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Tree carbon partitioning, respiratory efficiency, and nitrogen
acquisition

Abstract

Tree growth in boreal systems is frequently limited by nitrogen (N) availability, and a
significant portion of photosynthetically assimilated carbon (C) is partitioned to N-
acquisition by roots and mycorrhizal fungi.

A new method for reversibly halting tree belowground C flux was developed. The
method, termed stem compression, consists of applying pressure around the stem to collapse
the conducting phloem and was shown to efficiently stop belowground C transport in Scots
pine trees. Stem compression reduced tree N uptake by 32%, but N uptake of uncompressed
trees also suffered - if they were surrounded by compressed trees. Conversely, a single
compressed tree did not significantly affect N uptake by nearby uncompressed trees. This
indicates that belowground C transport mediates N uptake, but also that within-community
C status influences competition for N.

In the second part of the thesis, a method using the oxygen isotope discrimination
technique for partitioning between the cytochrome oxidase (COX) and alternative oxidase
(AOX) respiration was developed and applied to Scots pine roots from two forest stands. All
plants examined to date contain AOX, as well as many other organisms. Its energy yield is
only 1/3 of what is gained from COX, and pathway partitioning can shift in response to
stress, such as nutrient deficiency.

Alternative oxidase partitioning was measured at two temperatures (6°C and 20°C). At
6°C significant fraction of fine root respiration (c. 20%) occurred via the AOX pathway.
This fraction was found to decrease to c. 12% in response to elevated temperature and
improved soil N availability. The potential influence of AOX on C sequestration coupled
with responsiveness to environmental conditions make AOX relevant in light of changes in
climate and forest management.

Taken together, the results point toward two feedback systems where C and N acquisition
can act to reinforce each other: One mechanism where belowground C partitioning mediates
uptake of soil/mycorrhizal N; and another where high soil N availability can trigger a shift
in AOX partitioning, leading to increased biosynthetic efficiency of roots, potentially
allowing more efficient use of the belowground C flux.
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1 Introduction

Patterns in tree carbon (C) and nitrogen (N) assimilation and partitioning are
active fields of research. The use and fluxes of both elements are measured at
scales from cell to ecosystem, and are modeled to produce estimates and
predictions of how changing environmental factors or management practices
will affect growth, nutrition, and carbon sequestration of forests (Campioli et
al., 2015; Cannell and Thornley, 2000; Fernandez-Martinez et al., 2014;
Giardina et al., 2003; Landsberg, 2003; Mikeld and Valentine, 2001; Ryan,
1991; Tarvainen et al., 2016).

Although often studied separately, it is interesting to try visualizing both C
and N flux within a tree simultaneously. The elements enter the tree at opposite
ends (foliage and roots) and are transported along the stem in parallel tissues
(phloem and xylem) to every part of the tree. Nitrogen is mainly used for
protein synthesis and repair, and C is incorporated into structural biomass and
metabolized for energy via respiration (De Vries et al., 1974). C is abundantly
available as atmospheric CO, while N is frequently the limiting mineral
nutrient in boreal forest ecosystems (Hogberg et al., 2017; Tamm, 1991).
Because N is necessary for producing the proteins involved in photosynthesis,
it is important also for C assimilation, and this can be seen as the first link
between tree C and N acquisition. On the other hand, roots that take up N from
the soil rely on photosynthetic C to grow and maintain their mycorrhizal
symbioses, so one would be equally justified in choosing to view this as the
“first” link between tree C and N cycles within a tree. Because of these mutual
dependencies, or complementary functions, a more complete picture is gained
by trying to visualize the movement or influence of both elements at the same
time.

Within this thesis, | have manipulated the belowground C flux in trees and
studied the effect on N uptake, and used N-fertilization to investigate how
respiratory energy efficiency responds to changes in N availability. The work



also included development and testing methods required to study these
processes. The thesis consists of two method papers and two research papers.
The methodological developments presented here allow the mutual influence
of C and N cycles in trees to be studied in ways that have not been shown
before.
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2 Carbon transport: Phloem structure and
physiology

Assimilated C is transported mainly as sugars to different parts of the tree via
the phloem. The sites of photosynthesis are known as “source tissues” (for C)
and the rest of the tree (stem, branches, roots) consists of “sink tissues” which
must receive their C via phloem transport. The phloem is located between the
sapwood (xylem) and the outer bark. In conifers, the phloem consists of sieve
cells that are vertically linked to form continuous capillaries through which sap
may flow from leaves and other photosynthetic tissues to every other part of
the plant. The xylem (sapwood) conducts water and mineral nutrients upward
from the soil to the foliage, and the phloem transports dissolved sugars in the
opposite direction. Hormones and signaling compounds are also transported
through the xylem and phloem, but this thesis will only consider sap flow as
transporting assimilated C and N between belowground structures and tree
foliage.

The main theory describing the mechanism driving phloem transport is
known as the pressure flow hypothesis or the mass flow hypothesis, and was
published by Ernst Miinch in 1930 (Miinch, 1930). This theory states that when
compounds (mainly sugars) are loaded into the phloem at source tissues, such
as leaves, an osmotic gradient is built up that draws water into the phloem from
adjacent xylem cells, which increases the phloem’s turgor pressure near source
tissues. At sink tissues, the opposite process takes place as sugars are unloaded
from the phloem, causing its turgor pressure to drop. Because the lumen of the
sieve cells are vertically connected to each other via sieve pores, while the
length of interconnected sieve cells is separated from surrounding cells by a
plasma membrane, the result is a structure where changes in sieve tube turgor
pressure can be transmitted throughout the length of the phloem. The
loading/unloading dynamic leads to high hydrostatic pressure near the source
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tissues and low near sink tissues, and this causes the bulk of sap to flow
towards sink tissues, such as roots (Gould et al., 2005).

Intact and functional phloem is notoriously difficult to study because it is
pressurized. Puncturing it causes surging that clogs the breach with cellular
debris and sap flow is re-routed to circumvent the blocked area. This makes it
difficult to insert probes or other instruments for measuring flow rates or
pressure, into functional phloem. However, the concentration of sugars and
other solutes in the phloem sap can be easily measured from extracted samples.

The phloem’s central role in plant growth and signaling combined with
these methodological difficulties in observing its active function has afforded it
a rather special place in plant physiology. Several papers have used unusually
colorful vocabulary to describe it, such as “enigmatic”, “mysterious”, or
“puzzling” (Knoblauch and Peters, 2010; Ryan and Asao, 2014; Turgeon,
2010).

This is because Miinch’s pressure flow hypothesis, in its original form, is
not always compatible with reported observations. The theory holds up well for
herbaceous plants, but several concerns have been raised where it comes to
regulation of phloem transport in tall trees (Knoblauch and Oparka, 2012;
Knoblauch and Peters, 2010; Turgeon, 2010). The reason for this is that the
phloem of herbaceous plants has high turgor pressure and transport distances
are relatively short, whereas trees reportedly have low phloem turgor pressure
(Hammel, 1968; Sovonick-Dunford et al., 1981) and can require solutes to be
transported over much longer distances (Turgeon, 2010).

It is possible that the methodological challenges of studying intact phloem
have led to an underestimation of turgor pressure in the phloem of trees, or that
future advancement in the understanding of capillaries with the phloem’s
biological characteristics could reconcile observations with theoretical
calculations (Turgeon, 2010). Alternatively, the present theory may be
incomplete and need to be be adjusted to accommodate the observed properties
of phloem transport in tall trees.

The regulating mechanisms of phloem transport are not within the scope of
this thesis. However, because I will be discussing C transport, the phloem still
occupies a central role, most explicitly in the experiments where the method of
stem compression was developed and used.
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3 Belowground carbon partitioning

When C is unloaded from the phloem into a sink tissue, it can be stored,
incorporated into new biomass, or respired to provide the chemical energy
required for cellular growth and maintenance. In the case of root tips, the C can
also be exported to mycorrhizal fungi in exchange for mineral nutrients such as
N. This thesis mainly focuses on the role of C once it has been transported to a
tissue, rather than specifically investigating the environmental or physiological
cues that prompt certain patterns in tree C partitioning.

Phloem-transported soluble C is required for all energetic processes of
roots, in addition to being the main structural component of biomass
production, and 30-80 % of the total amount of C assimilated by
photosynthesis is transported belowground (Davidson et al., 2002; Giardina et
al., 2003; Giardina and Ryan, 2002; Raich and Nadelhoffer, 1989). Therefore,
manipulating this C flux can be a powerful tool for investigating the
downstream processes relying on this C as well as physiological responses to
changes in the flux. Morever, blocking the phloem also enables studies of how
photosynthesis or other up-stream processes respond to a build-up of C in the
phloem (Asao and Ryan, 2015).

3.1 Blocking the belowground carbon flux

Several studies have been published where trees were girdled and various
belowground processes (such as soil CO, efflux) subsequently measured.
Because girdling entails stripping away the phloem around the stem, it
effectively terminates phloem transport. However, eventually the roots will
deplete their C reserves and the tree will die. This might not compromise the
results of short-term experiments, but the trees will not be available for future
studies. Moreover, the dying trees could bias future studies at the site.
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Despite this long-term limitation, girdling studies have yielded much useful
information on tree C partitioning and C-dependent processes. For instance, the
importance of recently photosynthesized C for belowground processes was
shown when girdling reduced soil CO, efflux by 52-65% in a boreal Norway
spruce forest (Bhupinderpal-Singh et al, 2003; Hogberg et al, 2001).
Girdling studies have also been used to estimate how much of soil CO, efflux
can be attributed to autotrophic, as opposed to heterotrophic sources (Binkley
et al., 2006; Hogberg et al., 2009).

Phloem chilling has been used on smaller plants and leaves (De Schepper et
al., 2011), and one successful application to trees in the field has been
published (Johnsen et al., 2007). This technique involves lowering the
temperature of the phloem sap until its viscosity increases sufficiently to slow
down sap flow. Chilling is not fatal to the plant, but for large trees in field
conditions, it is expensive and presents significant engineering challenges.

3.2 Stem compression technique

Because of the adverse effects of girdling, I developed a different method
for blocking belowground C flow (stem compression, or strangling) and tested
it on Scots pine trees growing in the field. This new technique reduced C
transport similarly to girdling, but most importantly the phloem recovered its
functionality after the strangling equipment was removed.

The principle of the technique is to exert a radial pressure on the tree stem,
squeezing shut the sieve tubes of the phloem to block the downward sap flow.
This is similar to the wire-strangling (also termed strapping in horticultural
literature) that is sometimes employed on fruit trees to improve fruit size and
quality (Yakushiji and Nakatsuka, 2007; Yamanishi et al., 1993), which was
also used on Scots pine (Pinus sylvestris L.) seedlings to study the dependence
of mycorrhizal fungi upon tree-derived C (Bjorkman, 1944).
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In my version of the technique, metal bands were fastened around the stems
of Scots pine trees (figure 1) and tightened to a maximum pressure of 2.4 MPa,
which is theoretically sufficient to counteract the phloem’s turgor pressure
(Hammel, 1968; Nikinmaa et al., 2014; Sovonick-Dunford et al., 1981).
Applying this external pressure works because the phloem tissue itself is soft,
and beneath it is the much harder sapwood. Thus tightening the bands resulted
in pinching the phloem between the bands and the underlying sapwood.

I performed several tests to determine the effectiveness of the technique in

Figure 1. Stem compression. The tree stem (Pinus sylvestris, L.) is fitted with metal bands that
are tightened to collapse the phloem tissue against the underlying sapwood, in order to block
the flow of C through the phloem. Above and below the compression point are custom-made
stem chambers containing infrared gas analyzers for measuring stem CO; efflux. This was one
of the measurements performed to test the effectiveness of stem compression for terminating
belowground C flux. Photo: M. Blackburn

blocking phloem transport (chapter I). Compressed trees were enclosed in
whole-tree chambers of transparent plastic into which *CO, was injected. The
isotopically labeled CO, was assimilated by the needles, causing the sugars
synthesized and transported through the phloem to become enriched with °C.
By taking samples of the phloem below the stem compression bands, it was
possible to detect (using isotope ratio mass spectrometry, IRMS) if any of the
injected °C had been transported past the blockage. It wasn’t. Figure 2 shows
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that no "°C was detected in the phloem sap below the compression point while
the strangling equipment was in place. The pressure was then released, and the
trees were left to recover. A second canopy labeling was performed at the start
of the following growing season, at which time the phloem conducted the
isotopically enriched C past the point of former compression. This clearly
demonstrated that the phloem had recovered its functionality.

Pinus sylvestris Aheden, Sweden Aheden, Sweden
saplings July 2013 May 2014
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Figure 2. Phloem sap 13C content (atom% excess; mean +-SE) in samples collected above the
blockage position (open bars) and below it (filled bars). The length of the control tree error bars
is due to one of the trees having assimilated over 10 times more 13C than the other controls. This
is attributed to weather conditions as well as greater amount of foliage. Different upper-case
letters indicate differences between treatments (analysis of variance, p < 0.05). Different lower-
case letters indicate a difference between stem positions within treatments (student’s t-test). The
left-hand panel (a) shows the 13C enrichment during the compression treatment and the right-
hand panel (b) shows results from the following season, after the strangling pressure had been

released.

Compared to controls, soil CO, efflux was reduced to ~65% and =50% by
compression and girdling, respectively. The fluxes on the control plots ranged
between about 2-5 pmol m™ s'. The lower efflux rates in control plots
(somewhat above 2 pmol m™ s™) were observed during the middle of the
growing season and the higher rates of around 5 pmol m™ s” were measured
later in the summer (from early August), which is consistent with reports of
tree belowground C partitioning increasing during this part of the growing
season (Hogberg et al, 2001). The relative reduction on the girdled and
strangled plots compared to the controls actually resulted from an absence of
this seasonal increase in soil CO, efflux, indicating that the phloem transport
had ceased (chapter I, figure 7).
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Stem compression may act to collapse the sieve tubes of the phloem,
blocking the flow of assimilates, or it may damage the phloem tissue to the
extent that conductivity is lost but the cambium remains functional (or is at
least not beyond repair). In the first case, phloem recovery would be expected
to occur soon after the pressure is released; in the second case, a new
functional phloem would need to be differentiated from the cambium and a
longer recovery time be required. Because the phloem function was not re-
examined until the following spring (figure 2), neither of these possibilities can
be conclusively rejected.

The effectiveness of stem compression was also tested by measurements of
stem CO, efflux at two positions on the stems, above and below the
compression bands. These measurements were conducted on a different set of
trees than the °C canopy labeling. The labeled trees had to be small (2-3m tall,
3-7 cm diameter at breast height) in order to fit in the whole-tree chamber.
Because we also wanted to measure how effective stem compression was in
larger trees, I set up a parallel study using mature Scots pines (c. 15 m tall, 15-
25 cm diameter at breast height), on which stem CO,; efflux was recorded as a
measure of cellular metabolic rate.

A custom-made stem chamber containing an infrared gas analyzer, IRGA
(Vaisala CARBOCAP®, Vaisala, OUYJ), was sealed to the stem (figure 1) and
the rate of CO, buildup was recorded until the internal CO, concentration had
risen to 40 ppm above ambient. Stem CO, efflux was measured on 10 days
during the 66-day study period, focusing mostly on the period during and
immediately after compression.

17



Pinus sylvestris Aheden, Sweden
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Figure 3. Stem CO:; efflux, displayed as the ratio of above/below treatment height (mean +- SE).
Markers of different colors (white, gray, or black) indicate that treatments were significantly
different from each other on that measurement day (ANOVA, Tukey HSD, p < 0.05). Day 0 (July
19" 2013) is the day when compression and girdling treatments began, and the compressed trees
were released on day 27 (August 15", 2013).

There have been indications that stem CO, efflux may to some extent
contain CO, that was respired in roots or a different part of the stem and then
dissolved and transported in xylem sap. There is an ongoing discussion as to
how this may influence what inferences may be confidently made based on
stem CO; efflux measurements (Tarvainen et al., 2014; Teskey et al., 2008;
Ubierna et al., 2009). However, in the present context the two measurement
points were only separated vertically by about 50 centimeters, and even if root-
derived CO, composed part of the measured efflux, the difference between the
two heights should be dominated by the treatment effect. Additionally, the
obtained stem effluxes were analyzed relative to control trees at the same
height.

3.3 N acquisition in relation to belowground C flux

Because tree growth is frequently limited by N availability in boreal forests,
and because a large fraction of assimilated C is partitioned to belowground
structures (roots and mycorrhiza), the connection between belowground C flux
and tree N acquisition is a key question. N-fertilization has been shown to shift
C partitioning to aboveground biomass (Lim et al., 2015; Vicca et al., 2012),
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and it has been observed that elevated atmospheric CO, concentration causes
increased N uptake (Finzi et al., 20006), at least initially.

Using stem compression, | performed an experiment to investigate how tree
N uptake would be affected by direct reduction of belowground C flux. I also
wanted to know if tree N-uptake was influenced by the belowground C-
partitioning of trees growing nearby.

The context for this question was a series of studies leading up to a
hypothesis about the regulating mechanism of mycorrhizal C-N exchange
(Alberton et al., 2007; Franklin et al., 2014; Hasselquist et al., 2016; Nasholm
et al., 2013). This hypothesis is based on stoichiometric constraints on fungal
growth, and states that fungi prioritize their own growth and that the amount of
N they can incorporate is dictated by their current C status. Because this C
status is directly related to the host trees’ belowground C partitioning, the
hypothesis predicts that increased rates of tree belowground C flux should lead
to reduced N uptake. Different methods have been employed to manipulate
belowground C flux: Atmospheric CO, elevation (Alberton et al., 2007);
canopy shading (Hasselquist et al., 2016); one study used N-fertilization to
lower soil C:N ratio to alter stoichiometric conditions (Ndsholm et al., 2013).

These studies inferred that greater belowground C partitioning would cause
reduced N uptake by stimulating greater N-immobilization by mycorrhizal
fungi under conditions of high C and low N availability. This conclusion is
supported by observations that potted seedlings grown in N-limiting conditions
maintain or increase C export to mycorrhiza despite receiving diminishing N-
returns (Colpaert et al., 1996; Corréa et al., 2008), and a model of mycorrhizal
C-N trade was published that explains the results by calling upon multi-partner
structures of ectomycorrhizal symbioses (Franklin et al., 2014).

Such a network structure, where multiple trees can be connected to the
same fungi and vice versa (Beiler et al., 2015; Brownlee et al., 1983; Finlay
and Read, 1986; Gorzelak et al., 2015), suggests that N-acquisition of one tree
could be influenced not only by its own belowground C partitioning, but also
by the belowground C flux of other trees growing nearby.

From these conclusions, two predictions can be made which could be tested
using the stem compression technique:

1. That strangled trees (due to direct reduction of tree belowground C
flux) would receive more N than untreated control trees.

2. If a subset of adjacent trees were strangled, then this N-benefit would
not occur because N uptake is determined by the total belowground C
flux of the tree community.
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I therefore set up an experiment to investigate the coupling between
belowground C partitioning and tree N acquisition. To achieve this, I combined
stem compression and "N nitrate labelling (applied to the soil surface after the
trees had been strangled for three weeks). The experiment comprised 23 plots
containing strangled and/or control trees. The PN isotopic enrichment in the
foliage of trees that received different treatments could then be compared to
detect changes in uptake patterns related to belowground C flux (chapter II).

The specific aim was to measure how tree N uptake would respond to the
decrease in belowground C flux resulting from stem compression. To address
the question of interactions between the belowground C flux of different trees,
the following treatments were allotted to the experimental plots: 1) All trees
were strangled; 2) No trees were strangled; 3) Only one tree was strangled; or
4) A single control tree was surrounded by strangled trees. After the
isotopically labeled N had been applied, needle samples were collected for
analysis of their "N enrichment analyzed using isotope ratio mass
spectrometry (IRMS).

Contrary to the predictions of the hypothesis outlined above, I found that
needles from strangled trees contained one-third less N than those from
control trees. This also held true for trees within plots containing a single
strangled tree (43% reduced N uptake in strangled trees (figure 4)).
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Figure 4. Nitrogen uptake in Scots pine trees, measured by ground application of PN nitrate and
subsequent needle sampling and isotopic analysis. Shown is the highest needle BN contents
observed for each treatment (ug BN g'l needle dry weight, in excess of natural abundance; mean
+ SE). Control trees are represented by open circles and strangled trees by filled circles.
Different capital letters indicate a significant difference between treatments (p < 0.05; Student’s
t-test), and the dashed circles superimposed on the graphs depict the plot-scale treatments
included in the analysis. The figure is modified from chapter Il in this thesis.
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However, in plots where the majority of trees were strangled
(corresponding to 82% of plot basal area), there was no significant difference
in N uptake between strangled trees and controls.

Thus the hypothesis may require adjustments to both accommodate my
results and those from the previous studies reporting seemingly conflicting
findings (Hasselquist et al., 2016; Nésholm et al., 2013). Perhaps the problem
lies in the assumption that there is a linear relationship between belowground
C-flux and tree N acquisition. I have shown via canopy Bc labeling that the
belowground C-flux was terminated by strangling (figure 2), whereas shading
reduced photosynthetic C-gain by the tree to 60% (Hasselquist et al., 2016).
Thus the two experiments using these methods may in fact not contradict each
other after all. Rather it may be that maximum N-release from fungi to host
trees actually occurs at some intermediate level of C-investment by the tree
(figure 5). Presumably, zero C-export to mycorrhiza would eventually lead to
C-starvation of the fungi and thus no N transfer to host trees. Analogously, if a
tree exported sufficiently large amounts of C to its symbiotic fungi, these
would become N-limited and thus not transfer any N to the host tree.
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[1]
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-+
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w

Strangled trees

C to roots

Figure 5. Conceptual representation of how export of C to roots and mycorrhiza could be
related to the uptake of N into foliage. The white dot represents “natural” control conditions in
an N-limited boreal forest stand, where rather large quantities of C are partitioned
belowground, and a certain amount of N is acquired. The black dot represents the trees
strangled in my experiment (based on C canopy labelling data, this treatment completely shut
off the flux of new C from the foliage) in which I found a decreased N uptake, as measured by
BN enrichment of needles after a ground labelling with isotopically enriched nitrate. The
shaded dot represents the reported effect of shading (Hasselquist, 2016), where they observed a
marked increase in needle "N enrichment compared to controls, also after a labelling
treatment.
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3.3.1 Hypothesis and future studies

The results I present from this experiment could be said to describe
ecological competition between trees, where belowground C transport
facilitates N uptake. By restricting this flux, strangling lowers a tree’s capacity
to compete for soil N. However this interpretation would lead to the
expectation that the competitive advantage of uncompressed trees should
increase with the proportion of strangled competing trees. This was not the
case. Within plots where the majority of trees had been strangled (82% of plot
basal area), the advantage to the remaining uncompressed tree was no longer
detectable (figure 4b). This observation suggests the presence of some
additional interaction among trees, related to the combined belowground C
transport of the tree community and the resulting N acquisition of individual
trees. The net effect of this interaction seems to have been that excessively
reducing combined tree belowground C flux, resulted in reduced advantage for
uncompressed trees.

Thus the finding that N uptake is influenced by the belowground C flux of
neighboring trees does indicate some connection between trees. Therefore I
speculate that these observations, as well as the seemingly contradictory results
of previous studies might be explained by a hypothesis based on trees being
connected to a common network of fungi (Beiler et al., 2015; Brownlee et al.,
1983; Finlay and Read, 1986; Gorzelak et al., 2015). If no individual tree is the
sole C-source for its mycorrhizal partners (Beiler et al., 2015), then reduced C
export by a single tree would have less impact on the fungi. This would reduce
the tree’s power to affect fungal N release by withholding C.

Hypothetically, if fungi could distinguish among host trees and
preferentially exchange nutrients with hosts that provide more C, then a
hypothesis could be formulated which accounts for previous findings: That
mycorrhizal N-release depends on total C-flux (sum of all hosts) to a fungal
network, with less N released at high fungal C status. Although an individual
tree would not greatly influence fungal N-release, this hypothesis provides
evolutionary incentive to maintain C-export despite diminishing N-returns by
allowing competition for the mobilized N with other trees connected to the
same fungi. This suggests that optimal N-mobilization should occur in
response to intermediate levels of total belowground C flux, and that in the
event of unequal export among trees, there is an N-benefit for the trees
exporting more C belowground. The idea is related to the “market theory” of
Franklin et al. (2014) and I suggest that further tests of this hypothesis are
warranted.
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3.3.2 Methodological considerations

From the above paragraphs, it can be seen that a handful of different
methods have been used to manipulate tree belowground C flux. We also see
that the result was not always the same, and thus we must consider the
strengths and limitations of the techniques.

Canopy shading (Hasselquist et al., 2016) and manipulation of atmospheric
CO; concentration (Alberton et al., 2007; Finzi et al., 2006) are two methods
that directly affect photosynthetic C assimilation. This in turn affects
belowground C flux. However, shading could also affect relative C partitioning
among different parts of the tree, such that the change in belowground C flux is
not always proportional to the change in photosynthetic rate (Poorter et al.,
2012). Additionally, canopy shading may affect N distribution in tree foliage if
shade-avoidance responses are induced (Niinemets, 2007; Trupkin et al.,
2014). Soil temperature may also be affected, which may be significant in
some cases.

N fertilization has also been used (Nésholm et al., 2013). The rationale here
is that increasing soil N availability without actively altering belowground C
flux, will lower soil C:N ratio. This is strictly not a manipulation of tree C
partitioning, although fertilization has been reported to decrease belowground
C partitioning in the long-term (Lim et al., 2015).

Girdling is very effective and because the phloem is completely removed,
one can be quite certain that transport has ceased. Thus it is a direct
manipulation of belowground C flux. However, the trees will eventually die,
and soil decomposers will respond to this and potentially confound processes
of interest. Stem compression (like girdling and stem chilling) is a treatment
limited to individual trees, but does not permanently damage the phloem. If
only a subset of trees in an area are to be treated, then only girdling and stem
compression allow free choice of individual trees (shading and atmospheric
CO; manipulations generally cover an area and chilling becomes difficult if the
trees are widely spaced).

For the purposes of studying belowground processes, strangling seems
similar to girdling, but without the listed drawbacks. However, with stem
compression the phloem blockage may be less complete than with girdling,
because it is difficult to know the pressure required to achieve blockage.
Additionally, if a tree stem has an irregular shape, this can result in unaffected
(or less affected) sections of phloem, where belowground C flux may still
occur.
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4 Carbon used for cellular respiration

In addition to its role in facilitating N uptake, photosynthetically fixed C
provides energy for all energetic cellular processes. As a result, cellular
respiration consumes a large portion of a plant’s photosynthetically fixed C
(Lambers and Ribas-Carbo, 2005; Ryan et al., 1997).

Respiration consists of a series of reactions that ultimately transfer energy
stored in carbohydrates to ATP, in which form it can be used to drive energy-
demanding cellular reactions. Respiration takes place in all the living cells of
an organism, starting with glycolysis in the cytosol and finally ending in the
terminal electron transport chain in the mitochondria.

In glycolysis, a series of reactions split glucose into pyruvate, which moves
into the mitochondria where it is oxidized and decarboxylated. It then attaches
itself to coenzyme A, to form acetyl coenzyme A — the substrate for the Krebs
cycle. Next, the Krebs cycle oxidizes what is left of the pyruvate (the acetyl
group of acetyl coenzyme A) to carbon dioxide (CO;) and the electrons are
transferred to the intermediate electron carriers NADH and FADH,. Although
some energy is conserved in glycolysis and the Krebs cycle (2 molecules of
ATP each), most of the ATP is generated in the oxidative phosphorylation at
the end of the electron transport chain.

The electron transport chain is a series of redox reactions that transfer
electrons between electron carrying protein complexes, lowering their energy
state with each step until the finally they are accepted by oxygen which
combines with hydrogen to form water. At several of these steps, the energy
released when an electron is transferred to a lower energy state is used to pump
protons from the matrix to the mitochondrial inter-membrane space. The
concentration gradient that is built up drives the transfer of protons back into
the matrix via the protein ATP synthase. As protons pass through ATP
synthase, they cause its component structures to shift across each other,
bringing ADP and phosphate molecules together to synthesize ATP. This is the
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main source of ATP production in respiration and it is driven by the proton
gradient across the mitochondrial inner membrane. The amount of ATP that
can be produced is thus proportional to the strength of the proton gradient.

4.1 About alternative oxidase respiration (AOX)

Plants have a branched terminal electron transport chain, and respiration can
proceed along the complete pathway outlined above (known as the cytochrome
pathway, COX), or an alternative pathway (called AOX — short for alternative
oxidase) which bypasses most of the energy conserving steps and produces
only a third of the ATP resulting from the complete pathway. The remainder of
potential energy is simply lost as heat. Therefore, greater partitioning to AOX
results in a drop in the energy efficiency of respiration.

Increased AOX activity has been associated with stress conditions such as
low temperatures (Ribas-Carbo et al., 2000; Searle and Turnbull, 2011;
Vanlerberghe, 2013) and nutrient deficiency (Sieger et al., 2005). Both
conditions are commonly encountered in boreal forests, suggesting that AOX
could be important in such systems. Furthermore, it has been indicated that
AOX may contribute greatly to boreal soil CO, efflux, and less in warmer
climates (Angert et al., 2003, 2012), which suggests that neglecting AOX in
physiological growth models could cause the largest potential errors in boreal
systems. Because high AOX activity leads to less ATP being synthesized per
carbon respired, relative AOX/COX partitioning directly affects biosynthetic
efficiency (biomass produced divided by biomass produced plus carbon spent
to produce the required energy for synthesis) in grams C per grams C (Ryan,
1991).

Despite these suggestions that AOX could be a potentially important route
of C flow through forest ecosystems, it is rarely mentioned in this context (but
see Angert et al., 2003, 2012; Ryan, 1991). The majority of studies on forest C
dynamics or tree C use efficiency do not include AOX in any significant sense
(review in DeLucia et al., 2007). This is likely due, at least in part, to
methodological difficulties in measuring AOX partitioning in vivo. If AOX
partitioning of plants and soil microorganisms were to shift in response to
changing climate conditions, then it could impact C sequestration in both
biomass and soil organic matter. If current levels of AOX partitioning are
indeed dictated by low temperatures or low N availability, then predicted
effects of global change and pollution (rising temperatures, N deposition,
extended growing seasons etc.) could potentially cause AOX partitioning of
plant respiration to shift in the future.
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4.1.1 Measuring AOX (the oxygen isotope discrimination technique)

Electron partitioning between the two paths can be measured using the oxygen
isotope discrimination technique (Guy et al., 1989). This technique makes use
of the fact that the two terminal oxidases (COX and AOX) discriminate
differently against the heavier isotope oxygen-18 (**0). AOX is slightly less
likely to react with 0 than COX is, meaning that if respiring in a sealed
container — COX would deplete the air’s '80 at a faster rate than AOX would.
This discrimination rate is calculated as the slope of change in Bo/'°0
proportion of air as O, is being consumed by respiration. In practice, this
means placing a respiring tissue into an air-tight container and monitoring the
gradual change in isotopic composition (180/ 1(’O) of the residual air as oxygen
is being depleted by respiration (figure 6).
In plant tissues, both pathways
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In the literature, this difference between COX and AOX has been estimated
to be around 8.6 +2%o, with the discrimination by COX being placed at 18.8
+1.8%0 and that by AOX at 27.2 £2.6%o0 (Gonzalez-Meler et al., 2001; Guy et
al,, 1989; Guy and Vanlerberghe, 2005; Kornfeld et al., 2012; Macfarlane et
al, 2009; Millar et al., 1998; Nagel et al,, 2001; Rachmilevitch et al., 2007;
Robinson et al., 1995; Searle et al, 2011). Leaf tissue from castor bean
(Phaseolus vulgaris) has been used in several studies and inhibitions with
SHAM and CN have yielded isolated pathway discriminations against B0 of
19.0-21.6%0 for COX respiration and 25.8-30.3%0 for AOX (Gonzalez-Meler
et al, 2001; Kornfeld et al, 2012; Searle et al., 2011). For Arabidopsis
thaliana leaves, discrimination by COX has been reported as 16.2-20.9%o, and
for AOX respiration the published values are 23.7-31.2%0 (Armstrong et al.,
2008; Florez-Sarasa et al., 2011, 2007).

However, the inhibitors are not always straightforward to apply. It can be
difficult to ensure that full inhibition has been achieved (Searle et al., 2011),
because application of both inhibitors together doesn’t completely block
respiration. Additionally, as seen above, the strength of either discrimination
may possibly vary between species. Thus there is some variation among
reported discrimination values that could result from differences in inhibition
success, incubated plant species and tissue types, or combinations of several
sources of variation.

Because the specific discriminations of the two pathways are found to differ
by only 8.6%0 on average, accurate estimation of these discrimination values is
important. Small changes in the measured discrimination values used as
endpoints in the regression can strongly influence the result when observations
are translated into AOX/COX partitioning. Additionally, tree species are
underrepresented in the literature and there have been no reports on conifers
using the isotope discrimination technique. If the apparent between-species
variation that can be inferred from a literature survey is indeed real, then
measurements on less represented species would provide important
information.

As a result it is not known to what extent the isotopic discriminations of the
two respiratory pathways differ between species or groups. Should AOX and
COX of gymnosperms and angiosperms be expected to have the same
discriminations? What about other plants and fungi? In order to approach such
questions, it is necessary to identify any sources of variation that can be
controlled or corrected for, so that experiments can be confidently compared to
each other.
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4.1.2 AOX activity in Pinus sylvestris roots

We developed a protocol using the oxygen isotope discrimination technique to
measure AOX partitioning in roots of Scots pine (Pinus sylvestris, L.) collected
from a nearby pair of experimental forest stands (Rosinedalsheden, 64°10°N,
19°45°E, 145m a.s.l.). This is the focus in chapter III of this thesis. The
protocol can be described as consisting of 5 steps: 1) Roots were collected
from the field, placed in moist paper, transported to the lab and stored
overnight in a +4°C refrigerator; 2) The roots were weighed into incubation
vials (22ml glass septum-capped vials) containing a CO, trap (KOH pellet) to
prevent build-up of CO, from limiting respiration. The air in the vials was
evacuated and replaced with fresh outside air, to ensure identical starting
conditions; 3) Incubation with periodical gas-sampling by an autosampler
connected to an isotope ratio mass spectrometer (IRMS); 4) The raw data was
cleaned using a Matab-script to remove inappropriate sections of the
incubation data (more about this in the next paragraph); 5) the final step was to
correct for root moisture content, which I found to have significant influence
on '*0 discrimination.

Moisture content ((fresh weight-dry weight)/fresh weight) of incubated
roots significantly affected their isotopic discrimination (figure 7). Presumably
this was due to increasing diffusion barriers across liquid water, but the
mechanism was not investigated. This could be an important problem when
comparing discrimination values from different studies, because the sample
moisture content is not generally stated. Further, the AOX inhibitor SHAM
must be applied as a solution in water. Sample is submerged or placed between
wet tissues for some period of time before incubation. This could easily cause
differences in moisture content between inhibited samples from different
studies. Even more worrying is the fact that both successful inhibition of AOX
and the moisture-artifact cause respiratory discrimination to decrease, making
it difficult to separate the two effects. In my experiments I focused on the
relative contributions of COX and AOX, and not on the actual isotopic
discrimination of the two enzymes, therefore I used the residuals of an analysis
of covariance (ANCOVA) to adjust all our discrimination values to the
reference moisture content of 65%. The reference moisture was chosen because
it was close to the moisture content of many of our control roots. Further tests
indicated that the choice of reference moisture did not affect the calculated
AOX contribution to respiration (in % of total O, consumption).

We incubated fine roots (<2mm, and mostly <Imm) from two P. sylvestris
stands, separated by about 2 kilometers. Both were the same size (13 ha),
monocultures and approximately 100 years old, one had been annually
fertilized with ammonium nitrate for nine consecutive years (100kg ha'lyr'1 for
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seven years and 50 kg ha'lyr'1 for another two years), and the other stand was
an untreated control.

Inhibiting the roots with CN and SHAM yielded isotopic discriminations of
14.640.2%0 for COX and 23.8+0.4 for AOX. These are low values compared to
those found in the literature. The lowest I have found is 15.7+0.4%0 (Nagel et
al.,, 2001) and 23.7+1.1%0 (Armstrong et al., 2008) for COX and AOX
respectively. However, the distance between our measured discriminations was
9.2%0, which is very similar to most previous reports. However, there are no
published discrimination values for P. sylvestris or any other conifer species,
so it is not possible to determine whether the low values are due to some
artifact or actual biological characteristics of the species. The current study
focused on the relative electron partitioning between COX and AOX, and
therefore the obtained discrimination values were sufficient for our purposes.

Root moisture affects isotopic
discrimination of respiration

Pinus sylvestris
Rosinedal, Sweden, 2015
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Figure 7. Effect of sample moisture content on respiratory isotopic discrimination against '*O. The
effect was found in untreated roots (circles; filled = field-collected roots; open = roots from potted
seedlings, used to fill out the moisture-range for analysis), as well as those treated with specific

respiratory inhibitors (triangles; upward=cyanide-inhibition of COX, downward=SHAM-inhibition
of AOX), and roots infiltrated with tap water in place of SHAM solution (crosses). Root moisture
content significantly affected discrimination against "*O during respiratory O, consumption.
Analysis of covariance predicted lower isotopic discrimination in wetter roots (p < 0.0001), as
well as differences among untreated, CN-treated, SHAM-infiltrated, and water-infiltrated roots (p
< 0.032). The adjusted R’ of the entire ANCOVA model was 0.94.

We found that there was indeed a difference in how roots from the two
stands used the two respiratory pathways (figure 8). The roots were incubated
at two temperatures (6°C and 20°C), and AOX partitioning did not differ at
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6°C and roots from both stands displayed a discrimination of 16.3-16.6%o
(corresponding to 18-21% AOX), but fertilized roots used only half as much
AOX at 20°C (12.2%, compared to 21.6% in the control stand). This could
suggest that AOX had a role to play at the lower temperature irrespective of
root N status.

Although not explicitly included in this thesis, fungi and bacteria also have
AOX (Campos et al., 2015; McDonald, 2008; McDonald et al., 2009). Because
the incubated fine roots were mycorrhizal, some degree of fungal respiration
was inherently included in our study. In this context it is notable that
ectomycorrhizal sporocarp abundance in the fertilized stand was essentially
zero, while the non-fertilized stand contained significantly more: 8 kg ha™,
according to Hasselquist et al (2012). Thus it is possible that the degree of
mycorrhizal infection of incubated fine roots could differ significantly between
stands. Boreal forest soils have been associated with surprisingly high (>50%
of total soil CO; efflux) AOX partitioning (Angert et al., 2012), and based on
our observation that tree fine roots displayed less extreme '*O discrimination, it
is possible that other soil organisms have significantly greater AOX activity.
However, AOX/COX dynamics remain uninvestigated in many species found
in boreal forests. Such investigations could yield new information about the
ecophysiology of respiration in boreal forests.
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Figure 8 Isotopic discrimination (mean £ SE) of roots from the two stands when incubated at
different temperatures (blue bars: 6°C, red bars: 20°C). Different letters indicate significant
differences detected by a two-way analysis of variance. The right-hand Y-axis provides the
calculated AOX contribution to the total respiratory flux.
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5 Summary

5.1 Methodological advances

Strangling is a tree-scale treatment that can be applied to single or multiple
trees for field studies on a range of topics related to C partitioning or phloem
functioning. It can be used without introducing biases such as long-term root
death and decomposition (girdling) or altered temperature or light and
precipitation levels at the forest floor (shading). When it comes to upstream
parts of the tree (upper stem, branches and foliage) strangling is comparable to
girdling in terms of sugar build-up and possible feedback regulation of
photosynthesis. Shading will not induce such responses, but shade avoidance
responses of trees could result in altered nutrient and growth distribution within
the crown, which may need to be considered when sampling foliage. Phloem
chilling seems to have a similar effect on C transport as girdling and strangling,
but only one successful report in large trees has been reported (Johnsen et al.,
2007), possibly due to non-trivial engineering challenges.

The isotope discrimination technique for measuring AOX/COX partitioning
is not an experimental treatment like strangling, but a measurement technique.
It uses field-collected tissues, but is otherwise a laboratory protocol for
quantifying the relative activities of a pair of specific cellular reactions. As
mentioned above, several workers have focused on studying the role of AOX
respiration of plant tissues and isolated mitochondria and cell cultures under
various growth conditions (Dahal et al., 2014; Guy and Vanlerberghe, 2005;
Sieger et al., 2005), and some efforts have been directed toward in vivo
measurement under field conditions (Kornfeld et al., 2012; Searle et al., 2011).
The isotope discrimination technique is currently the most reliable method for
measuring AOX/COX partitioning, but it is sensitive to the determined values
of the endpoints (isotopic discrimination of the individual pathways). These
must be measured using inhibitors and the potentially greatest source of error
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in this technique stems from the possibility of incomplete inhibition, which
leads to inaccurately defined endpoints for the regression. This can have a
significant impact on the inferred AOX/COX partitioning in non-inhibited
samples. As there is currently no alternative method for verifying the
discrimination of the pathways, it is important to identify and minimize effects
of other factors that can influence isotopic discrimination. I found that moisture
content of the sample had a significant effect on discrimination, with wetter
samples displaying a lower discrimination. Because comparisons with previous
reports is currently the closest thing to an actual validation of inhibited
discrimination rates, it is important that significant covariates be identified and
reported in the literature.

5.2 Conclusions

I found that reduced belowground C transport impaired N uptake (chapter II),
and roots growing in soil with poor N availability displayed reduced
respiratory efficiency, which leads to lower biosynthetic efficiency (chapter
IV). This could be seen as a kind of “downward spiral” where low N leads to
less photosynthesis which feeds back to less N uptake.

In N-fertilized stands, soil CO, efflux has been reported to decrease
(Giardina and Ryan, 2002; Haynes and Gower, 1995), although at least one
study has reported that soil CO, efflux was not affected by fertilization
(Hasselquist et al., 2012). In relative terms, a reduction in tree belowground C
partitioning has also been reported to occur with fertilization (Haynes and
Gower, 1995; Lim et al.,, 2015). If fertilization also shifts AOX/COX
partitioning to improve the energy-yield of root respiration, then less C is
required to synthesize the same amount of ATP and thus fuel a given amount
of belowground biomass production. This could hypothetically lead to a
reversal of the negative feedbacks described in the previous paragraph. This
further suggests that changes in respiration and production need not be
proportional to each other, because if AOX becomes less active, then less C
need be partitioned belowground to achieve the same yield of chemical energy
or root biomass. If fertilization improves the biosynthetic efficiency of roots
(and possibly fungi and other soil organisms), then this could explain some
portion of the reduced soil CO, efflux observed after fertilization of forests.

Termination of belowground flux of recently fixed C negatively affected
tree N-gain as measured by N soil labeling and subsequent needle sampling.
Strangled trees received 32% less 15N, on average, than control trees.
Additionally, my results suggest that tree N uptake is further affected by the
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belowground C partitioning of other nearby trees. This causes a situation that is
similar to competition between trees for soil N, but breaks down if an
excessive proportion of trees cease their belowground C flux. In this case, there
was no statistically detectable advantage to non-strangled trees.

Increased foliar N is coupled to higher photosynthetic capacity under N
limited conditions (Evans, 1989). Thereby increased N uptake facilitated by
competitive belowground C partitioning could result in greater belowground C
flux and thus further improving the tree’s ability to compete for
soil/mycorrhizal N.

In conclusion, the results presented in this thesis indicate that soil N
availability can affect root C use efficiency (via shifted AOX partitioning),
while belowground C partitioning mediates N uptake from the soil and
mycorrhiza — N that can then be transported to the foliage and increase
photosynthetic C assimilation. Taken together, the results from this thesis point
toward two systems of feedbacks where C and N acquisition can act to
reinforce each other: One mechanism where belowground C partitioning
mediates uptake of soil/mycorrhizal N; and another where high soil N
availability can trigger a shift in AOX partitioning, leading to increased
biosynthetic efficiency of roots, potentially allowing more efficient use of the
belowground C flux.

5.3 Future perspectives

The indicated interactions of belowground C transport by trees and their N
acquisition led to a hypothesized mechanism of C-N exchange between trees
and mycorrhizal fungi. However, at present this hypothesis must remain
speculative, as no measurements of mycorrhizal C-status or tests of
connectivity via common mycorrhizal networks were conducted. The
hypothesis is based upon the results from the field experiment presented in this
thesis, and also draws upon the conclusions of previous studies that specifically
included mycorrhizal N-retention in their experimental setups. My results are
at first glance contrary to these studies, which indicate that blocking
belowground C flux of trees should have yielded increased N uptake due to
greater N-mobilization by mycorrhiza with insufficient C to utilize it for their
own biomass production. The suggested hypothesis could potentially reconcile
these findings with my own. I have planned an experiment to test this
hypothesis in a more controlled environment next year.

There is also need of additional studies on the AOX partitioning of a range
of boreal plant species. This thesis includes measurements of fine root AOX
partitioning in Pinus sylvestris (L.) trees. However, in order to integrate AOX
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into C budgets and growth models, its contribution to all respiratory fluxes
should be quantified. Thus, AOX partitioning of needle respiration and stem
respiration, as well as of respiration by fungi, understory species, and mosses
are called for.

Although the protocol presented in this thesis includes improvements for in
vivo measurement of AOX partitioning, several methodological issues remain
to be addressed. Perhaps the most urgent is the question of how to deal with
tissues that are difficult to inhibit with KCN or SHAM.

Personal experience with conifer needles, which responded to KCN
treatment but not to SHAM or m-CLAM (a different inhibitor of AOX), points
to a serious limitation in the method’s applicability to boreal species. It may be
significant to note that KCN is taken up as a gas, and SHAM is applied by
soaking the tissue in a solution. Of course, roots naturally absorb liquids
efficiently, whereas needles are constructed for gas exchange. Thus perhaps we
should expect SHAM-inhibition of needles to be more challenging than roots.

Nonetheless, these are issues that must be addressed if AOX is to be
meaningfully included in ecosystem-scale C studies. Perhaps research aimed at
characterizing AOX molecular structure in different tissue types within a
species could point to a solution? If it were found that AOX expressed in roots
is sufficiently similar to AOX expressed in needles, then it may be defensible
to apply the inhibitors only to the tissue that most readily absorbs it. Surveying
the literature, one can see that inhibition of roots often yields lower
discrimination than the corresponding inhibition of leaves. This could either be
caused by a biological difference in AOX and COX expressed in different
tissues, or it could be caused by some methodological artefact. Whichever is
the case, the answer should lead to improved understanding of AOX
partitioning in plants and how it can affect C balances at different scales.
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