fluxes were 50 to 100 % higher than

input assimilation rates.
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One-way isoflux approach

Theory

The one-way isoflux approach is based on the mass balance equations for CO, mole
fractions and §'C of CO, in canopy air from Lloyd et al. (1996) introduced in section 7

(see equation 7.1 and 7.2):

Midca—‘rF;l:Rs_A (91)
dt
13
M6 65, - 8°C) = (3°C, -5"C R +0d (0.4)

The mass balance equation for the CO, mole fraction is the same for net and one-way
isoflux approaches (equation 9.1), but the isotopic mass balance equations of the two
approaches differ. This is due to the different formulations of turbulent exchange
isofluxes between the ecosystem and the boundary layer (compare equations 9.2 and
9.4). For the net isoflux approach, the net CO, flux of turbulent exchange carries the
isotopic signature of CO, leaving the canopy, whereas for the one-way isoflux approach,
the one-way CO, flux of turbulent exchange is scaled by the difference between isotopic

signatures of air within and outside of the canopy.

Definitions and units of all variables used in the following are the same as for the net
isoflux approach and can also be found in section 7. The partitioning equation for the
one-way isoflux approach is determined by combining the two mass balance equations
in the same way as described for the net isoflux approach. The one-way isoflux
approach also relies on canopy integrated values of stomatal conductance, where A is
in the simple version substituted by Ci/C, (equation 3.1), and Cy/C, in turn by the
stomatal conductance to CO, (equation 2.6). The combined expression with
substitutions yields again a quadratic equation that can be solved for 4. However, the
one-way isoflux approach requires estimates of the isotopic composition of air outside
the canopy, 8'°C,, which were not available from measurements in this study. The

procedure employed here to simulate such measurements is described in the following.
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Procedure

In analogy to the net isoflux approach, a "simple" alternative formulation (only stomatal
conductance) and a full formulation (also mesophyll conductance) were applied. Simple
and full versions of partitioning solutions for the one-way isoflux approach are derived in
Appendix 2. Because day-time fluxes were considered, foliage respiration, Ry, was again
omitted, and 8'*Cgs of soil respiration (-29.0 %o) was used for the isotopic composition of
respiratory contributions during the day. Storage fluxes and isofluxes were calculated as
for the net isoflux approach. Net turbulent exchange fluxes were derived from canopy

integrations or obtained from eddy covariance data (see Figure 7.4).

One-way fluxes of turbulent exchange leaving the forest (Fi,) were estimated from an

empirical relationship (Lloyd et al. 1997, equation 1):

F, o Paua ”62”' « (9.5)

where p, is the molar density of air (mol/m®) and o, is the standard deviation of the
vertical wind speed (m/s). A value of 0.74 was inferred for the slope of this relationship.
One-way turbulent exchange fluxes entering the forest (F,) were calculated as
differences between Fi, and F,, the net turbulent exchange (F, = Fi, — F,, see Lloyd et
al. 1996). From the ratio of the two one-way fluxes, the ratio of CO, mole fractions
outside and within the canopy was estimated (F/F, = C,/C,, see Lloyd et al. 1996). This
ratio was used to obtain C,, the CO, mole fraction in the air above the forest (convective
boundary layer during the day). In addition, the derived one-way isofluxes, Fo(8"°C,-
8'3Cy), calculated from canopy integrations of isotopic exchange (see equation 9.4),
were divided by one-way fluxes of turbulent CO, exchange entering the forest, Fy, to
obtain estimates for (5'°C,- §'°C;). The latter is the isotopic signature of the one-way flux
of CO; entering the forest, i.e. the difference in isotopic composition of CO, above and

within the canopy. This difference was then added to §'°C; to estimate 5'°C,,

The calculations described above were used to gain estimates of mole fractions and
8"3C, signatures of CO, in the boundary layer above the forest. During a field campaign,
establishing these variables could be achieved by collecting air samples in the

convective boundary layer during the day, for example using sampling systems mounted
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on aircraft. Mole fractions and isotopic signatures of CO, obtained from such air
samples would most likely be used to construct a regression between §'°C, and 1/C, for
CO, in the boundary layer, assuming mixing of air from the canopy with a constant
background of tropospheric air. The parameters inferred from such a regression could
then be applied to CO, mole fraction data from above the forest, for example obtained
from sampling inlets at the top of towers if these are 10 to 20 m higher than the canopy.

From this, continuous values for §'°C, of CO, in the boundary layer could be derived.

Here, to "simulate" such a procedure, the same method of obtaining continuous data
from a regression between §'°C, and 1/C, was applied. Values for these two variables
were estimated as described above. Regression were constructed for day-times and
night-times separately (R? = 0.99). 5'°C, values obtained from the day-time regression
were combined with 3'°C; values again to calculate the difference in isotopic
compositions, (5'°C.- 8'°Cj), i.e. the isotopic signature of the CO, flux of one-way
turbulent exchange. Finally, the (simulated) "eddy" one-way turbulent isoflux, Fu(8">Co-

5"3C)), was determined from the observed eddy one-way turbulent exchange flux, Fu;
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Figure 9.2: One-way fluxes of turbulent CO, exchange entering the canopy from above from eddy

covariance data in July 2001.
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and the isotopic difference, (8'°C,.- 8'°C;), determined from the regressed isotopic
compositions. In principle, the experiment simulated here should correspond to the

situation encountered and the procedure followed during actual field measurements.

Results

Figure 9.2 presents F,;, one-way turbulent exchange fluxes of CO, entering the forest
obtained from eddy covariance measurements over two days in July 2001. One-way
turbulent exchange fluxes were increasing from 1000 to 3000 umol/m?%/s over the course
of the first day and varying between 2000 and 3000 pmol/m?/s during the second day,
with @ maximum of 5000 pmol/m?s shortly after midnight on the second day, during a

period characterised by strong wind.

Figure 9.3 illustrates calculated differences between isotopic compositions of CO,
outside and within the canopy, (8"°C.- 8'°C;), over two days in July 2001. As detailed

above, these differences were estimated from derived one-way isofluxes and eddy data
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Figure 9.3: Differences in isotopic composition (81300 - 613Ci) between CO, above and within the canopy on

two days in July 2001, calculated from eddy covariance data and derived isofluxes.

173



of one-way CO, fluxes of turbulent exchange. During the day, §'°C; enrichment caused
by photosynthetic activity resulted in negative differences, i.e. 8"°C; was higher than
813C,. At night, release of depleted CO, from nocturnal soil and foliage respiration
resulted in positive differences, i.e. §"°C; was depleted with respect to '°C.. Differences
were mostly between -0.2 and 0.1 %.. The largest difference of = -0.5 %0 was inferred for
the morning of the first day, when one-way turbulent fluxes were small. Sign changes

from positive to negative values were gradual, except at dawn on the first day.

Figure 9.4 presents assimilation rates from partitioning (4,) using the one-way isoflux
approach. The original assimilation rates (4) used as input into canopy scale integration
of CO, exchange (see Figure 7.3) are also shown. As in Figure 9.1, the partitioned
assimilation rates from the simple version (equation P.18, only stomatal conductance)
are indicated by thin lines, partitioned rates from the full version (equation P.17,

including mesophyll conductance) are indicated by thick lines.

Net CO, assimilation rates from partitioning of derived fluxes are presented in the top
panel of Figure 9.4. Whereas simple partitioned assimilation rates were 5 to 10
umol/m?/s higher than original rates during most of the day, partitioned rates using the
full formulation were in excellent agreement with original rates of assimilation. However,
assimilation rates could not be obtained from either version of the one-way isoflux

partitioning approach at early morning and late evening times.

Assimilation rates inferred from partitioning of simulated one-way "eddy" fluxes are
presented in the bottom panel of Figure 9.4. Partitioned assimilation rates were 5 to 10
umol/m?/s higher than input rates with the simple formulation. With the full formulation,
partitioned rates followed input rates with small variations of + 2 to 5 pmol/m?s during
most of the day, except in the afternoon of the second day, when partitioned rates were

up to 10 umol/m?/s higher than input assimilation rates.

174



50

S
o
L

Net CO, assimilation rate [me”szS]
w
o

--=Ainput
Ap one-way, derived, simple

Ap one-way, derived, full

v\// iy [
A A | A
y B I \
20 ] \ \\
l, ‘ ) \ ! r/ I
| v ! \
I \ ) N
: \ \ ] \
| 1 |
10 ,' N \\ " ! \
| \/‘ v | /I “
| | | I i
I | \ I \
! ! \ 1 N
AY i \
0 T T .
20.7 0:00 20.7 12:00 21.7 0:00 21.7 12:00 22.7 0:00 22.7 12:00 23.7 0:00
date and time
50
———"Ainput

N
o
L

N
o
L

Net CO, assimilation rate [pmollmzls]
w
o

10

—— Ap one-way, eddy, simple

Ap one-way, eddy, full

0

20.7 0:00

20.7 12:00

date and time

21.7 0:00 21.712:00 22.7 0:00

Figure 9.4: Net assimilation rate (4,) of canopy foliage from partitioning of net CO, exchange with the one-

way isoflux approach using simple and full formulations, for July 2001. Top: from derived isofluxes of one-

way turbulent exchange. Bottom: from eddy fluxes of one-way turbulent exchange and regressed isotopic

compositions.

175



Dual discrimination approach

Theory

The dual discrimination approach developed here is based on the same mass balance
equations as the one-way isoflux approach (Lloyd et al. 1996, see equations 9.1 and 9.4
and section 7). In contrast to the one-way isoflux approach, however, the dual
discrimination method makes use of the simultaneous availability of 8"*C and §'®0 data.
Thus, it does not rely on canopy integrated values of stomatal conductance. The

isotopic mass balance for 880 is equivalent to that for §'°C:

ds"o,
dt

M,C

1 a

—F,(5%0,-5%0,)=(6"0,, —5"0, JR,+"*A4 (9.6)

The two isotopic mass balances for §'°C and 80 can be coupled because their
photosynthetic discriminations, A and '®A, both depend on C/C, (or CJ/C,). In the
simple version, where discrimination values only depend on C/C, (equivalent to those

introduced for the two other approaches), A can be expressed as:

G

A =7 +(5%0, —algoi)c— (9.7)

a i

An expression for C/(C, -C)) is then derived from equation 3.1 (*A = a + (b - a) C/C,)
and substituted into equation 9.7. The resulting equation contains both A and "®A
(equation P.29). These can be substituted by expressions derived from their respective
mass balance equations, thus eliminating A and '®A in the partitioning solution
(equation P.31). In this way, the three mass balances (one for the mole fraction, two for
the isotopic signatures of CO,) can be combined to derive a quadratic equation that can
be solved for A. This requires the isotopic composition of foliage water at the

evaporating sites (approximating 5'®0.) to be established.
Again, a "simple" alternative formulation (using C/C,) and a full formulation (using C/C,

and C./C,) of partitioning solutions were applied for the dual discrimination approach.
Their derivations are described in Appendix 2. Foliage respiration, R, was again
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omitted, and 8"*Cgs of soil respiration (-29.0 %) was used for the isotopic composition of
respiratory contributions during the day. Storage fluxes and isofluxes were calculated as
for the other approaches. Net turbulent exchange fluxes were derived from canopy
integrations or obtained from eddy covariance data (see Figure 7.4). The procedure to
derive estimates for (simulated) one-way "eddy" isofluxes for §"°C, F(8"°Co- 8'°C)), has
already been described in the one-way isoflux approach. This procedure was repeated
here to yield estimates for a (simulated) one-way "eddy" isoflux for 8'°0, Fy(5'®0,-
5'®0)). The one-way fluxes of turbulent exchange, F.;, were the same as those used in

the derivation for 5'°C (see Figure 9.2).

Results

The differences between oxygen isotopic composition of CO, outside and within the
canopy, (5'0.- 8'°0,), are illustrated in Figure 9.5. The differences inferred for §'°0
closely matched those inferred for §'°C, with values between -0.1 and 0.1 %o at all times

except in the morning of the first day, when it was -0.5 %o.. Again, differences were
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Figure 9.5: Differences in isotopic composition (3'0, - §'0;) between CO; above and within the canopy on

two days in July 2001, calculated from eddy covariance data and derived isofluxes.
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negative during the day, i.e. 8'®0; was higher than §'°0,, whereas §'°0; was lower than
5'®0, at night, resulting in positive differences. A rapid change from positive to negative

signs was inferred at dawn on the first day, while other changes were more gradual.

Partitioned assimilation rates (4,) estimated from the dual discrimination approach are
presented in Figure 9.6. Also shown are original assimilation rates (4) used as input into
canopy scale integration of CO, exchange (see Figure 7.3). As in Figures 9.1 and 9.4,
partitioned assimilation rates from the simple version (equation P.36) are indicated by
thin lines, while thick lines indicate partitioned assimilation rates from the full version
(equation P.33).

The top panel of Figure 9.6 presents net CO, assimilation rates partitioned from derived
fluxes. On the first and third day, assimilation rates from simple partitioning were up to
15 pmol/m?/s higher or up to 10 umol/m?%s lower than original rates, but in reasonable
agreement on the second day and at most early morning and late evening times.
Partitioned assimilation rates from the full version were in good agreement with original
rates (to within 2 umol/m?/s) on the second and third day, but higher or lower by 5 to 15
umol/m?/s sporadically on the first day. Assimilation rates could not be derived for some
early morning and late evening times with the full version and around noon on the first

and third day with the simple version.

The bottom panel of Figure 9.6 shows assimilation rates inferred from partitioning of
simulated "eddy" fluxes. With the simple version, partitioned assimilation rates were 1 to
5 umol/m?/s higher or lower than input rates on the second day, whereas they could not
be obtained throughout most of the first day. With the full version, partitioned
assimilation rates on the first day were 2 to 10 umol/m?s lower than input rates in the
morning, 10 pmol/m?/s higher at noon and within 1 umol/m?/s in the afternoon. On the
second day, they were mostly between 2 and 10 pmol/m?s higher than input

assimilation rates.
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Comparison and Discussion

Assimilation rates obtained from the different partitioning approaches described above
are presented in Figure 9.7 for partitioning of derived fluxes and in Figure 9.8 for
partitioning of eddy fluxes. The partitioned rates are plotted versus the original rates of
assimilation used as input variables in calculations of isofluxes. The top panel of each
figure shows the relationship between partitioned and original rates for the simple
alternative formulations, and the bottom panel shows the relationship for the full

formulations, respectively.

The quantitative analysis could be applied more strictly to partitioned rates from derived
fluxes, because these were calculated from integrated canopy exchange based on the
same assimilation rates that were inferred from partitioning. Clearly, partitioned
assimilation rates from derived fluxes were much closer to original rates when applying
full approaches than from simple derivations. The average ratios of partitioned fluxes
with respect to original (derived) assimilation fluxes for full and simple formulations are
listed in Table 9.1 (two columns on the left). For average values, one-way isoflux and
dual discrimination approaches achieved the overall best agreements between
partitioned and original (input) assimilation rates. In addition, the one-way isoflux

method also showed excellent agreement for instantaneous values of assimilation rates.

partitioning of: derived fluxes eddy fluxes
formulation full simple full simple
net isoflux 1.13 1.5 1.71 21
one-way isoflux 1.01 14 1.04 1.4
dual discrimination 1.01 1.2 1.14 1.2

Table 9.1: Average ratios of partitioned fluxes from the net isoflux, the one-way isoflux and the dual
discrimination approach with respect to original (derived) fluxes (left columns) and with respect to input
(eddy) fluxes (right columns), both for full and simple formulations, respectively. The calculations of average

ratios were weighted by assimilation rates.
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Partitioned rates from eddy covariance data were in reasonable agreement with input
assimilation rates for the one-way isoflux approach on both days and the dual
discrimination approach on the second day, whereas they were noticeably higher for the
net isoflux approach. The average ratios of partitioned to input (eddy) assimilation fluxes
for full and simple formulations are listed in Table 9.1 (two columns on the right). The
one-way isoflux approach showed again the best agreement with respect to average as

well as to instantaneous assimilation rates partitioned from eddy flux measurements.

On the other hand, partitioned rates from eddy covariance data cannot be compared
strictly to input assimilation rates because eddy turbulent exchange fluxes reflect a
different site, that of the eddy tower. The difference between the net and the two one-
way isoflux approaches could be partly due to the fact that one-way isofluxes were
derived from isotopic signatures that had been regressed using observed one-way CO,
fluxes, so that the resulting one-way isofluxes were representative for the study site,
whereas net isofluxes were representative for the site of the eddy tower. Although the
two sites had virtually identical properties (plantation of uniform age), assimilation rates
were different at the eddy tower site (see Figure 7.4), indicating that values of stomatal
conductance, photosynthetic isotope discrimination and isotopic composition of canopy
air would also most likely have been different at the eddy tower. However, despite these
differences, the one-way approaches showed some agreement of partitioned

assimilation rates with assimilation rates scaled from branch bag measurements.

At several times, assimilation rates could not be inferred through partitioning. This
occurred when the subtraction of terms of similar magnitude resulted in negative
numbers under the square root. This problem occurred more often at dawn and in the

late evening, when all terms were small, especially in the dual discrimination approach.

The difference between full and simple derivations of partitioning equations was the
same for all approaches described above, with mesophyll conductance taken into
account in full but neglected in simple derivations, thereby causing discrepancies
between assumed values of '>C discrimination, i.e. those used for partitioning, and
actual values of '*C discrimination, i.e. those used in calculations of integrated 5'°C of
canopy CO, exchange, corresponding to more realistic values likely to be encountered
under natural conditions. This caused offsets between assimilation rates from full and

simple partitioning, and hence also between rates from simple partitioning and original
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rates of assimilation. By contrast, differences between original assimilation rates and
those from full partitioning were mainly due to neglecting the effects of photo- and dark
respiration on "*C discrimination. This is especially obvious for the partitioning attempts
using derived fluxes. For the net isoflux method, additional differences between original
and partitioned rates were caused by using values obtained from a regression for §'°C
isofluxes of net turbulent exchange. This resulted in some variability of instantaneous
values around mean levels, but average values obtained from this approach were in

reasonably good agreement for the partitioning of derived fluxes.

For practical purposes, the main difference between the above described approaches
lies in their required input parameters, i.e. the measurements required to solve
partitioning equations. Both one-way and net isoflux approaches use total integrated
values of ecosystem stomatal conductance, in turn necessitating accurate
measurements of water vapour fluxes on the ecosystem scale. For the dual
discrimination approach, §'®0O signatures of various ecosystem components need to be
obtained. Although 'O signatures of CO, are routinely determined along with §°C
signatures from flask samples of canopy air, sampling strategies would have to be
adjusted to allow more extensive collections of solid and liquid samples for §'°0
analysis. Characterizing potentially highly variable §'°0 signatures of ecosystem
exchange fluxes is clearly a disadvantage of the dual discrimination method. Its
advantage is that combinations of independent tracers might contribute additional

information not contained in other tracers.

Compared to that, the net isoflux method is much simpler to apply in the field. However,
so far it has only yielded good results when some of the input values were averaged
over longer time periods (Bowling et al. 2001), whereas its reliability for instantaneous
observations has not been established yet. The one-way isoflux method also requires
more measurements to be made, including determination of one-way gross fluxes of
turbulent CO, exchange and differences in isotopic composition between CO, within and
outside of the canopy. Especially the latter might be impractical for field studies.
Nevertheless, the one-way isoflux approach should be applied and evaluated under field
conditions as it showed overall best agreement with original input rates of assimilation
when influences of mesophyll conductance on '*C discrimination were taken into

consideration.
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10. Summary and Conclusions

This work combined a theoretical analysis of processes controlling the isotopic
composition of CO, and O, and observations from a field study with the aim to better
understand the mechanisms and coupling of isotopic gas exchange in terrestrial
ecosystems. Measurements of photosynthetic discrimination against "*C and "®0 during
field campaigns in spring and summer 2001 form the experimental basis of this study.
Diurnal variations in the isotopic composition of CO; in canopy air and the isotopic

signatures of foliage and soil respiration were also investigated.

Branch bag measurements revealed pronounced diurnal cycles in photosynthetic
discrimination against '*C and "0, with highest values of A and '®A at dawn and dusk.
Predictions of A and '"®A were derived using parameters calculated from concurrent
micro-climate, CO, and water flux measurements, following formulations derived from
theoretical descriptions of isotope fractionation during photosynthesis (Farquhar and
Lloyd 1993).

Predictions of '3C discrimination from the commonly applied simple equation
underestimated diurnal variations and overestimated diurnal integrals of ®A. At dawn
and dusk, the values found for net observed '*C discrimination could not be predicted
from theory, even with the extended formulation (Farquhar et al. 1982). Dark respiration
in the light was identified as an important component of isotopic gas exchange at these
times. Existing theory was thus modified to include an "effective fractionation" factor
during day-time dark respiration, expressing the difference between the (relatively)
stable average isotopic composition of plant assimilate used as a substrate for dark
respiration and the variable instantaneous values of photosynthetic discrimination. This
effective fractionation was found to contribute substantially to the observed pronounced
diurnal changes in "*C discrimination. Good agreement of predicted with observed '*A
values was achieved by combining influences of photosynthesis on the isotopic
composition of ambient CO, with those of concurrent dark respiration, photorespiration
and mesophyll conductance. The high values of "*C discrimination observed at dawn
and dusk emphasize the importance of accurate determination of C./C,, whereas the
lower values during the rest of the day highlight the need of reliable determination of

mesophyll conductance. This is important with respect to numerical simulations
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describing processes in natural environments, especially on smaller spatial resolution

and shorter time scales.

Comparison of the 8"C composition of plant and soil organic material with that of
respired CO, did not indicate significant fractionation during foliage and soil respiration.
However, the magnitude of respiratory fractionation might be species dependent and

needs to be examined further.

The comparison of predicted values of '®A with observations was useful for evaluating
different formulations of the '®0 enrichment of foliage water at evaporating sites, i.e. the
80 signal that is transferred to atmospheric CO,. Discrepancies were found between
observed "®A values and those predicted by the Craig and Gordon equation (Craig and
Gordon 1965), which is based on the assumption of evaporating site water at an
(instantaneous) isotopic steady state. These discrepancies showed limitations of the
Craig and Gordon equation widely used in numerical models. In this study, an isotopic
steady state was only observed during the early afternoon. Steady state predictions
overestimated the enrichment of evaporating site water in the morning and
underestimated it in the evening. Better agreement was achieved with the non steady
state formulation of Dongmann et al. (1974) which accounts for a gradual approach
towards the isotopic steady state for water at the evaporating sites of foliage under
natural conditions. Because the time required to reach steady state depends mainly on
the rate of transpiration, any deviations from predictions assuming steady state
enrichment are likely to be more pronounced in species with low transpiration rates,
such as conifers. High precision measurements of transpiration rates are an important
prerequisite to estimate non steady state enrichment of evaporating site water, gradients
in isotopic signature of water within foliage, C/C,, and hence photosynthetic 0
discrimination. Further measurements are needed to establish correlations between the
isotopic composition of foliage water at the evaporating sites and in chloroplasts under
field conditions. Accurate descriptions of the oxygen isotopic signatures that are
transferred to ambient CO, during photosynthesis will enhance our ability to use the '®0

signal of atmospheric CO, as a tracer of carbon cycling.

The oxygen isotopic signature of CO, released during foliage respiration could not be
determined in this study, because night-time measurements yielded apparent levels of
leaf water enrichment that were unrealistically high. Interference from an unidentified

mass 46 compound with mass spectrometric analyses of C'°*0'®0 was suspected to be
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the cause of the apparent '®O enrichment. The search for this compound, present in air
samples collected at night, did not yield satisfactory results, because none of the likely

candidates displayed the required set of properties.

The oxygen isotopic composition of soil respired CO, was found to vary diurnally. This is
in contrast to the §'0 signature expected from a simple isotopic equilibration of CO,
with soil water, assumed to have only minor diurnal variations in isotopic composition.
The existence of diurnal cycles could be explained by a concurrent flux of atmospheric
invasion of CO, entering and leaving the soil with intermittent equilibration with soil
water. While this invasion flux was estimated to be approximately constant over time,
the soil respiration flux varied following diurnal changes in soil temperature. When the
diurnally variable ratio of these two fluxes was taken into consideration, predicted
oxygen isotopic signatures of soil respired CO, were in good agreement with

measurements.

Stoichiometric ratios of O, : CO, exchange were obtained from measurements of
photosynthetic, respiratory and integrated canopy gas exchange. Photosynthesis and
foliage respiration were found to have a stoichiometric ratio of 1.1 to 1.2. This is within
limits of oxidative ratios based on composition of average foliage material.
Stoichiometric ratios of integrated canopy gas exchange were virtually indistinguishable
from 1.0. The offset between this ratio and the stoichiometric ratios of photosynthetic or
respiratory gas exchange could arise from incomplete sampling of a hysteresis-type
relationship between the concentrations of O, and CO, in canopy air. This might also
indicate that measurements of concurrent changes of O, and CO, mole fractions in
canopy air are not the appropriate method to determine the stoichiometric ratio of the

ecosystem gas exchange.

Attempts to measure changes in the isotopic signature of O, during canopy gas
exchange processes showed that experimental uncertainties are currently too large to
allow determination of isotopic signatures of O, fluxes. The analytical precision required
to resolve changes in the isotopic composition of O, in canopy air and during chamber

experiments was derived from estimates of the expected magnitude of signals.
The integration of assimilation and respiration fluxes scaled to the canopy level yielded

magnitudes and diurnal variations in net ecosystem exchange of CO, that were in

reasonable agreement with data obtained from the nearby eddy covariance tower.
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Combining the CO, fluxes with their respective isotopic signatures predicted from theory
and evaluated with observations (see Part 1) provided estimates of component isofluxes
of ecosystem isotopic exchange. One-way isofluxes of turbulent exchange were derived
from mass balances of all other isofluxes. The isofluxes of one-way turbulent exchange
were similar for the different days and the two months of sampling with respect to
carbon isotopic composition but substantially different between days and months with
respect to oxygen isotopic composition. Thus, simultaneous measurements of both

isofluxes might add information not contained in the individual signals.

Finally, the reliability of different partitioning methods to estimate assimilation rates from
canopy fluxes of turbulent CO, exchange was evaluated. Three formulations of
partitioning equations were compared: the net isoflux approach (Bowling et al. 2001),
the one-way isoflux approach (Lloyd et al. 1996) and the dual discrimination approach
(this study). For solving the partitioning equations, the first two methods rely on canopy
integrated values of stomatal conductance whereas the latter takes advantage of the
coupling of carbon and oxygen isotopic discrimination during photosynthesis. The
different methods were applied to turbulent fluxes from eddy measurements as well as
to residual turbulent fluxes from canopy scale integrations. The one-way isoflux and dual
discrimination approaches achieved the overall best agreement of partitioned with
original rates of assimilation. The dual discrimination approach was, however, less
reliable due to numerical instabilities. For residual fluxes, the net isoflux approach
agreed well on average but poorly at specific times over the diurnal cycle. For eddy
fluxes, the net isoflux approach overestimated input assimilation rates by up to 100 %.
The partitioning study revealed that of the less well known parameters, mesophyll
conductance appeared to be crucial for reliable partitioning of ecosystem CO,
exchange. If the influence of fractionation during CO, transfer in foliage mesophyll on
'3C discrimination was neglected, partitioned rates were up to 50 % higher than original

rates.

In conclusion, stable isotopes are important tools for investigating the gas exchange at
the ecosystem, leaf and cell level with an emphasis on process understanding. For
example, when carbon is cycled through plants from uptake by foliage to release by
roots, its 8"*C signatures provides a natural labelling that can be used to estimate the
speed of this cycling. Variations in stable isotope signatures are linked to environmental
parameters such as temperature and relative humidity. This provides the basis for the

interpretation of isotopic paleorecords such as tree rings and fossil plant samples.
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The stable isotopes of CO, (and O,) are also valuable tools in integrations of carbon
exchange at the global level. For example, the simultaneous simulation of mole fraction
and isotopic composition of atmospheric CO, requires theoretical descriptions of the
underlying processes and isotope fractionations. How well these are represented in the

models can be examined by comparing the model results to field data.

Furthermore, including stable isotopes in field studies might even help to identify
problems with experimental methods. For example, if measurements of environmental
variables yield very low values of stomatal conductance then this could be caused by
low transpiration rates due to closed stomata or it could point to a problem with one of
the measurements (water vapour mole fraction, temperature and relative humidity).
Additional isotopic analyses have helped in such a case to identify unreliable water

vapour data as the problem and to confirm that the plants did indeed transpire.

In summary, this work has shown that a multi-tracer approach, making use of
simultaneous availability of independent information on concentration and isotopic
composition of CO; and O, has considerable potential to gain a better understanding of
carbon exchange on the ecosystem scale. This knowledge can be applied to models

and measurements of the carbon cycle on regional and global scales.
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Appendix 1

Derivation of C/C, from observed "*A

An expression for C/C, (equation 4.2) was derived from extended formulation of *C

discrimination (equation 3.3, see Appendix 2 of Farquhar et al. 1982):

13A=aC”_Ci+amc"_c“+b&—fr——e£ (A1)
C C C C kC

a a a a a

The equation is based on the assumption that isotopic signatures of respiratory
substrates are the same as those of fresh plant assimilates (from assimilation weighted
A). This is likely to be the case for photorespiration on average as well as
instantaneously, as it recycles freshly assimilated carbon with isotopic signature of (or
close to) instantaneous '*A. For mass balance reasons, it must also be true for dark
respiration on average, with 8"°Cpant = 8'°Cam— °A, but not always for instantaneous

observations.

The substrate of dark respiration has an isotopic composition of average assimilation
weighted A (denoted by |"°A), whereas instantaneous '*A follows a pronounced diurnal
cycle with values different from this average at most times. To take this into account, the
above equation has to be modified. An effective fractionation factor, e*, is defined
expressing the difference between isotopic signals of dark respiration (5'*C es= 8">Catm—

8"°Cpiant) @and photosynthesis ("*A) at each time step according to:

e* — 813Cres _13A — SISCa,m _ 813C

plant _13A (A2)

Because 8"Cpant = 8"°Caim — /%A, e* is zero on average.

With this, equation A.1 is modified to:

s

C. C r A\ R
1BA — _ i _ c _ _ _d_ A.
a+(am a)Ca +(b am)ca fCa (e+e )kCa (A.3)

using k£ = (4+Rq)/(Ci(1-T'*/C))) (from Appendix 2 of Farquhar et al. (1982)) gives:
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BA=a+(a, —a)%+(b—am)gc —fg——(e—i—e*)Aded g—;+(e+e*)Aded g— (A4)

a a a

and substituting C, from equation 3.10 (4 = gu(Ci-C,)) yields:

C A r « R, C «\ R, T
13A= b—a)——(p— I S d i d A.5
a+( a)Ca ( am)gwca fCa (e+e)A+Rd Ca+(e+e)A+Rd c (A.5)

By collecting like terms and rearranging, this can be solved for Ci/C,:

A R r
“A-—a+(b-a,) +[f—(e+e*) 4 J
C gwca A + Rd Ca (A6)

C_a_ b—a—(e+e*)Aded

[Remark: Introduction of the term ¢* would change equation B8 (and B9 etc) in Appendix
2 of Farquhar et al. (1982) from

R4'/Rg = (1- €/1000)(4'/4) to

R4'IRg = (1-(e+e*)/1000)(A4'/4)

with Rq'/Rq = (1-/1000)(/'/I) and /1= (1-*/1000)(4'/4)

so that ¢*, as difference between fresh assimilate (4'/4) and long term mean assimilate

(711, is an "effective fractionation" but zero on average.]
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Appendix 2

Partitioning equations

Net isoflux approach

The net isoflux approach applies the CO, mass balance equation of Lloyd et al. (1996)
but the isoflux of turbulent exchange is based on the net turbulent CO, exchange
instead of on the one-way turbulent CO, exchange as in Lloyd et al. (1996). This results
in a different formulation of non-biological fluxes in the isotopic mass balance for §'>C of

CO, in canopy air (see equations 1 and 5 of Bowling et al. (2001)):

M, dCan:RV—A (P.1)
dt ‘
13
M{Ca % +38,° %} +(2mC, +n)F, = 8"rR, + ('3A Y (P.2)
t t

where (2mC,+n) is the isotopic composition of the net eddy isoflux (F,) as in equation 16
of Bowling et al (2001). 4 and R have positive signs. R; is omitted (see section 9).

Subtracting equation P.1 multiplied by 8"*Cgs from P.2 and rearranging:

M,.[Ca dzf: . (6,7 —5%)%] +2mC, +n=-5"r ), = (°A+8"k -5 )4 (P.3)

Combining equation 3.9 (simplified by neglecting contributions from photo- and day-time

dark respiration):

13A=aC“_C"+am Ci_C"+bC°' (P.4)
Ca Ca Ca

with stomatal and mesophyll conductances from equations 3.10 (4 = g, (C-C.)) and
simple version of equation 2.6 (4 = g. (C4-C))) yields:

ISA =b+ (a _b)ggw ;(gm _b)gc A (P5)
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Substituting ™A from P.5 into P3 and solving for 4 results in a quadratic equation for 4:

0= (a _b)gw + (am _b)gc AZ + (b + 813Rs —8131')14 _FNIA (P6)
gwgcca

with the following abbreviation:

13
Foy = M,-(Ca dz; s - 813Rs)ddcza J +omC, +n-8"r)F, (P.7)

with two possible solutions, where only one gives realistic results for 4:

—(b+813Rs _813i)i\/(b+813Rs —8131')2 +4F,, (a-bg, +(a, —b)g.
A — gM/gCCa (P 8)
1z 2(a_b)gw+(am_b)gc -

g.8.C,

For the simple alternative derivation, replacing equation P.4 with the simplest (and most

commonly used) version (see equation 3.1):

=, Ga=CG G (P.9)
C C

a a

would change equation P.5 to:

'3A=b+MA (P.10)
g.C,

In this case, the resulting possible solutions would be:

g.C g.C

ca a

4yn = [— (b+ 8" 5" )+ \/(b w8 — 60 ] 4 4F,, 9™ b)] . (2 (a- b)J (P.A1)

(Note that equation A5 of Bowling et al. (2001) contains a typographical error so that it is
not a solution for the quadratic equation for 4 given in their appendix).
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One-way isoflux approach

Starting with mass balance equations for CO, mole fraction and §'*C of CO, in canopy

air (from Lloyd et al. (1996), see equation 7.1 and 7.2, omitting Ry):

dcC

M, “=“4+F =R -4 (P.12)
dt '
13
MC, df; E (5, -8 = (5 — 8% R +1Ad (P.13)
t

The difference between the net isoflux approach and the one-way isoflux approach can
be seen by comparing equations P.2 and P.13. Multiplying P.12 by (5"Cgs - 6'°C;) and

subtracting the result from P.13:

1 a

13
MC di’; —(6013—613i)Fai—(6’3RS—6’%(1\4,.%#”):(%%”&—613,«)/1 (P.14)
t t

Again, substituting A from P.5 into P.14 and solving for 4 results in a quadratic

equation for A4:

0 — (a _b)gw + (am _b)gc A2 + (b + 813RS _8131')14 _FOIA (P15)
gWgL’Ca
where:
13
Foy = MC, % B o [ SIS,IM,. ddCta + F) (P.16)

with two possible solutions, where (usually) only one gives realistic results for 4:

—(b ESE —613,-)1- \/(b £ 55 — 8131’)2 L4F,, (a —b)gw + (am —b)gc

8.8.C,
2 ((l - b)gw + (am - b)gc
g.8.C,

A, = (P.17)
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In the simple alternative derivation, as above, substituting A from equation P.10

instead of P.5 into P.14 yields different solutions:

A =[— (b+8" —5")2 \/(b +5% -8 f 4 47, _b)J : [2 a _b)J (P.18)

g.C g.C,

c-a

Dual discrimination approach

This approach is based on simultaneously solving mass balances for mole fraction, 5'°C

and §'®0 of CO, in canopy air (also from Lloyd et al. (1996), see above):

M9 F R 4 (P.19)
di
13
McC, d5ft E (8, -8 = (5 — 8% R + A4 (P.20)
18
MC, dg’ft (6", = 8" )= (6" — "% R +""A4 (P.21)

Multiplying 9.19 by (8"*Cgs - 8'°C)) and (8'°0gs - 8'0)) and subtracting the results from
9.20 and 9.21, respectively, yields:

Fy = (A48 —8" )4 (P.22)

Fy=("A+8" -8 4 (P.23)

with the following abbreviations to improve readability:

13
Fy=MC, o, _ (6013 —513i)F0,. - (8% - 6”{% <, | F,,) (P.24)
dt dt
18
Fy=MC, % O o (L algi{Mi % . F] (P.25)
t t

As was seen in section 4.1, "®A can be estimated (using equation 4.1) from:
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e (P.26)

a c

C/(C4-C;) can be derived from equation P.4:

=y P2
where ¢ approximates the offset between C. and C; (see Lloyd et al. 1996):
C,-C,=qC, (P.28)
Now, substituting C¢/(C4-C.) from equation P.27 into P.26 yields for "A:

8 =+ 5% -8 ) A-ardla-a,) (P.29)

N b_l3A_(’I(a_anz)

and substituting "*A obtained from P.22 into P.29 gives:

Fis (613Rs - 5131-)— a+qla-a,)
R e (P.30)
b- f + (61313,; - 613,-)— gla-a,)

This can then be combined with equation P.23 to:

i _(s1B. _|13 ) _
i_(SISRS _Slgi): a+(81gcw _Slgi) 1;3 F<8 Rs 1) 1) (l+q(a am) (P31)
A b—f+(8131es —813i)—q(a—am)

which, upon multiplication with 4 % and rearrangement, yields a quadratic equation in 4:
(P.32)

0= [(618cw - 818,-X613RS -8% +a-qla-a, ))— (SISRS -8" + EXSBRS ~8% +b—gla—a, ))]A2

et [(613Rs -8 +b- q(a - am))F18 + (618Rs — 8" + E)FB]A — F4F;
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where possible solutions are given by:

[, 2
—bq * bq —|r4aql‘7181'713
4y, =

2a

q

(P.33)

with further abbreviations to improve readability:

(65 — 8% 5" r, = 8" + a - gla—a, )~ (6"r — 8" + @ )5k = 8" +b—gla-a,))| (P.34)

a, =
b, =67 =8 +b—gla-a,))F + (6" - 8" +a)Fs] (P.35)

For the simple alternative version, C/(C,-C,) is replaced with Ci/(C,-C;) in equation P.26.
Then, Ci/(C,-C;) derived from A in equation P.9 is substituted into equation P.26. The
resulting expression for '®A is used instead of P.29 in the subsequent rearrangements.

This yields again a quadratic equation in 4 with possible solutions:

[, 2
—bp + bp + 4apFlgF13
A1/2 =

2a, (P.36)
where:
@, =[5 — 8" )5k = 8" + a)- (6% — 8% + @ 0" — 5" + b)| (P.37)
b, = 60 — 8% + )R, + (6% — 8" +a)F (P.38)
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