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Chapter 1

General introduction

1.1. Global change with emphasis on carbon dioxide

Global change includes a multitude of anthropogenic
alterations of the earth’s atmosphere, biosphere,
hydrosphere, and pedosphere, all potentially threatening
life on earth (Korner 2003). The sheer quantity of human
beings on earth, and their activities in an industrialized
world affect our planet by e.g. land wuse change
(agriculture, deforestation, urban development, resource
exploitation), and alterations of the atmosphere’s chemical
composition through combustion of fossil fuels, gas release
by industries (namely cement production), and vegetation
burning (Le Quéré et al. 2013; IPCC 2013). The effects of
human activities on the earth’s climate system relate to the
emission of greenhouse gases that lead to global warming,
ozone depletion, and the advent of weather peculiarities.
The unprecedentedly rapid rise of the greenhouse gas
carbon dioxide (CO,) in the atmosphere since the industrial
revolution 150 years ago is clearly shifting the diet of the
planet, given its crucial role for plant photosynthesis. Since
the beginning of the Industrial Era (1750), the earth is
faced with an ongoing increase of the atmospheric CO,
concentrations from ca. 280 ppm to 396 ppm in March
2013 (Dlugokencky & Tans 2014), a rise that has not been
witnessed for the last ca. 800.000 years (Petit et al. 1999;
Siegenthaler et al. 2005). Climate model predictions
forecast CO, concentrations of at most 936 ppm by the end
of this century (RCP8.5; IPCC, 2013). Since these high
CO, levels will exert direct influences on ecosystems,
intense efforts have been undertaken to find solutions for
this global threat. The photosynthetic assimilation of
carbon (C) by autotrophic organisms, taken from CO, in
the atmosphere, might potentially make a contribution to
reduce atmospheric CO, levels (Houghton et al. 1999),
should this lead to greater terrestrial C stores (for which we
have no proof yet).

1.2. CO; effects on plants

In the context of global change, anthropogenic CO,
emissions play a dominant role for plants, and trees
particularly because of their long live span. Global
warming may affect trees indirectly (via the greenhouse
effect), but also directly because of the importance of C as
tree food. Trees take up C by photosynthesis (PS), with
subsequent conversion into organic matter. Importantly, PS
of C; plants is not saturated up to CO,; levels of ca. 1000
ppm (Korner 2006), as confirmed by most CO, enrichment
experiments to date (Ainsworth & Long 2005; Ainsworth
and Rogers 2007; Leakey et al. 2009; Bader et al. 2010).
Thus, this strong C capacity of the photosynthetic
machinery underlines the potential importance of trees to
partly mitigate the drastic rise in atmospheric CO,
(Schimel 1995; Sitch et al. 2013), provided such
assimilates are fed into recalcitrant C pools. The mitigation

effect is however, controversially discussed (Falkowski et
al. 2000) because increased C uptake by PS stimulation
does not necessarily translate into long-term C fixation in
tree biomass or soil organic matter (Hagedorn et al. 2003;
Norby & Zak 2011; Bader et al. 2013) since other factors
co-determine tree growth at elevated CO, concentrations
(Korner 2000, 2003, 2006). Of these, the most important
factors are space and nutrient (e.g. nitrogen and
phosphorous) limitations, and the tree’s developmental
stage dictating the likely effects of high CO, levels on
plant performance (Leuzinger & Hittenschwiler 2013).
Only recently, long-term free air CO, enrichment (FACE)
experiments and model predictions evidenced resource-
limitation constraints (mainly nitrogen), developing over
time that limit the stimulatory effect of CO, on biomass
production (Luo et al. 2004; McCarthy et al. 2010; Norby
et al. 2010; Zaehle et al. 2014), or even zero it (Kdrner et
al. 2005; Bader et al. 2013; Sigurdsson et al. 2013).
Additionally, three important factors (i.e. age, space
constraints, and species identity) were found to affect the
magnitude of a CO, response (Korner 2006). Whereas
young trees prospered vigorously at elevated CO,, during
their exponential phase of growth with ample (soil) space
available, mature trees in a steady state of growth (i.e.
constant fine root biomass and leaf area index; Korner
2006) are assumed to be marginally affected by elevated
CO; (Leuzinger et al. 2011; Bader et al. 2013).

C allocation might shift from aboveground to belowground
pools in order to cover the enhanced nutrient demand at
elevated CO,. Such a C allocation shift could be observed
at the Oak Ridge FACE study on Liquidambar styraciflua,
showing increased fine root biomass (Norby et al. 2004), a
signal that had disappeared with time in this FACE
experiment (Norby et al. 2010). C allocation to soils had
been observed in some (Jastrow et al. 2005, Iversen et al.
2008, 2012), but clearly not in other experiments that
rather indicates a CO, priming effect on soil C, and a loss
in soil organic matter (Kuzyakov et al. 2000; Phillips et al
2012; Hungate et al. 2013). A stimulation may persist for
several years until soil nutrient availability (mainly N)
declines, thus weakening belowground root growth (Norby
et al. 2010). Moreover, limited soil space is likely to
decrease belowground growth stimulation in mature trees
growing in natural environments (Dawes et al. 2013).

Even if more C enters the plant system under elevated
CO,, resulting in stimulation of growth, it remains very
uncertain whether this will effect C sequestration because
of counteracting CO, release to the atmosphere (e.g.
respiration by plants, or by heterotrophic organisms). This
facet of the C balance is complex and elusive, since the
major CO, return in terrestrial ecosystems is emitted from
soils (Raich & Potter 1995), and soils contain the largest
terrestrial C pool (Dixon et al. 1994). Thus, accelerated
soil C cycling under elevated CO, might preclude
increased growth, leaving the global C budget largely
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unaffected (Lukac et al. 2009; Dawes et al. 2013). The
stimulatory CO, effect on soil CO, release diminished with
tree age (King et al. 2004), or could not be observed at all
(Bader & Korner 2010). Soils are difficult to examine, and
soil respiration is independently stimulated by rising global
temperature (Heath et al. 1996). Therefore, CO,
enrichment in connection with temperature increases (not
examined in the scope of this study) are both likely to
dampen the C sequestration potential of forest ecosystems
(Leuzinger et al. 2011; Dieleman et al. 2012).

1.3. C allocation in plants

Explaining the responses of plants to higher levels of
atmospheric CO, requires basic knowledge about their
internal C translocation. In long-lived plants such as trees,
this involves large intermediate C pools, long residence
times, and long transfer distances. C mixing (i.e. the
dilution of old C reserves inside the tree with new
assimilates) in deciduous trees was found to be strongly
species-, tissue-, and season-specific (Keel et al. 2006,
2007). While foliage mainly depends on new assimilates
for tissue formation and metabolic activity, the fraction of
new C incorporated in new tissue in stems and roots is
assumed to decrease because of increasing dilution of
recent assimilates into older storage pools, and it is this
mixture of C reserves that becomes invested in structural
growth. In contrast to deciduous trees, evergreen conifers
perform year-round photosynthetic activity, and maintain
their foliage several years. Seasonal patterns in C
utilization of either new or old C should, thus, fluctuate
less in evergreen conifers compared to deciduous trees
because of almost year-round supply of assimilates.
Seasonal C allocation patterns are basically controlled by
the physiological activity of a certain tree tissue. One may
expect that assimilates fixed during high metabolic or
growth activity are directly fed into these sinks, whereas
assimilates produced during periods of low growth activity
are channeled to reserve pools for later structural demands.

1.4. Cisotopes as tool to study C allocation

Understanding C allocation in living trees in situ requires
nondestructive methods that are easy to apply. Early
studies largely used seedlings and juvenile trees for
reasons of practicability. Mature trees in their natural
environment have been investigated only more recently
(Pepin & Korner 2002). As trees grow, technical
challenges also increase. Further, tree-internal transfer
processes are concealed within the tree body, a black box,
difficult to look into. The only applicable approach to track
the fate of newly assimilated C is the use of physico-
chemical markers such as stable C isotopes. Few studies
attempted to resolve the difficulty of studying C allocation
in mature trees by using a tracer technique (Epron et al.
2011; Kuptz et al. 2011). In this context, FACE studies are
unique because they produce C isotope labeling as a by-
product, the tracer application is not confined to single tree
units (e.g. branches), but to the entire canopy, and it is
continuous rather than pulsed. A permanent and long-term

8"C label applied in FACE experiments (Andrews et al.
1999; Korner et al. 2005), as opposed to pulse labeling,
allows tracking seasonal changes in C translocation. In
order to apply the isotope technique for the study of C
translocation in FACE studies, C allocation patterns in
trees must not be altered significantly by CO, enrichment
because there is no ‘control’ (i.e. trees that are not CO,-
enriched, but receive the same C isotope label). Recently,
whole-canopy labeling with extended "C pulses could
successfully be deployed with only slight increases in the
CO; concentration in the canopy (Epron et al. 2011; Kuptz
et al. 2011). The drawback of such studies is that a stronger
label must be applied (8"°C of ca. -50%0 in Kuptz et al.
2011, or pure “C in Epron et al. 2011) which is
considerably more expensive. Therefore, FACE
experiments in conjunction with isotope labeling provide
the best possible means to assess C allocation in mature
trees.

1.5. The Swiss Canopy Crane (SCC) web-FACE
experiment

A FACE experiment was set up in a near-natural forest in
NW Switzerland (near Basel) in 2009 to assess (1) C
allocation patterns, and (2) the CO,; responses of mature P.
abies trees (i.e. 110-year-old and ca. 37m tall). P. abies is
both ecologically and economically one of the most
important tree species in Northern and Central Europe
(Bréandli 2010). It is unknown whether and how these trees
will respond to a CO,-rich atmosphere, and whether we
can expect a so-called CO,-fertilization effect (Lindner et
al. 2010; Reyer et al. 2014). Here, we subjected the
canopies (15-37 m above ground) of five mature P. abies
trees to elevated CO, concentrations that are likely to
become a reality within the next 60 years (500-560 ppm).
FACE started in late July 2009, thus, after current year
radial stem increment, but allowing to mature tissues, and
to build stores for the following year under elevated CO,.
The so-called web-FACE facility had already been applied
successfully for over 9 years to expose mature deciduous
tree species to elevated CO, concentrations (for an
extended description and synthesis of the web-FACE study
on deciduous trees see Pepin & Korner 2002; Bader et al.
2013). After the conclusion of the former web-FACE
experiment, the system was revised to match the tree
architecture of Picea abies.

C allocation patterns were studied using the C isotope
labeling approach that had already been successfully
applied in the previous web-FACE study (Steinmann et al.
2004; Keel et al. 2006; Bader et al. 2013). The tank CO,
employed originated from burning of fossil fuel with a
carbon isotope signature that is distinctively more negative
than that of the atmosphere (8"°C of -30%o versus ca. -8%o)
and is, thus, isotopically labeled. Therefore, the §"°C of the
CO, in the canopies’ atmosphere (and of the tree
assimilates produced of the labeled CO,) differed from that
of control trees. The unavoidable labeling through FACE
permitted tracing of tree-internal C allocation processes in
space and time, provided that C allocation patterns were
not significantly changed by high levels of CO,. An
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assessment of potential shifts in the translocation
preferences under elevated CO, would have required
equally labeled trees under ambient CO,. The special
setting of the FACE system ensured the input of extra CO,
exclusively into the canopies of the trees and, therefore,
eliminated the potential for contamination of below-
canopy tissues and soils by downward draft of labeled
CO,.

The effectiveness of CO, enrichment was monitored by
IRGA measurements, and by the use of C,; grasses
(isometers) seasonally (May-September) installed within
the canopies of CO,-treated and control trees. The C
needed for tissue production of the C4 grasses is derived
entirely from the surrounding CO,, without any utilization
of stored carbohydrates. Consequently, the C isotope label
imprinted on grass tissues grown in an elevated CO,
atmosphere can be used to calculate the seasonally
integrated canopy CO, concentrations when compared to
isometers grown at ambient CO, concentrations. Further,
the difference between isometers at ambient and elevated
CO, reflects the 100% C isotope signal that can be reached
by a tree compartment when the C utilized was drawn
exclusively from atmospheric CO,.

These features (i.e. FACE, C,4 grasses, and isotope label)
provided the means to unravel the temporal appearance and
contribution of new assimilates in specific tree
compartments. Together with the former web-FACE study
on deciduous trees at the same site (Pepin & Korner 2002),
this is the first time that such tall trees, in this case P.
abies, were exposed to elevated CO, in a natural Central
European forest ecosystem.

1.6. This doctoral thesis

My PhD thesis is divided into four parts, a general
introduction, three chapters on original science, and an
overall summary.

Chapter 2 presents the C isotope labeling results of the
first 2.5 years after the onset of FACE, irrespective of the
CO, treatment (published 2014 in Oecologia). This chapter
provides an extended picture of the contributions of new C
to tissue production and maintenance in needles,
branchlets, stem, fine roots, and fungal partners, and fluxes
(stem and soil CO; efflux) in mature P. abies trees over a
longer time frame (i.e. 2.5 years). Further, seasonal
preference shifts (i.e. preferential utilization of new or old
C) could successfully be traced in the test trees.

Chapter 3 reports respiratory (i.e. soil and stem CO,
efflux) and fine root responses to increased levels of
atmospheric CO, (published 2015 in Biogeochemistry).
The results compile the first 2.5 years of FACE, with
special emphasis on potential tree-specific differences that
were already present prior to the onset of FACE. We asked
whether elevated CO, induced C to be preferentially
allocated towards belowground pools, and whether this C
excess in the soil also stimulated soil CO, release.

Chapter 4 examines changes in diurnal variations of C
fluxes in these trees caused by elevated CO, (co-
authorship; published 2016 in Environmental and
Experimental Botany). We followed the diurnal cycle of
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respiratory fluxes (stem and soil), and net photosynthetic
rate during three late-summer days (pre-treatment 2009,
FACE 2009, and FACE 2010).

Chapter S is the general summary that concludes the
thesis.
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Abstract There is evidence of continued stimulation of
foliage photosynthesis in trees exposed to elevated atmos-
pheric CO, concentrations; however, this is mostly with-
out a proportional growth response. Consequently, we lack
information on the fate of this extra carbon (C) acquired.
By a steady application of a '*CO, label in a free air CO,
enrichment (FACE) experiment, we traced the fate of C
in 37-m-tall, ca. 110-year-old Picea abies trees in a natu-
ral forest in Switzerland. Hence, we are not reporting tree
responses to elevated CO, (which would require equally
13C labeled controls), but are providing insights into assim-
ilate processing in such trees. Sunlit needles and branchlets
grow almost exclusively from current assimilates, whereas
shaded parts of the crowns also rely on stored C. Only
2.5 years after FACE initiation, tree rings contained 100 %
new C. Stem-respiratory CO, averaged 50 % of new C over
the entire FACE period. Fine roots and mycorrhizal fungi
contained 49-56 and 26-43 % new C, respectively, after

Communicated by Rowan Sage.

M. Mildner (<) - M. K.-F. Bader - S. Leuzinger - C. Korner
Institute of Botany, University of Basel, Schonbeinstrasse 6,
4056 Basel, Switzerland

e-mail: manuel.mildner @unibas.ch

M. K.-F. Bader
New Zealand Forest Research Institute (SCION), Te Papa Tipu
Innovation Park, 49 Sala Street, 3046 Rotorua, New Zealand

S. Leuzinger

Institute for Applied Ecology New Zealand, School of Applied
Sciences, Auckland University of Technology, 31-33 Symonds
Street, 1142 Auckland, New Zealand

R. T. W. Siegwolf

Laboratory of Atmospheric Chemistry, Paul Scherrer Institute,
PSI, 5323 Villigen, Switzerland

Published online: 03 April 2014

17

2.5 years. The isotopic signals in soil CO, arrived 12 days
after the onset of FACE, yet it contained only ca. 15 %
new C thereafter. We conclude that new C first feeds into
fast turnover C pools in the canopy and becomes increas-
ingly mixed with older C sources as one moves away
(downward) from the crown. We speculate that enhanced
C turnover (its metabolic cost) along the phloem path, as
evidenced by basipetal isotope signal depletion, explains
part of the ‘missing carbon’ in trees that assimilated more C
under elevated CO,.

Keywords Carbon isotopes - Elevated CO, - FACE -
Forest - Respiration

Introduction

Atmospheric CO, concentrations are rising and have now
been shown to follow the most extreme of the trajecto-
ries predicted earlier (Le Quéré et al. 2009; Friedlingstein
et al. 2010). Carbon (C) uptake and transpiration of trees
exposed to future atmospheric CO, concentrations have
been shown to strongly depend on the age of trees (Ceule-
mans and Mousseau 1994; Medlyn et al. 2001), tree spe-
cies and tree spacing in a forest (Korner 2000), on soil
conditions (Spinnler et al. 2002), and on the duration of
the treatment (Idso 1999; Korner 2006; Leuzinger et al.
2011). Therefore, no generally valid response patterns are
found for trees exposed to elevated CO, (Norby and Zak
2011). The most realistic responses can be expected when
trees are experimentally exposed to elevated CO, in situ in
closed forest stands.

To date, only three free air CO, enrichment (FACE)
experiments have been completed (with a fourth experi-
ment using whole-tree chambers). A Pinus taeda
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plantation in North Carolina, USA (Duke FACE; Schles-
inger et al. 2000), revealed sustained stimulation of stem
growth, which, however, was strongly influenced by high
nitrogen (and possibly other nutrients) availability (Oren
et al. 2001; Schifer et al. 2003; McCarthy et al. 2010).
The second experiment, a Liquidambar styraciflua plan-
tation in Tennessee, USA (Oak Ridge FACE), showed
a strong initial but no long-term stimulation of growth
and productivity (Norby and Zak 2011). Higher nitrogen
demand to keep up with the greater C uptake eventually
provoked soil nitrogen limitation, followed by a complete
loss of the photosynthetic and NPP response to elevated
CO, by the end of the experiment (Norby et al. 2010). A
third experiment, using adult trees in a mature deciduous
forest in Switzerland [Swiss Canopy Crane (SCC) web-
FACE], reported no growth response to elevated CO, at
all (Korner et al. 2005; Bader et al. 2013), although some
species-specific water savings induced a soil priming
effect (nitrate release; Schleppi et al. 2012). The fourth
experiment, using whole-tree chambers on 40-year-old P.
abies trees in a boreal forest in northern Sweden (Med-
hurst et al. 2006), showed a growth response to elevated
CO, only when mineral fertilizer was applied, and none
under natural nutrient conditions (Comstedt et al. 2006;
Sigurdsson et al. 2013).

In summary, these results suggest that C is not generally
a limiting resource for tree growth at current CO, concen-
trations. However, a common observation in most CO,-
enrichment experiments is that leaf photosynthesis remains
stimulated by elevated CO, (Ainsworth and Rogers 2007;
Bader et al. 2010; but see Norby et al. 2010). Even in cases
where some downward adjustment had been seen, the
diminished photosynthetic stimulation still did not produce
a proportional growth response. Thus, the question of the
fate of the additionally assimilated C remains (Fatichi and
Leuzinger 2013).

Tracing the fate of C in a forest needs a marker that
can be applied at canopy scale. The stable '°C isotope is
the only suitable marker for such large-scale and long-
term in situ labeling investigations. Pulse labeling (a
strong, short-term peak with highly enriched 13COZ; usu-
ally 99 % '3C) is suitable for studying short-term dynam-
ics of the C distribution (Epron et al. 2012). The other
option is to expose the foliage continuously with *C
depleted CO, originating from fossil fuel (e.g., —30 %o
relative to the V-PDB standard), permitting the continu-
ous tracing of the fate of novel C over a longer period
(Andrews et al. 1999; Hittenschwiler et al. 2002; Ko6rner
et al. 2005; Comstedt et al. 2006; Keel et al. 2007; von
Felten et al. 2007).

Recent studies on in situ C allocation in field-grown
conifers (<25 m tall) used the whole tree/canopy '*C
pulse (or extended pulse) method with trees, which
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are normally growing under ambient CO, concentra-
tion (Kagawa et al. 2006; Hogberg et al. 2008; Endrulat
et al. 2010; Dannoura et al. 2011; Kuptz et al. 2011a;
Warren et al. 2012). Such short-term pulse experiments
in conifers revealed a rapid appearance (a few days) of
labeled C in respiratory CO, released from soils (Hog-
berg et al. 2008; Ritter et al. 2011), indicating a strong
linkage between assimilation and soil CO, release. How-
ever, transport velocity and basipetal C propagation
was found to vary with tree size and season, and is con-
trolled by weather conditions and sink strength, as was
demonstrated by repeated pulse labeling of 12-year-old
Pinus pinaster growing in a plantation (Dannoura et al.
2011; Epron et al. 2011). Moreover, the dilution of new
assimilates in large, old non-structural C pools prior to
utilization (Keel et al. 2007) led to only a small and sea-
sonally fluctuating contribution of new C to respiratory
CO, release from stems and coarse roots of a 60-year-
old P. abies stand in Germany (Kuptz et al. 2011a).
Similar C mixing and seasonal patterns for structural
C were observed elsewhere (Lippu 1994; Kagawa et al.
2006), and in deciduous trees at our study site (Keel
et al. 2007; Bader et al. 2013). Given that tissue forma-
tion in evergreen trees profits from a year-round supply
of new assimilates (Hansen et al. 1996), we can assume
a rapid manifestation of the isotopic signal contained in
new photoassimilates, particularly in foliage and adjacent
branchlets (branch autonomy; Gordon and Larson 1968;
Hoch 2005). Signals of new C should dilute basipetally,
e.g., in stem wood, and extend the time until old C is
completely replaced by new C (Keel et al. 2007).

Using the SCC web-FACE facility in Switzerland (Pepin
and Korner 2002), we started CO, enrichment of canopies
of mature P. abies, and, thus, labeling with B3¢ depleted
CO, in a near-natural forest ecosystem on 30 July 2009.
The work presented here is not aimed at elucidating tree
responses to elevated CO,, but should illustrate the basic
patterns of C allocation in mature forest trees. Establish-
ing the fate of novel C should help in identifying sites and
processes that explain ‘missing C’ in experiments with ele-
vated atmospheric CO,. We present C distribution patterns
using '°C signals, spanning a pre-treatment period and two
full growing seasons under elevated CO,. By consecutive
sampling with short intervals in various tree compartments
from tree tops to roots, we aim at analyzing (1) seasonal
shifts in assimilate allocation, (2) locations of C-invest-
ment, and (3) residence times (turnover) of mobile C pools.
We expect that the '°C signal would be transferred from
needles to respiratory fluxes within a few days, but that it
will take several years before new structural biomass such
as stem wood consists fully of new C. Although we cannot
assess CO, effects on new/old C mixing ratios due to miss-
ing similarly labeled control trees, we are able to quantify
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the main pathways and the duration of C transfer following
assimilation for the first time in mature coniferous trees.

Materials and methods
Description of the free air CO,-enrichment facility

In 2009, a web-FACE system (Pepin and Koérner 2002)
was installed in five 37-m-tall, then ca. 110-year-old Picea
abies individuals. With this system, the trees were exposed
to increased atmospheric CO, concentration at ca. 550 ppm
in their natural forest environment. The site is located near
the village of Hofstetten (47°33'N, 7°36’E, 500 m a.s.l),
12 km south-west of Basel, Switzerland. All five P. abies
trees that were subjected to elevated CO, are located within
max. 5 m distance from another. Five similarly tall trees
served as controls. Of these controls, one tree is situated
only 6 m from the treated trees (separated from the treated
trees by a forest road), whereas the other trees grew at a
distance of 17-30 m from the CO,-enriched trees. The only
control tree that was closer to the treated trees was ‘unpol-
luted’ by tank CO, as evidenced by the '*C data. While the
canopies of all CO,-treated trees and one control tree were
accessible with a crane gondola, the crowns of the remain-
ing control trees could only be reached by professional tree
climbers.

The CO, enrichment started on 30 July 2009, when
earlywood and current year foliage formation of that year
had been completed. Pure CO, (in food industry qual-
ity, with a 3'3C of —30 %o) was released exclusively into
the tree canopies (15-37 m above ground) through laser-
punched tubes woven around the tree branches. Control
of CO, release was separated into four sectors per tree to
ensure an optimal CO, distribution and concentration in
response to wind directions: the tree tops, and three 120°
sections around the remainder of the crowns (i.e. 4 sectors
per tree, 20 sectors in total). Each sector was separately
monitored for CO, concentrations and was individually
supplied with pure CO, to ensure a mean CO, concentra-
tion in the tree canopy of 550 ppm. Each sampling line in
the canopy for CO, monitoring ended in a triplet, so that
each tree crown was sampled at 12 sampling points (60
for all 5 trees). Four extra gas-sampling lines served as a
control (at the crane top, 45 m above ground, the sub-can-
opy, and a calibration gas bottle). CO, concentrations were
measured with two non-dispersive infrared gas analyzer
(IRGA; LI-820; Li-Cor, Lincoln, NE, USA). Using C,
grasses grown in the canopy, the 8!°C of the CO, mixture
supplied was monitored (plant isometers, see below). CO,
release was suspended when temperature was below 6 °C,
and when above-canopy photon flux density was below
100 pmol m~2 s~'. With this FACE system, we could
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Table 1 CO, concentrations and 8'*C signatures in the canopies of
trees subjected to ambient and elevated CO, calculated from isometer
(C, grass Echinochloa crus-galli) 313C values

Mean + SE n Mean + SE n

Canopy 3'3C (%o)

2009 —8.0+0.1 2 —13.7+£03 110

2010 —8.7+0.1 2 —13.5+03 82

2011 —85+0.2 2 —13.8+£03 98
Canopy CO, concentration (ppm)

2009 382 +2 2 541+ 13 110

2010 397+3 2 532+ 13 82

2011 396 + 4 2 541 £ 12 98

Ambient CO, values were obtained from isometers installed at the
crane top. Mean =+ SE for the annual FACE period for n isometers

reach median elevated CO, concentrations of 500-560 ppm
based on IRGA readings, with a mean 20-50 ppm higher
given the skewed frequency distribution.

C, grass isometers

The values from IRGA measurements could be confirmed
by the isotopic compositions of canopy-grown C, grasses
(‘isometers’; Echinochloa crus-galli in 50-ml flasks filled
with sand-clay soil, mounted in elevated and ambient tree
crowns, and, thus, freely exposed to the same atmosphere
as the tree crowns) in order to obtain the integrated 8'>C
values and the corresponding CO, concentrations (Table 1;
see Pepin and Korner 2002 for calculation). Since C,
grasses synthesize new biomass entirely from newly
assimilated CO, without further enzymatic fractionation,
the isotopic signal in C, grass tissue reflects the long-
term 8'°C within the tree crowns (ambient vs. elevated
$13C differences in 2009, 2010, and 2011 (mean =+ SE):
—5.7 £ 0.6, —4.8 + 0.5, and —5.3 £+ 0.3 %o, respec-
tively,). These differences indicate 100 % new C incorpo-
rated and served as a yearly reference for the new C frac-
tion in the different tree tissues investigated. Assuming
that the isometers capture the same atmospheric CO, mix-
ture in the canopy that becomes effective for the treated
P. abies trees, the difference in the isotopic signals of
isometers grown in elevated and ambient CO, concentra-
tions should also be observed between the tissues of the
treated and control trees (the maximum possible new C
integration into tissues). However, the scattered distribu-
tion of a limited number (ca. 14) of containers with C,
grasses within the tree canopies during peak summer only
(spring and autumn are too cold for C, grasses) may cause
a difference between the isometer signal and the maximum
tree tissue signal captured over an entire season. Although
we are using isometer signals as a 100 % reference, they
are still a proxy for the maximum new C integration into
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tissues, and needles may spatially experience slightly less
or more labeled tank CO,. A signal >100 % thus indicates
that isometers underestimated the signal strength at some
locations. In any case, such a signal means that the new
tissue was built from novel C only.

Branchlet needle and xylem sampling

During four sampling campaigns (pre-treatment: 1-16
July 2009; treatment periods: 18-27 August 2009; 29 Sep-
tember 2010; 29 July 2011), professional tree climbers
collected three sun-exposed and three shaded branchlets
from all four cardinal directions of the control trees that
were not accessible via the crane gondola. The same kind
of samples were collected from the remaining study trees
using the crane (24 branchlets per tree, except during the
pre-treatment campaign when only sun-exposed branchlets
were used). From these branchlets, we investigated sun-
exposed and shaded bulk needle material and sun-exposed
branchlet xylem tissue. In 2009, we collected needle and
xylem samples from branchlet extensions initiated in the
years 2008 and 2009. In the years 2010 and 2011, we
sampled 2008 and 2009 branchlet parts again, along with
the same kind of material from one or two more recent
years. We obtained bulk xylem tissue by peeling off bark
and phloem immediately after sampling. Additional nee-
dle tissue was collected every 2—6 days in August 2009
for 3 weeks following the FACE onset, later we continued
with 1- to 3-monthly sampling intervals. Three to five nee-
dles of each of three sun-exposed and shaded branchlets
per cardinal direction and per tree were collected. Prior
to analysis, we pooled the needle and the xylem samples
of the three branchlets from all four cardinal directions
per treatment since we did not find azimuthal differences
within either sunlit or shaded needles. Immediately after
sampling, the material was heated in an on-site micro-
wave oven (90 s at 600 W) to stop any metabolic processes
(Popp et al. 1996). Canopy CO, enrichment could cause a
shift in photosynthetic '*C discrimination in both P. abies
trees and the C, grasses that could add to the CO,-enrich-
ment signal caused by tank CO,. Since such a biochemical
adjustment is likely to be small (<1 %o) and differ between
sun and shade needles, we refrained from assuming a
change and applying a uniform data adjustment, but pre-
sent the data as measured.

Wood core sampling

Wood cores were collected at breast height (1.3 m) in east
direction from each tree. Using a 5S-mm-diameter increment
corer, we took the samples in March 2010 during the trees’

winter dormancy after completion of the latewood forma-
tion in 2009 (earlywood was formed before the beginning
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of the CO, enrichment on 30 July 2009). Tree rings formed
in 2005-2009 were also analyzed for 8'*C values. Except
for latewood 2009, we expected 5'>C signals in these tree
rings to reflect only pre-treatment conditions before the
start of the experiment. There may, however, be a very
small influence of storage reserves in older ray parenchyma
in the trees receiving CO, enrichment since midsummer
2009. Wood cores were again taken in February 2012 to
assess the changes of the isotopic signal in the 2008-2011
tree rings throughout the experiment. Earlywood and late-
wood of each year were separated under a binocular using
a razor blade. The transition zones between early and late-
wood, and between the years were removed in order to
obtain a clearly separated isotopic signals. The wood seg-
ments were then analyzed for 3'°C.

Fine root sampling

In March 2010, 9 soil cores per tree (12 cm in
depth x 3.6 cm diameter) were collected in the inner part
of the root disk (2 m from the stem) of each tree, add-
ing up to a total of 90 root samples for treated and con-
trol trees. The nine cores per tree were grouped into three
‘joint’ cores collected at 10 cm distance from one another,
with the triplets separated at a 120° angle around each tree.
The values of these triplicate samples were pooled after
the isotope analysis in order to give a more robust signal.
The resulting holes were used to install ingrowth cores of
the same size (2-mm mesh cylinders), filled with sieved
root-free soil from on-site molehills to assess CO, effects
on fine root growth development (Bader et al. 2009). The
bulk density of soil in the ingrowth cores was adjusted to
the bulk density of the soil outside (mass to volume ratio).
To capture the isotopic signal of newly formed fine roots
entirely developed during FACE, the use of ingrowth
cores was the preferential method. In December 2011,
20 months after installation, the ingrowth cores were
removed using a knife. Both soil and ingrowth cores were
stored at —20 °C until processing in January 2012. Prior to
fine root separation, cores were placed in cold water and
defrosted for 48 h at 4 °C to keep the microbial degrada-
tion of fine root biomass as slow as possible. Roots were
extracted by wet-sieving (1 mm mesh), and P. abies roots
were identified using a reference root collection. Since
the five trees exposed to elevated CO, formed a mono-
specific group in the stand, the inner part of the treated
area belonged almost exclusively to Picea, whereas at the
periphery of the plot, roots of other species (e.g., Fagus
sylvatica, Carpinus betulus, Quercus petraea) cO-OCCUT.
However, Picea roots are very distinct and can be clearly
identified. Fine roots were separated into three diameter
classes (<0.5, 0.5 < 1, 1-2 mm). We could not distinguish
between still intact dead and live fine roots.
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Fungal sporocarp sampling

During late summer and early fall 2010 and 2011, we col-
lected fungal fruit bodies (sporocarps) within three distance
intervals to a tree stem subjected to elevated CO, (0-6,
6-12, 12-18 m; the last being considered as an untreated
control). The sporocarps were frozen and stored at —20 °C
until taxonomic and functional group classification (either
saprobiotic, mycorrhizal, or parasitic) and further prepara-
tion for C isotope analysis.

Stem and soil air sampling

The CO, emitted by stems was captured by four aluminum
cups per tree (@ 8.2 cm, height 2.6 cm; using Terostat-IX;
Teroson, Ludwigsburg, Germany) mounted in the four com-
pass directions to each stem at breast height (1.3 m) after
removing loose bark. Given the rise in CO, partial pressure
within the cups due to continuous CO, release from tree
stems, we assumed that small leaks would not affect the
isotope signals. Cups were fitted with an open-ended tube
(2-3 c¢m long, inner @ 3 mm) through a bottom hole. This
tube permitted gas sampling with a syringe, but at the same
time reduced gas exchange between the cups’ interior and
surrounding air. Since the CO, concentration in the cups
did not reach equilibrium (Ubierna et al. 2009a), we had to
account for counter diffusion by atmospheric CO,. There-
fore, the Keeling plot approach was applied to calculate the
813C in stem-emitted CO, (see below). Note that only the
tree canopy at 20-37 m height was receiving labeled tank
CO,, with the understory remaining unaffected.

We used gas wells to collect air in equilibrium with soil
air. These wells consisted of PVC tubes (inner @ 18 mm,
12 cm long) in which small holes were drilled at each ca.
70° angle in five rows between 3 and 11 cm of the gas well
height to allow air to diffuse into the tubes from the respec-
tive depths (Steinmann et al. 2004). The gas wells were
inserted in vertical pre-punched holes in the soil in 2009. The
bottom of each well was left open, and the top was covered
with an air-tight rubber septum. Ten gas wells per tree were
installed in two circles of 2 and 3 m radius around each tree
stem (each with five gas wells per circle at ca. 70° angle).

At each sampling time, 15 ml air was extracted through
the septum using a 60-ml syringe. The air was injected in a
12-ml pre-evacuated glass vial (Exetainer gas testing vial;
Labco, High Wycombe, UK) closed with an airtight rub-
ber septum. The overpressure produced in the vials elimi-
nates contamination with ambient air. These vials contain-
ing the gas samples were stored in a N, atmosphere prior
to analysis, which was performed no later than 7 days after
sampling.

One day before FACE launch on 30 July 2009, we col-
lected 15 ml gas from all soil gas wells and all stem cups
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to receive pre-treatment values. Starting 1 day after FACE
onset, two soil gas wells per circle and tree and two cups per
stem were randomly sampled. During the first 2 weeks, we
sampled daily, thereafter biweekly until August 2009, fol-
lowed by about a bimonthly sampling interval. Starting in
May 2010, the sampling intensity was reduced to one mixed
15-ml sample per soil circle from all five gas wells per cir-
cle (each 3 ml per gas well) as well as one mixed sample of
all four cups per tree stem (each 3.75 ml per cup).

We employed the Keeling plot approach (Keeling 1958)
to obtain as correct as possible 8'3C signals in the mixture
of two different CO, sources, respiratory and atmospheric
CO,, both diffusing in the opposite direction in the soil.
We followed the approach by Steinmann et al. (2004) to
obtain atmospheric reference CO, concentration data and
the corresponding 3'°C values from six different European/
Middle Eastern weather stations (Terceira Island, Azores,
Portugal; Storhofdi, Iceland; Tenerife, Spain; Mace Head,
Ireland; Ocean Station M, Norway; WIS Station, Israel) for
the years 1997-2004. Note that FACE was applied to the
canopy 15-37 m aboveground only; thus, tank CO, did not
reach the ground in the test area. For applying the Keeling
plot approach, CO, and 3'3C values for free air in the years
2009-2011 were needed, which were not available when
we analyzed our data. Therefore, we modeled the trend of
the data with a seasonal component incorporated, using
Holt—Winters exponential smoothing (Holt 1957).

C isotope analysis

Within 34 h after sampling, all tissue samples were dried
at 80 °C for 48 h, followed by grinding to a fine powder
using a steel ball mill (MM 2000; Retch, Haan, Germany).
Aliquots of 0.6-0.8 mg were weighed into tin capsules and
analyzed for C isotope ratios. The samples were combusted
in an elemental analyzer (EA-1110 CHN; Carlo Erba Ther-
mogquest, Milan, Italy). The EA was connected to an Iso-
tope Ratio Mass Spectrometer (IRMS, Delta S; Thermo
Finnigan, Bremen, Germany) operating in continuous flow
mode via a variable open-slit interface (Conflo II; Thermo
Finnigan). The precision for '3C was <0.1 %o. The isotope
values are expressed in the §-notation as deviation from
the international standard (Vienna-Pee Dee Belemnite:
V-PDB): $"3C = R, /R 1 (%¢) where R is the
molar ratio of *C to "2C for the sample and the standard,
respectively. The isotope analyses were performed at Sta-
ble Isotope Facility of the Paul Scherrer Institute, Villigen,
Switzerland.

standard

Statistical analysis

The unit of replication was ‘tree’ (five trees under ambi-
ent and five trees under elevated CO, concentrations). All
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statistical analyses (except for fungal 8'3C) were performed
using linear mixed effects models fitted by restricted maxi-
mum likelihood. The significance of the main effects was
assessed using a backwards selection procedure based on
likelihood ratio tests and the Akaike information criterion.
The factor ‘tree’ was included as random factor (apart
from fungal 813C). In certain cases, a second random fac-
tor nested within ‘tree’ was used (xylem §'°C: ‘year of the
start of branchlet segment growth’; fine root 3'>C: ‘cardinal
direction of the position of the soil/ingrowth core’). Where
appropriate, we corrected for homogeneity violations using
adequate variance function structures (power, exponential,
and constant variance structures, or a combination thereof).
Furthermore, we accounted for independence violations
where necessary by applying temporal autocorrelation
structures. Diagnostic plots (i.e. residual and quantile—
quantile plots) were used for model validation. All statisti-
cal analyzes were performed using R, v.2-15-0 (R Develop-
ment Core Team 2008-2010) and the R package nime.

Results
Canopy 3'3C and CO, concentration

Assuming a §'°C signature of —8.4 %o and a CO, concen-
tration of 390 ppm in the atmosphere (2009-2011 aver-
age; NOAA), data from our regular measurements of tank
CO, (3"3C of —30 %), and canopy CO, data from the
IRGA measurements, the expected 313C value of the mixed
CO, in the canopies of treated trees was —13.8 £ 0.3 %o
(mean + SE of n = 3 years, i.e. 2009-2011). This value
corresponds to an expected difference in '°C between ele-
vated and ambient CO, in the canopies of —5.4 £ 0.3 %o
(mean £ SE of n = 3 years, i.e. 2009-2011). The C,
grass isometer samples revealed a similar §'°C value of
—13.7 £ 0.1 %o (mean + SE of n = 3 years, i.e. 2009—
2011) in the canopies of the treated trees (3'°C difference
between elevated and ambient CO,: —5.3 £ 0.2 %o), cor-
responding to a canopy CO, concentration of 538 & 7 ppm
(elevated CO,; mean £ SE of n = 3 years, i.e. 2009-2011).

Pre-treatment 8'>C differences

Prior to the onset of FACE (pre-treatment), tissues of
trees later exposed to elevated CO, concentrations usu-
ally showed slightly less negative §'°C signals compared
to control trees. Needles and branchlet xylem of treated
trees formed in 2008 and 2009 showed the highest devia-
tions from control trees (0.8 & 0.2 %o in sunlit needles,
and 0.9 £ 0.2 %o in sunlit branchlets; Figs. 1, 2; no data
for shaded needles and branchlets). These canopy signal
differences attenuated downstream of the plant body. Tree
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Fig. 1 Seasonal variation of carbon isotope signature (8'*C) in
organic matter of sun-exposed and shaded needles of Picea abies
trees exposed to ambient and elevated atmospheric CO, [ambient
CO,: n = 2 trees (except for 8 July 2009, 22 August 2009, 29 Sep-
tember 2010, 29 July 2011: n = 5 trees), elevated CO,: n = 5 trees,
mean *+ SE]. Diagrams denote needles that were built in the year
(from top to bottom) 2008, 2009, 2010, and 2011, respectively. The
gray-shaded areas denote the main FACE periods. During the win-
ter dormancy periods, CO, enrichment was performed at favorable
weather conditions only

rings at breast height were first sampled in March 2010.
Thus, earlier year rings might store some novel (fixed after
30 July 2009) non-structural carbon in ray tissue causing
a slightly more negative bulk xylem signal. Yet, earlywood
formed in 2005 to earlywood formed in 2009 of trees later
subjected to elevated CO, still showed a slightly less (not
significantly) depleted 5'>C signal compared to control
trees (0.3 £+ 0.1 %o; Fig. 3), suggesting little if any influ-
ence of novel C by March 2010. Fine roots were not sam-
pled before FACE. Respiratory CO, sampled before FACE
showed either no §'°C differences (0.1 %o in soil CO,
efflux; P = 0.7; Fig. 7), or even more negative 313C sig-
nals (0.9 %o in stem CO, efflux; P = 0.03; Fig. 6) in trees
later subjected to elevated CO, concentrations versus con-
trol trees, thus not matching the pre-treatment signals in
branchlet tissues. Given these small and inconsistent trends
in pre-treatment §'°C, we did not correct 8'°C signals
obtained after the onset of FACE by pre-treatment signals,
with the assumption that the deviations fall within the error
margins. This approach is conservative, because the pre-
treatment trend rather runs counter the direction of tracer
signals.
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Fig. 2 Time course of the 8!°C of sun-exposed branchlet xylem of
P. abies exposed to ambient and elevated atmospheric CO, (ambient
CO,: n =5 trees, elevated CO,: n = 5 trees, mean £ SE). The gray-
shaded areas denote the main FACE periods. During the winter dor-
mancy periods, CO, enrichment was performed at favorable weather
conditions only. Note that the branchlet origin indicated in the dia-
gram corresponds to the year when new branch segments were initi-
ated. In the following years, new year rings were produced that add to
branch segment thickening leading to dilution of the isotopic signal
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Fig. 3 Seven-year time course of 5'3C values in earlywood and late-
wood of P. abies subjected to ambient and elevated atmospheric CO,
(n = 5 trees, mean £ SE). The gray-shaded area denotes the FACE
period. *P < 0.05, **P < 0.01, ***P < 0.001

§!3C in needles
Generally, needles of trees subjected to elevated CO,

always showed more negative C-isotope signals com-
pared to trees under ambient CO, during the treatment
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period (‘CO, treatment signal® effect: P < 0.004; Table 2;
Fig. 1), with a significant ‘exposure x CO, x day of
year’ interaction (P < 0.001). Furthermore, signals did
not become significantly stronger with time within an
age cohort and exposure class (‘exposure x day of year’
effect: P = 0.063). However, isotopic signals became more
negative from one needle age class to the next (Fig. 1);
the younger the needles, the more pronounced was the
813C difference between needles of trees under ambient
and elevated CO,. Sampled during CO, enrichment, nee-
dles of CO,-enriched trees which were formed prior to the
experiment (e.g., needles formed in 2008 and 2009; Fig. 1),
showed more negative 3'>C values by 1.1 + 0.1 %o (mean
treatment difference £ SE) compared to controls, irrespec-
tive of the position in the canopy, suggesting an exchange
of non-structural carbohydrates (NSC) by new ones.

Sampled during the FACE period, shaded needles
exposed to elevated CO, showed a progressive mean deple-
tion from 1.0 & 0.1 %o (needles formed in 2008 and 2009;
Fig. 1), to 2.6 £ 0.2 %o (needles formed in 2010; Fig. 1),
and to 3.8 £ 0.6 %o (needles formed in 2011; Fig. 1) com-
pared to needles in ambient CO,. Sunlit needles formed
during FACE, and sampled after the onset of FACE, were
even more depleted under elevated CO, by 1.2 + 0.1 %o
(needles formed in 2008 and 2009; Fig. 1), 4.5 4+ 0.1 %o
(needles formed in 2010; Fig. 1), and 6.2 & 0.3 %o (needles
formed in 2011; Fig. 1) compared to sunlit needles of con-
trol trees.

In control trees, shaded needles were always more
depleted compared to sunlit needles on the same trees,
irrespective of the year of needle formation (1.3 £ 0.1 %o;
P < 0.001; Table 2). The same pattern was observed for
treated needles formed prior to FACE initiation (i.e. formed
in 2008 and 2009), and sampled during FACE (1.1 &+ 0 %o;
P < 0.001; Table 2). Interestingly, this did not apply to
needles grown under elevated CO, in 2010 and 2011.
Here, shaded needles showed less negative §'°C values by
0.5 £ 0.1 %o compared to sun-exposed needles.

Averaged over samples collected during the entire
FACE period, sunlit and shaded needles formed prior to
FACE (e.g., 2008 and 2009) incorporated a steady state
20 £ 0.2 % new C during the treatment years 2009-2011.
Only 2 years after the FACE onset, we measured 72—-117 %
new C in needles formed in 2011 compared to the isometer
reference signal (see “Materials and methods”). Drawing
on new assimilates was intensified in sunlit needles. Over-
all, the amount of C incorporated did not vary at a given
type of position once new needles had fully matured.

813C in branchlet xylem

For statistical analysis, we used only xylem 8'3C of branch-
let segments of the most recent shoot expansion, thus
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Table 2 Linear mixed effects model results for Picea abies '>C sig-
natures of needles, branchlet xylem, year rings, fine roots (soil cores
2010 and ingrowth cores 2010-2011), fungi, and CO, efflux from
stems and soil under ambient and elevated CO,

Factor daf Fvalue P
Needle 3'3C (2009-2011)
Exposition 1,128 700.6  <0.001 ***
CO, 1,8 16.3 0.004 **
Day of experiment 1,128 64.6  <0.001 ***
Exposition x day of experiment 1,128 3.5 0.063
CO, x day of experiment 1,128 58.8  <0.001 ***
Exposition x CO, x day of experiment 1, 128  34.0  <0.001 ***
Branchlet xylem §'3C (2009-2011)
CO, 1,8 0.5 0.498
Day of experiment 1,9 43.8  <0.001 ***
CO, x day of experiment 1,10 96.5 <0.001 ***
Year ring 8*C (2005-2011)
Latewood/earlywood 1,124 0.1 0.716
CO, 1,8 16.6 0.004 **
Year 1,124 0 0.891
Latewood/earlywood x CO, 1,124 8.7 0.004 **
Latewood/earlywood x year 1,124 0.9 0.336
CO, x year 1,124 19.1  <0.001 ***
Latewood/earlywood x CO, x year 1,124 10.0 0.002 **
Fine root §'3C (soil cores 2010)
Diameter 2,54 129  <0.001 ***
Fine root §'3C (ingrowth cores 2010-2011)
CO, 1,8 28.0 0.001 ***
Diameter 2,40 3.8 0.032 *
Soil cores 1, 40 0.1 0.709
CO, x diameter 2,40 0.8 0.448
CO, x soil cores 1, 40 8.9 0.005 **
Diameter x soil cores 2,40 1.0 0.370
CO, x diameter x soil cores 2,40 3.8 0.030 *
Fungal 3'*C (2010 + 2011)
Distance 1 7.3 0.008 **
Fungal type 1 46.2  <0.001 ***
Distance x fungal type 1 8.8 0.004 **
Stem air 8'*C (2009-2011)
CO, 1,8 2.1 0.190
Day of experiment 1,334 184.8  <0.001 ***
CO, x day of experiment 1,334 220 <0.001 ***
Soil air 33C (2009-2011)
Stem distance 1, 801 1.7 0.193
CO, 1,8 18.0 0.003 **
Day of experiment 1, 801 0.4 0.510
Stem distance x CO, 1, 801 0.8 0.385
Stem distance x day of experiment 1,801 352 <0.001 ***
CO, x day of experiment 1, 801 0 0.833
Stem distance x CO, x day of 1, 801 6.9 0.009 **

experiment

* P <0.05, % P<0.01, ¥*** P <0.001
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Fig. 4 3'3C of fine roots under P. abies trees exposed to ambient and
elevated 1*C-depleted CO, (n = 5 trees, mean + SE). Left panel fine
roots were excavated 8 months after the FACE onset on 30 July 2009
(with soil cores). Right panel 8'"*C of fine roots that were produced
exclusively during the FACE experiment from March 2010 to Decem-
ber 2011 (ingrowth core method)

grown exclusively under elevated CO, (i.e. without “con-
tamination” of the underlying xylem and reserves from pre-
vious years). Over the entire experimental period, branch-
let xylem segments collected on control trees showed
stable §!°C signals of —26.1 & 0.1 %o, irrespective of the
age classes and the sampling date (Fig. 2). In contrast, iso-
topic signals of branchlet xylem segments formed under
elevated CO, became consistently more negative over
time compared to control tree branchlets (‘CO, x day
of year’ interaction: P < 0.001; Table 2). This trend was
more pronounced, the younger a branchlet segment: when
sampled in July 2011, branchlet segments showed §'°C
signals of —28.4 £+ 0.4, —30.3 £ 0.7, —31.6 + 0.7, and
—32.7 £ 0.9 %o (initiated in 2008, 2009, 2010, and 2011,
respectively). These values correspond to §!°C differences
between elevated CO, and ambient CO, of 2.3, 4.3 5.5, and
6.8 %o for branchlet segments initiated in 2008, 2009, 2010,
and 2011, respectively. Hence, the isotopic signals of the
branchlet segments initiated in 2010 and 2011 were even
stronger than would be expected compared to the 100 %
new C incorporation estimated by isometer 8°C signals
(44, 81, 103, and 127 % new C relative to the isometer
signal).

$13C in stem wood

Within just a few months after the start of CO, enrich-
ment, newly assimilated C could be detected in latewood
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of 2009 (isotopic depletion of 1.3 %o compared to control
trees; Fig. 3). Signals became more negative over time,
leading to a treatment-related difference in 3'3C of 5.5 %o
in latewood of 2011, which corresponds to full (in fact,
103 % compared to isometers) newly incorporated C only
2.5 years after the onset of FACE. The CO, treatment sig-
nal was highly significant (P = 0.004; Table 2) with a clear
‘CO, x year’ interaction (P < 0.001), reflecting the increas-
ing incorporation of new '*C depleted C with time.

313C in tree fine roots

P, abies fine roots from soil cores, collected 8 months after
the onset of FACE, did not differ in 3'3C between treat-
ments (not significant), but the 5'°C signals in the three
fine root diameter classes were distinct from another
(P =0.001; Table 2; Fig. 4).

CO, enrichment had a highly significant effect on
the C isotope signal in new fine roots that were formed
entirely during the FACE period (ingrowth cores over a
period of 20 months, installed in March 2010; P = 0.001;
Table 2; Fig. 4). At 28 months after FACE launch, new
fine roots of ingrowth cores were 2.6 %o (<0.5 mm), 3.0 %o
(0.5 < 1 mm), and 2.7 %o (1-2 mm) more negative com-
pared to roots sampled from control trees (Fig. 4). These
values correspond to 49-56 % new C incorporated into
fine roots under elevated CO, (relative to isometer signals;
Table 2). Further, the 313¢C signals in new fine roots belong-
ing to different diameter classes also differed significantly,
irrespective of the treatment (P = 0.032).

8!3C in fungal sporocarps

Altogether, 65 saprobiotic, 51 mycorrhizal, but only 2 para-
sitic, fungal species were collected during the years 2010
and 2011 in this mixed forest. Only four of the mycorrhizal
species are known to be exclusively connected to P. abies.
Nevertheless, the analysis included all mycorrhizal fungal
species. Fungi collected at >18 m distance to the treated
trees are assumed not to be influenced by our labeling.
Therefore, the isotopic values of these fungi served as a
control (Keel et al., in preparation). Mycorrhizal fungi col-
lected closer to the tree base of CO, exposed trees showed
more negative isotopic signatures compared to fungi col-
lected at greater distance (—27.3 £ 0.5, —26.7 £ 0.3, and
—26.0 £ 0.6 %o in 2010, and —27.7 + 0.3, —25.6 + 0.2,
and —25.5 £ 0.3 %o in 2011 for the <6, <12, and <18 m
distances, respectively; Fig. 5). However, the isotopic dif-
ferences between the fungi at <6 m distance and the con-
trol fungi indicate only 26 % (in 2010) and 43 % (in 2011)
new C incorporation. Mean §'*C in all saprobiotic sporo-
carps was very similar regardless of the sampling distance
from CO,-enriched trees, suggesting no incorporation of
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Fig. 5 5'3C of saprobiotic (white bars) and mycorrhizal (dark bars)
fungal sporocarps (mean + SE; n = number of fungal species) col-
lected in fall of the years 2010 (left panel), and 2011 (right panel).
Sporocarps were sampled at various distances to stems of CO,-
enriched trees, and are grouped into three distance classes
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Fig. 6 Seasonal variation of 3'*C in stem CO, evolution of P. abies
trees exposed to ambient and elevated atmospheric CO, (n = 5 trees,
mean * SE). Inset enlarges the first month of the FACE experiment
(August 2009). The gray bars on top of the panels denote the main
FACE periods. During the winter dormancy periods, CO, enrich-
ment was performed at favorable weather conditions only. *P < 0.05,
**P <0.01, ***P < 0.001

new C delivered by the treated trees during that period
(—24.4 £+ 0.1 %o in each year; Table 2; Fig. 5). As a con-
sequence, the isotopic difference between mycorrhizal and
saprobiotic fungi increased with proximity to CO,-enriched
trees across all sampled individuals (3.5, 1.9, and 1.7 %o
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Fig. 7 Seasonal variation of 3'*C in soil CO, evolution at 3-11 cm
depth under trees exposed to ambient and elevated atmospheric CO,
(n = 5 trees, mean + SE). Inset enlarges the first month of the FACE
experiment (August 2009). The gray bars on top of the panels denote
the main FACE periods. During the winter dormancy periods, CO,
enrichment was performed at favorable weather conditions only.
*P <0.05, ¥**P < 0.01, ***P < 0.001

in 2010, and 3.3, 1.4, and 0.8 %o in 2011 for the <6, <12,
and <18 m distances, respectively). This is supported by a
significant ‘distance x fungal type’ interaction (P = 0.004;
Table 2).

$!3C in CO, released from stems and soil

Thirteen days after FACE was started, the isotopic sig-
nal in stem CO, efflux was 2 %o lower for trees exposed
to elevated CO, than in control trees (not corrected for the
0.9 %o pre-treatment difference obtained during the 3 days
before the onset of FACE). Subsequent measurements
(mid-August 2009—October 2011) showed a significantly
lower §'3C value of 3.4 & 0.2 %o (64 % recently fixed C) in
CO, released from stems of treated trees, with a significant
seasonal trend of the isotopic signal (P < 0.001; Table 2).
A steep drop of the isotopic signal irrespective of the treat-
ment occurred for no obvious reason during winter dor-
mancy 2009/2010 (by 5.9 and 6.6 %o for both ambient CO,
and elevated CO,, respectively; Fig. 6). Thereafter, stem
signals recovered during the course of the 2010 season. In
the following winter, no such decline could be observed
although weather conditions were similar.

There were clear C-isotope signals in CO, released
from soils (Fig. 7). First significant deviations between
ambient and elevated CO, were observed 12 days after
the start of the FACE treatment in 2009. The time lap was
similar to that in stem air 8'>C. However, the mean differ-
ence between control and treatment was only 0.6 %o by that
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time (Fig. 7), which accounts for ca. 10 % new C emerging
from soil air at this early stage of the experiment. During
the entire campaign (starting with the first significant dif-
ferences 12 days after the onset of FACE), CO, enrichment
significantly reduced 8'*C in CO, released from soil under
trees exposed to elevated CO, by 1.0 & 0.1 %o, correspond-
ing to ca. 15 % new C incorporated (P = 0.002; Table 2).
During the winter period 2009/2010, a drop in 8'3C, very
similar to that seen in stem-emitted CO,, was observed for
both ambient and elevated CO,. This signal even persisted
through the early spring season until July 2010. During this
period, only minor and non-significant differences in 8'*C
between ambient and elevated CO, were found. However,
from June 2010 onwards, soil air 8'>C under elevated CO,
was significantly depleted compared to soil air '°C under
ambient CO, (August 2010-October 2011 mean reduction:
1.2 + 0.1 %0), which represents 22 % new C. The maxi-
mum reduction was 1.8 %o in August 2011, which corre-
sponds to ca. 34 % of recently fixed C. Furthermore, we
observed stronger *C signals in soil air collected at 2 m
distance to a tree base compared to 3 m distance, further
affected by the day of the experiment (P < 0.001; Table 2).

Discussion

Canopy-scale CO, enrichment has the advantage that the
added CO, has a low 8'°C value (—30 %o), which made
it possible to quantify the fate of new photoassimilates in
37-m-tall P. abies trees in a natural mixed forest ecosystem
at a high temporal and spatial resolution. This is the first
whole-tree (from the needle to the soil) long-term assess-
ment of the fate of C in tall trees in a natural forest. The
intrinsic caveat of using continuous isotope labeling by
canopy CO, enrichment is that these signals cannot be
compared to controls (trees under ambient CO, concentra-
tions but exposed to the same isotopic ratio as trees under
elevated CO,). Elevated CO, might enhance some transfer
processes; hence, the dynamics of C-transfer reported here
might be somewhat faster rather than slower, as compared
to trees growing under a current atmospheric CO, concen-
tration of 395400 ppm. On the other hand, the current
CO, concentration is 40 % higher than when these trees
were seedlings, and the system (both treated and control
trees) may be at or close to CO, saturation, suggesting the
C-transfer rates observed here may be a reasonable approx-
imation of current ‘normal’ tree behavior (Leuzinger and
Bader 2012). Irrespective of the potential deviations this
may incur, our data illustrate the spatial and temporal dis-
tribution pattern of freshly assimilated C in such tall trees,
and how fast new C is replacing old C.

Our data indicate different rates of integration of new
assimilates into the various compartments analyzed. New
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foliage and branchlet xylem were built almost exclusively
by new photoassimilates when grown in the first spring
with FACE. Tree rings took almost 2.5 years until the new
tissue consisted entirely of new assimilates. However, late-
wood of the first season already showed a strong signal a
few weeks after the onset of FACE. In contrast, new fine
roots seem to utilize more of the old, mobile C pools, and
their isotope signal was only half of what we found in the
needles after 28 months (ingrowth core data), indicating a
slower C turnover than in aboveground tissue. The *C iso-
tope signal rapidly appears in respiratory CO,, revealing
clear signals from stems and soil within the first 2 weeks of
canopy CO, enrichment. However, the isotopic signal never
reaches the magnitude of that in fresh assimilates (as found
in needles, branchlets, and tree rings); hence, it reflects the
lasting influence of older stored C sources in these CO,-
releases. In the following, we will discuss in detail the iso-
tope signals observed in the various compartments.

Needles

Sun-exposed needles always showed less negative 3'°C
values than shaded needles, which is related to the sun-
to-shade difference in the stomatal conductance to photo-
synthesis ratio (Kaufmann 1982). In shaded plants or plant
parts, the ratio of the leaf internal to atmospheric CO, con-
centration (c/c,) is greater than in sun-exposed leaves due
to a lower photosynthetic rate and/or higher stomatal con-
ductance (Farquhar et al. 1982). A higher c;/c, leads to a
higher discrimination of the *C isotope (i.e. becomes more
negative), which is the case with decreasing irradiance and
photosynthesis (Livingston et al. 1998).

The initial 8'*C signals in response to FACE in needles
produced prior to CO, enrichment (i.e. in 2008 and 2009)
must reflect the isotopic signature of NSC and other mobile
components of needle tissue (Marshall and Linder 2013). In
P. abies, needles contain ca. 10-27 % of NSC (Hoch et al.
2003; Schédel et al. 2010). This pool was most likely replaced
by new C within a few weeks (Keel et al. 2007), correspond-
ing to the 17-23 % of new C found in our bulk sample of old
(pre-treatment) grown needles by October 2011, compared to
isometer signals. The difference in 3'>C between trees under
elevated and ambient CO, was clearly bigger in old sun-
exposed needles relative to old shaded needles (formed prior
to FACE), which is related to higher photosynthetic rates and
loading with fresh assimilates (Roberntz and Stockfors 1998),
and faster turnover of the non-structural C pools.

In contrast, needles formed during CO, enrichment (i.e.
in 2010 and 2011) showed much more negative §'°C val-
ues, due to the inclusion of new structural C compounds.
Our results indicate that new sun-exposed needles were
almost completely self-sustaining (all the new tissue is
composed of new C), in line with the branch autonomy
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theory (Gordon and Larson 1968). In contrast, shaded nee-
dles depended more on ‘old’ C than sun-exposed needles.

All needle age classes exhibited slight seasonal variations
with less negative 8'°C values in spring compared to sam-
ples analyzed later in the year. We attribute this seasonality
in 8!3C to fluctuations in NSC concentration (Flower-Ellis
1993; Hoch et al. 2003; Schidel et al. 2009), resulting in rel-
ative shifts of tissue compounds that differ in their isotopic
signals. During needle growth and maturation, the concen-
tration in lignin, cutin, waxes, and lipid-related compounds
increases. Lignin and lipids show more negative 5'>C signals
relative to bulk needles and cellulose (Bowling et al. 2008).
Thus, the 3'3C signal of bulk samples should decline even
without CO, enrichment. Indeed, we found ca. 1 %o more
negative 3'°C signals in mature, 1-year-old needles, com-
pared to immature needles, which we attribute to the utili-
zation of fresh (early spring) assimilates such as sugars and
starch (less negative in 8'°C relative to bulk needles) for pri-
mary growth before needles reach C autonomy (Jaggi et al.
2002). A slight age-related decline in photosynthesis (Free-
land 1952; Warren 2006) may contribute to that signal.

Branchlet xylem

By the time FACE was initiated on 30 July 2009, ear-
lywood formation in branchlets and stems was already
completed; therefore, we assume that only latewood and
recently assimilated non-structural C compounds could
be responsible for the '3C drop by 0.7-1.3 %o in fall 2009.
In the following years, 3'3C in branchlets incorporated a
stronger signal, since secondary growth adds new xylem
layers on top of older-year rings. We assume branchlets to
be C autonomous, that is, largely C-supplied by the nee-
dles without utilizing stored C from other parts of the tree
body (Watson and Casper 1984; Sprugel et al. 1991; Spru-
gel 2002). Our results suggest that, even in mature trees,
primary branchlet formation is mediated almost entirely
through new photosynthates produced by new and older
needles, with only marginal usage of stored C during the
very first stages of branchlet formation (Sprugel 2002;
Hoch and Keel 2006).

Tree rings

Tree ring isotope signals indicate a significant but still small
contribution (23 %) of novel C to latewood formation in the
first treatment season (2009). The gradual 3'*C depletion in
tree ring sections of the following years suggests that it takes
at least 2 years for novel C to replace all C reserves that feed
into xylogenesis. We had not accounted for pre-treatment dif-
ferences given that we took wood core samples 8 months after
the onset of FACE; thus, possible contamination of older-year
rings with new assimilates through ray parenchyma cannot
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be excluded, but, similar to Marshall and Linder (2013), we
see no significant influence of novel C on 8'*C in pre-treat-
ment tree rings. Prior to FACE (i.e. from 2005 until 30 July
2009), there was, however, very little variation in 313C signals
between early- and latewood given the continuous supply of
new photoassimilates due to a nearly permanent photosyn-
thetic season of such evergreen conifers (similar to observa-
tions by Jiggi et al. 2002). Accordingly, we found 8'*C of
early- and latewood of the same year strongly (1:1) correlated
in 2005-2011 (R? = 0.773; P < 0.001).

Fine roots

In control trees, the 8'*C isotope signal of —27.5 %o in fine
roots marks the midpoint of the range reported by others
(Bostrom et al. 2007; Richter et al. 2009; Andersen et al.
2010), and is 1.1 %o less negative than in sunlit needles.
This is a general pattern within plants (Hobbie et al. 2002;
Badeck et al. 2005), and reflects, for instance, the known
downstream post-photosynthetic fractionation processes,
resulting in a cumulative enrichment during the assimi-
late transport from needles to roots and/or plus a change
in chemical constituents with less negative 3'°C (e.g.,
dominance of starch and lignin; Hobbie and Werner 2004;
Badeck et al. 2005; Cernusak et al. 2009). The consider-
able delay in the appearance of new '*C-depleted C in the
organic matter of fine roots originating from the added CO,
suggests that photoassimilates are not directly fed into new
root growth. We found no signal in March 2010, although
CO, enrichment started on 30 July 2009. A rather weak
signal compared to other tissues was found at the end of
2011 (2.6-3.0 %o difference between elevated and ambient
CO,). This does not contradict the significance of recent
photosynthetic activity for root growth, but rather suggests
that new assimilates enter a pool of mobile C reserves prior
to structural investment in roots (Hansen and Beck 1994;
Hobbie et al. 2002). This dilution effect of new C by old
C and, therefore, the pool of older photoassimilates can be
substantial, as was already concluded for deciduous tree
species at the same site (Keel et al. 2007).

The strong incorporation of old C pools (from reserves)
in root formation makes it impossible to infer the root age
from the fraction of new versus old C in new roots, except
with the '“C radiocarbon method. In our case, however,
we found that roots could not be older than 20 months
(ingrowth cores), but their mixed tissue isotope signal
would suggest several years of age (while in reality, some
roots may have been only a few weeks old at harvest).

Fungal signals

Ectomycorrhizal basidiocarp formation is believed to be
entirely dependent on the provision of new photoassimilates
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by trees (Hogberg et al. 2001, 2010). In the light of this, the
C isotope signals of ectomycorrhizal basidiocarps found in
the main rooting sphere (<6 m radius) indicate a surpris-
ingly small fraction of only 26-43 % new C provided by our
P. abies trees in 2010 and 2011, respectively, but it matches
the measured >C content in fine roots. This also holds for
fungal species known to be host specific to P. abies (in these
species, 43-50 % of C is new). Since these fungi may serve
several hosts (Brownlee et al. 1983), a signal dilution with C
from non-CO,-enriched trees with overlapping root spheres
is likely because our Picea trees were neighbored by Fagus,
Quercus, and Carpinus trees. This is reflected in the stead-
ily decreasing signal strength with increasing distance to
the CO,-enriched Picea trees. Moreover, we assume that
the only partial labeling of fungi associated with our treated
trees has to do with C-assimilate mixing (new assimilates
mixed with old, stored carbohydrates) in the tree before
export, possibly isotopically enriched by post-photosyn-
thetic fractionation processes within the plant body, fol-
lowed by further '3C enrichment during fungal chitin syn-
thesis (sensu Gleixner et al. 1993). As in earlier assessments
on this site (Steinmann et al. 2004; Keel et al. 2006), we
found a clear distinction between ectomycorrhizal and sap-
robiotic fungi, with the latter carrying no new C label, hence
entirely relying on ‘old’ C.

Respiratory signals

13C signals in CO, released from stems were very similar to
those in soil CO,, both in terms of signal magnitude as well
as temporal variation (R* = 0.46, P < 0.001). The close
correlation of 3'3C in soil CO, and 8'°C in stem efflux
may indicate a simultaneous appearance of CO, respired
from new assimilates in stems and their surrounding soils,
despite the different path lengths of assimilate transport.
CO, diffusion in stem tissues may be slower compared to
soil CO,, caused by stem—internal diffusion barriers (Etzold
et al. 2013). Yet it is remarkable that the CO, released from
metabolic processes appears more or less at the same time,
which strongly indicates that the C supply for these pro-
cesses has a high priority. We assume that the 3'3C contri-
bution of CO, transported by sapflow from the rooting zone
to the stem surface is small (Ubierna et al. 2009b), and that
it would not affect the timing of the signal.

The seasonal trends in isotopic signals differed from year
to year, unlike the tri-phase pattern reported for mature P,
abies by Kuptz et al. (2011b). Since about half of the stem
CO, efflux results from recent photoassimilates, we assume
that the other half is from older storage pools, and that the
contribution of these two pools did not significantly change
over the study period. We cannot explain the observed §'C
depression in soil and stem CO, efflux in the first but not
the second winter, since we can exclude methodological
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problems, and moisture or temperature regimes did not dif-
fer between the two winters. What makes this phenomenon
even more difficult to understand are the results of Maun-
oury et al. (2007), who found 8'3C values of stem efflux to
become more negative with rising temperatures, which is in
contrast to the pattern that we observed in our study where
values became more negative in winter, despite discontinu-
ation of CO, enrichment during the coldest 3 months.

Soil air took 12 days after starting canopy CO, enrichment
to exhibit a small but clear 1*C signal. This confirms a rapid
transfer of new C to the rhizosphere. The time lag between C
assimilation and soil C release exhibited by our trees is larger
than the 5-6 days that were reported for late summer signals
in 22-m-high P. abies (Ekblad et al. 2005). However, assum-
ing a mean transfer velocity of 0.14 m h™! (Jensen et al.
2012), one would expect 11- to 12-day lags for our 37-m-tall
trees, which is consistent with our findings, and what was
found by Steinmann et al. (2004) for broad-leaved trees. Our
data thus support the significance of path length for C transfer
in P. abies (Mencuccini and Holttd 2010). It appears that C
release via soil microbiota (including mycorrhiza) and struc-
tural growth in roots, both strongly depend on C pools older
than 3 years. The rapid signal appearance in soil CO, sug-
gests a strong coupling of sinks and sources, but the low frac-
tion of new C in CO, release (maximum of 34 % 2 years after
FACE onset) highlights the significance of a large, sustained
contribution of old C pools to soil CO, release (Steinmann
et al. 2004; Keel et al. 2006; Kuptz et al. 201 1a).

Soil CO, in the control plots had more negative sB3¢
than roots, a widely observed pattern in C; plants (Klumpp
et al. 2005; Zhu and Cheng 2011), reflecting additional *C
fractionation (—1.2 %o) during root metabolism, root decay,
and microbial activity (Bostrom et al. 2007; Werth and
Kuzyakov 2010; Briiggemann et al. 2011).

Conclusions

In line with our hypothesis, we conclude that new C is rap-
idly (within 12 days) allocated to belowground organs and
metabolized in respiratory processes. Yet, the further away
from the crown (source) the greater the fraction of old C
that contributes to new growth and C release (sink). Our
work alludes to the branch C-autonomy hypothesis, and
warns at expecting a tight isotopic linking between concur-
rent photosynthesis and tree ring formation (Gessler et al.
2009), and root growth (and, presumably, root metabolism)
depending on several years old, stored carbohydrates. A
clear distinction needs to be made between the rapidity of
the new C signal appearance and the quantitative contribu-
tion of new C to sink activity.

Overall, tree growth and metabolic processes in stems
and soils reflect a legacy signal of C pools older than
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3 years. It does not seem that the delay of novel C invest-
ment in stems and belowground sinks such as fine roots
reflects a transport problem. We rather suggest that most
novel C passes through a large non-structural C pool
closely associated with the phloem conduits, rather than
being invested directly, irrespective of whether or not trees
are C saturated. Such a large turnover of non-structural C
pools from phloem to storage and back to phloem must
incur a substantial metabolic cost, the tradeoff of which
may be a highly buffered C provision system in the case
of C limitation under stress. Our data show that the nee-
dle C pool is turned over within a few late-season weeks.
It has been shown for leaves in the top of a tropical for-
est in Panama that it takes less than 6 days to completely
replace this mobile C pool (Wiirth et al. 1998). Our analy-
sis underlines the central role of intermediary mobile C
pools in tree growth and metabolism. This strategy may
be an evolutionary legacy from a predominantly low CO,
world (only 180 ppm CO, at the end of the last glaciation),
and may have lost its functional significance under current
and future high CO, concentrations. We may speculate that
the extra C assimilated by trees exposed to elevated CO,
may cause an enhanced turnover (in terms of mass of C
compounds) along the phloem path and associated paren-
chyma in both xylem and phloem. Distributed across the
entire tree, the signal of the associated metabolism (respira-
tion) may be too small to be detected per unit of tissue, but
it may be large enough to explain a substantial part of the
‘missing carbon’ in trees exposed to elevated CO, that do
not exhibit a growth rate, which is matching their photo-
synthetic stimulation.
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Abstract With their dominant share in global plant
biomass carbon (C), forests and their responses to
atmospheric CO, enrichment are key to the global C
balance. In this free air CO, enrichment (FACE)
study, we assessed respiratory losses from stems and
soil, and fine root growth of ca. 110-year-old Picea
abies growing in a near-natural forest in NW Switzer-
land. We anticipated a stimulation of all three
variables in response to a ca. 150 ppm higher CO,
concentration in the tree canopies. During the first
2.5 years of the experiment, stem CO, efflux (Ryem)
remained unresponsive to CO, enrichment. This
indicates that there is no enhancement of metabolic
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activity in phloem and xylem of these mature trees.
Soil CO, efflux (R,,) beneath trees experiencing
elevated CO, (eCO,) showed a slight but significant
reduction compared to R, under control trees. High
CO, trees did not increase their fine root biomass in in-
growth cores after 20 months under FACE relative to
the fine root fractions collected in undisturbed soil.
Tree growth (stem radial increment, not shown here)
remained completely unchanged although -earlier
experiments showed largest responses (if any) during
the early years after a step increase in atmospheric
CO, concentration. The data presented here suggest C
saturation of the study trees at the current close to
400 ppm CO, ambient concentrations. Together with
the high local atmospheric N-deposition rates (ca.
20 kg N ha~! a™'), our findings imply that factors
other that C and N supply appear to constrain growth
and metabolism of these mature P. abies trees under

CCOz.

Keywords Conifers - FACE - Forest - Growth - Soil -
Stem - Carbon

Introduction

The rising levels of atmospheric CO, are potentially
affecting forest biomes not only indirectly via the
climatic change, but also directly via potentially
enhanced CO; uptake by tree canopies. Higher leaf-
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level CO, uptake of forest trees in response to elevated
CO, (eCO,) was repeatedly reported (Bader et al.
2010; Darbah et al. 2010; Ellsworth et al. 2012).
However, this additional C uptake mostly resulted in a
less-than-anticipated, or no long-term increase in
growth or net primary productivity in maturing trees
(Korner 2006; Norby and Zak 2011; Leuzinger and
Hittenschwiler 2013; Sigurdsson et al. 2013). The
direct effect of CO, via photosynthesis might be
masked by a set of counteracting biotic and abiotic
effects on tree growth (Koérner 2000; Leuzinger and
Hittenschwiler 2013). Soil nutrient availability, stand
development, and species identity are influencing the
potential CO, fertilization effect (Héttenschwiler et al.
1997; De Graaff et al. 2006; Norby et al. 2010; Bader
etal. 2013). The imbalance between increased foliar C
uptake without corresponding aboveground growth
response to eCO, might be compensated by a
stimulation of fine root growth, or by increased
respiratory release of CO, to the atmosphere.
Although total fine root mass (<2 % of total tree
biomass; Korner 1994) contributes little to ecosystem
biomass C-stores (<1 %, including in soil organic
matter), the turnover of fine roots provides a sig-
nificant source for soil humus formation. The rapid
turnover of fine roots may, in fact, contribute between
20 and 50 % to annual biomass production (Jackson
et al. 2009), and thus, plays a significant role in the
global C cycle (Matamala et al. 2003). Some studies
on young, expanding systems arrived at ca. 40 %
increase in fine root biomass at eCQO, (Curtis and
Wang 1998). These results are most likely due to a
faster exploration of ‘empty’ soil when these young
trees grew toward canopy closure (unlikely a steady-
state signal for mature forests). The Oak Ridge free air
CO, enrichment (FACE) study in a plantation of
Liquidambar styraciflua (10-year-old when the study
was initiated in 1997) initially reported several years
of increased fine root production (Norby et al. 2004),
which led to increased C fluxes to the soil (Jastrow
et al. 2005; Iversen et al. 2012). However, this CO,-
induced belowground growth stimulation ceased
completely towards the end of the 11-year enrichment
period, which was explained by the higher nitrogen
(N) demand for greater C uptake (Norby et al. 2010;
Garten et al. 2011). Intriguingly, a study with Pinus
taeda (Duke FACE; initiated in 1996 with then
13-year-old trees) did not reveal increased soil C
accumulation (Phillips et al. 2012) despite accelerated
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belowground C fluxes and higher fine root production
belowground (Pritchard et al. 2008; Jackson et al.
2009; Drake et al. 2011). Phillips et al. (2012)
highlighted that accelerated microbial activity under
eCO, not only enhances the mineralization of soil
organic matter pools (soil priming; Jenkinson et al.
1985) but also offsets the increased input of root-
derived C under eCO, (rhizodepositions, exudation,
and allocation to mycorrhizal fungi) by enhancing the
decomposition of these compounds. Similar results
were recently obtained in a CO,-enriched scrub-oak
community (Hungate et al. 2013). Such priming
processes can release additional N, which becomes
readily available for tree metabolism (increase N-cy-
cling), and might thus slow the natural, progressive N
limitation (PNL) as forests mature. Additionally,
deeper soil exploration by roots under eCO, might
further increase the availability of N (at least transi-
torily; Pritchard et al. 2008; Iversen et al. 2011).
Stimulated microbial activity also accelerated the
returns of CO, from the soil to the atmosphere in this
pine forest (Jackson et al. 2009). CO,-driven priming
effects such as described by Phillips et al. (2012) are in
accordance with results of the 8-year FACE study on
mature deciduous trees growing under near-natural,
but N-saturated conditions at our study site (Bader
et al. 2013). Here, soil N availability (Schleppi et al.
2012), and microbial biomass increased significantly
under eCO, (Bader and K&rner 2010). However, in
contrast to the P. taeda results at Duke FACE, no
aboveground growth (Bader et al. 2013), no stimula-
tion of soil CO, efflux (Bader and Korner 2010), and
reduced fine root biomass (Bader et al. 2009) were
observed in these deciduous trees despite strong
photosynthetic stimulation by eCO, (Bader et al.
2010).

Higher respiratory CO, release from soils (Drake
et al. 2011) would be a consequence of increased
belowground C supply under eCO, (growth and
turnover of roots, rhizodeposition, metabolic activity
of roots and mycorrhizal partners), assuming that soil
microbes are limited by labile C (Fierer et al. 2009).
This might reverse the effect of the often-anticipated
eCO, ‘“fertilization’ on forest ecosystems (Raich and
Schlesinger 1992). Higher soil CO, efflux (Ry.;;) under
trees exposed to eCO, has been reported frequently
(Spinnler et al. 2002; Bernhardt et al. 2006; Comstedt
et al. 2006; Pregitzer et al. 2008; Jackson et al. 2009).
However, all these test systems contained young trees
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with expanding root spheres. Not surprisingly, these
initial effects declined with time, and were not
observed under mature trees in mixed forest stands
(Bader and Korner 2010), or in monospecific planta-
tions (King et al. 2004).

Stem CO, efflux (R, can contribute 13-42 % to
the total aboveground C budget of trees (Waring and
Schlesinger 1985; Hamilton et al. 2002). Ry, respons-
es to eCO, have mostly been reported in juvenile trees,
and they vary considerably (i.e. reductions and increas-
es; Carey et al. 1996; Janous et al. 2000; Edwards et al.
2002; Hamilton et al. 2002; Zha et al. 2005; Acosta
et al. 2010). So far, we do not see any aboveground
growth stimulation following CO, enrichment in the
tall trees examined here (T. Klein and C. Korner,
unpublished), despite indications of increased leaf-level
C uptake under eCO, (Leuzinger and Bader 2012;
Bader et al., in prep.; T. Klein, pers. comm.). Therefore,
any CO,-driven stimulation of Ry., would reflect
higher phloem activity or maintenance respiration, or a
signal resulting from enhanced CO, release in the
rhizosphere, from where the respiratory C may find its
way into R, via the xylem sap.

We used the Swiss Canopy Crane (SCC) web-
FACE facility (Pepin and Koérner 2002) to expose the
canopies of 37-m tall, and ca. 110-year-old P. abies to
increased levels of atmospheric CO,. The effective-
ness of CO, enrichment could be confirmed by C
isotope signals (Mildner et al. 2014). Here we report
the initial responses (i.e. the first 2.5 years of FACE)
of P. abies to atmospheric CO, enrichment, with a
focus on stem and soil CO, release, and fine root
production. We hypothesized (i) a stimulation in fine
root production, (ii) enhanced CO, efflux from soils,
and (iii) greater stem CO, efflux under eCO, com-
pared to ambient conditions.

Materials and methods
Study site and experimental setup

The experiment was established in a highly diverse,
near-natural forest 12 km south-west of Basel, Switzer-
land (47°33'N, 7°36'E, 500 m a.s.l), dominated by ca.
100-120-year-old deciduous and coniferous trees
(dominant species are i.e. Fagus sylvatica L., Quercus
petraea (Matt.) Liebl., Carpinus betulus L., Picea abies
(L.) Karst., Larix decidua Mill., Pinus sylvestris L.,
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Abies alba Mill,; Fig. S4). The site has a mild temperate
climate, with seasonal mean temperatures (May—
September) of 14.7 °C, and ca. 800 mm a~" precipita-
tion (Bader and Koérner 2010). In 2009, five 37 m tall,
110-year-old Norway spruce (P. abies) individuals
were equipped with an improved web-FACE system
(Pepin and Koérner 2002; Kérner et al. 2005; Mildner
et al. 2014) using a 45 m tall canopy crane. CO, was
released into the tree canopies through non-invasive
laser-punched tubes (4 mm diameter) woven around
the tree branches, allowing for computer-controlled
adjustment of the CO, release with regard to wind
direction by employing sectional control of CO,. The
web-FACE technique applied here provided the best
possible means to enrich mature P. abies trees with
additional CO, given the tree height, and the com-
plexity of the conditions on-site. Those limitations of
the web-FACE technique have been discussed in more
detail elsewhere (see Pepin and Korner 2002). Our
system showed good spatio-temporal performance
(Leuzinger, pers. comm.). Median CO, concentrations
were between 500 and 560 ppm in the canopies (60
sampling points per IRGA reading), with means of 541,
532, and 541 ppm for 2009, 2010, and 2011, respec-
tively (Mildner et al. 2014). We discontinued the
FACE treatment if either temperatures were below
4 °C, PPFD was <100 pmol, or wind was above
10 m s™*. So, FACE was largely off during the coldest
period from early November until early March
(4 months). CO, enrichment started on 30 July 2009.
Only the tree canopy between 15 and 37 m above-
ground was CQOs-enriched, with no downward flow,
preventing uncontrolled ‘CO, pollution’ of the under-
story vegetation and soil surface. Since the CO,
employed for canopy enrichment carries a constant
13C isotope signal (8"°C —30 %o), it was possible to
trace the carbon flows in trees and soils. Together with
IRGA-based monitoring of CO, concentrations in the
canopy air, this isotopic C tracing allowed us to assess
the effectiveness of the web-FACE system, and to
show that there was no contamination of the control
trees by extra CO, (Mildner et al. 2014). The CO,-
treated trees (eCO,-trees) formed a group, facilitating
CO; enrichment and clear association of signals with
investigated trees (Fig. S4). Five similarly tall trees
under ambient CO, (aCQO,), away from the treated
trees, served as controls (aCO,-trees). All but one of
these aCO,-trees were outside the perimeter of the
crane’s jib.
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Climate variables

Hourly temperatures at different heights (10 cm
belowground, T,.;; at the soil surface in the litter
layer, Tiwer; 2 m aboveground, T,y) were recorded
next to an eCO,-tree using a temperature data logger
(HOBO TidbiT v2; Onset Computer Corp., Bourne,
MA, USA). Technical failure caused incomplete
datasets that could not be complemented by statistical
interpolation (see Fig. 1). Starting in August 2008 (a
year before FACE), soil moisture (vol. %) at 0—10 cm
depth was recorded every 6 h around the investigated
trees (11 and 18 sensors arranged around the eCO,-
and aCO,-trees, respectively) using soil moisture
probes, connected to a self-contained data logger
(10HS and EMS0, Decagon Devices Ltd., Pullman,
Washington, DC, USA). Precipitation was recorded
every 2 min, provided by a weather station situated
2 km from the SCC site (Fliih, Solothurn, Switzer-
land). Precipitation was summed on a daily basis.

Fine root sampling

On 24 March 2010, 8 months after the onset of FACE,
or 4 months of effective canopy CO, enrichment, we
took 9 soil cores (12 cm in depth x 3.6 cm diameter)
per tree in the main rooting sphere (2 m around the tree
trunks) to ensure that we captured the fine roots of P.
abies. The 9 soil cores were organized into three groups
of three soil cores (triplets). The triplets were placed at
an angle of 120° around each trunk, with 10 cm distance
between each soil core in a triplet. The fine root biomass
found in the soil cores was averaged per tree to account
for microscale heterogeneity. We used these coring
holes to install equally sized in-growth cores (cylinders
made of a2 mm stiff mesh), filled with sieved, root-free
soil collected on-site. The soilin the in-growth cores was
gently compacted to match the in situ bulk soil density
(mass to volume ratio). The in-growth cores were
extracted 20 months later (6 December 201 1) by means
of aknife. The soil and in-growth cores were kept frozen

28 [ _FACE |

I FACE [T [ FACE

24 | — Soil surface temperature

Temperature (°C)

~~~~~ Ambient soil moisture
— Elevated soil moisture

Soil moisture (vol. %)

NA
Z 72228 .I.l J. QJI,
I
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Precipitation (mm)
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Fig. 1 Seasonal variation of daily soil surface T under litter
(solid black line in the upper four panels), precipitation (vertical
bars), and soil moisture in the top 10 cm (lower four panels)
measured either at the swiss canopy crane (SCC) site (T and soil
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moisture), or taken from a nearby weather station 2 km away
from the SCC site (precipitation) in the years 2008 to 2011 (left
to right). Soil moisture was measured either under control Picea
abies trees (dashed line), or under CO, treated trees (solid line)
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at —20 °C until further analysis. The cores were
defrosted in cold water for 48 h at 4 °C before
processing to slow microbial degradation of fine roots.
Fine roots were extracted using a sieve (1 mm mesh)
and tweezers. P. abies fine roots were selected on the
basis of a P. abies reference root collection. The distinct
morphology of P. abies roots warranted the separation
of P. abies roots from roots of other species (as later
confirmed by 8'°C signals; Mildner et al. 2014). We did
not quantify the fraction of non-P. abies fine roots at the
time of harvest. However, we revisited the fine root
fraction matter and re-sampled the same location, and
weighed the non-P. abies fine root fraction in autumn
2014. We found that half of the fine roots were from P.
abies, and the other half belonged to the surrounding
trees of this semi-natural mixed forest. Fine roots were
classified into three diameter classes (<0.5, 0.5-1,
1-2 mm), dried at 80 °C for 48 h, and weighed for
biomass determination. No differentiation of still intact
dead and live fine roots was made.

Soil respiration

We measured CO, release from the forest floor,
hereafter referred to as soil respiration (Ryyy; pmol
cO, m~— s_l), with two identical custom-made, closed,
non-steady-state, non-through-flow chambers. The
chambers were equipped with open path, non-dispersive
infrared gas analysers, and relative humidity/T sensors
(GMP343 carbon dioxide probe, HMP75 rH/T probe;
Vaisala, Vantaa, Finland; detailed description of the
system in Bader and Korner 2010). Polypropylene
collars (€ 20, 5-7 cm height), inserted ca. 2-3 cm into
the soil, served as a socket and seal for the chambers. We
installed three collars per tree in 2 m distance to the stem
base at a 120° angle around each tree, serving as
replicates for each tree. These collars were left in place
throughout the course of the experiment. Photosyn-
thetically active tissue inside the collars (very minor
understorey herbs) was removed prior to R,.; measure-
ments, but litter was left in place to ensure natural
conditions. Monthly measurements started in July 2008,
1 year before FACE initiation, and were intensified after
the onset of FACE on 30 July 2009. During winter,
measurements were suspended when snow covered the
ground. Chamber recordings were performed at max-
imum daytime Ry, rates (i.e. from 1 to 6 pm),
alternating between eCO,- and aCO,-trees to reduce
any temporal bias. R, rates were calculated by
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applying a linear regression to the increase of the CO,
concentration inside the chamber headspace over 4 min
(60 recordings per 5 min, the first minute of each
measurement were discarded to account for potential
chamber placement effects). Soil temperature at 10 cm
soil depth (T;) was recorded simultaneously adjacent
to the collars using a KM20REF thermometer (Comark,
Instruments, Norwich, UK).

Stem respiration

Stem CO, release, hereafter referred to as stem
respiration (Rgen,; tmol CO, m~—> s_l), was measured
using the LI-COR 6400-09 Soil CO, Flux Chamber
connected to a LI-6400XT Portable Photosynthesis
System (LI-COR, Lincoln, Nebraska, USA). The soil
chamber operated in a closed system mode, and CO,
drawdown inside the headspace allowed us to measure
multiple cycles. We recorded 2-3 cycles per measure-
ment and calculated the average. Four circular poly-
ethylene collars (@ 10, 4-5 cm high) were attached to
the stem surface of each tree at ca. 1.3 m above ground,
facing the cardinal directions (N, E, S, W). We used
hot-melt adhesive and sealent (Terostat-IX, Teroson,
Ludwigsburg, Germany) to ensure airtight collar con-
nection to the stem surface. These collars served as
chamber sockets. We did not install T sensors inside the
stem sapwood. Thus, air temperature measured directly
on the bark (Tya1) served as temperature reference
using the LI-COR 6000-09TC Soil Probe Thermocou-
ple (LI-COR, Lincoln, Nebraska, USA). We started
measurements prior to the start of FACE (pre-treat-
ment). We regarded R, signals 7 days after the onset
of FACE as pre-treatment signals since the lag between
leaf-level C assimilation and signal detection in Ry, 18
ca. 12 days (Mildner et al. 2014). Measurements were
taken in 1-3 month intervals in 2009 and 2010, with
two final measurements early in 2011.

Data analysis

The T dependency of respiratory fluxes (soil and stem)
was modeled using a nonlinear least squares regres-
sion following Lloyd and Taylor (1994):
R = Ry eE"(ﬁ*m), (1)
where R is the measured respiration rate (either R,; or
Ryem) and Ryg the respiration rate at 10 °C (T for
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soil respiration, and Ty, for stem respiration), Eq is
the activation energy. The Lloyd and Taylor (LT)
approach outperforms conventional R versus T corre-
lation models (Arrhenius, van’t Hoff). The T sensi-
tivity of Ry O Ryem (Q10) was modeled following:

G
QIO - (R_1> )

where R, and R, are the respiration rates at temperatures
of 10 °C (T7) and 20 °C (73) (at 10 cm soil depth or at
the bark surface), respectively, derived from the
modeled LT regression. Pre-treatment differences in
Ry between trees later exposed to eCO, and aCO,
were accounted for by assigning a temperature depen-
dent correction factor to Ry of eCOs-trees in the
FACE period. This correction factor was calculated
from the difference of the modeled LT curves (Eq. 1)
between eCO, and aCO, during the pre-treatment years
(2008 and 2009). However, since the pre-treatment data
for Ry.m did not allow for modeling a R versus T
relationship (insufficient T range), Ryem of eCO,-trees
in the FACE period was standardized by the mean pre-
treatment aCQO,/eCO, difference, thus assuming that
the T response of Ry did not change. These corrected
respiratory fluxes were used to model the LT regression
of eCO,-trees under FACE (Eq. 1), and further pa-
rameters (Qg, Rjp; Eq. 2). Confidence limits for the
modeled Q;y and R;, values were obtained from
bootstrapped 95 % confidence intervals. Annual release
of C by stems, or soil, respectively, was calculated
based upon the modeled LT regression (Eq. 1) by
summing the estimated hourly R rates from continuous-
ly logged temperatures for all investigated years. We
used either hourly records of T,y to calculate the annual
C release by stems, or continuously available groundlit-
ter (soil surface) temperature, correlating well with Tg;
to calculate annual C release by the soil (missing values
in the second half of 2011 were reconstructed from Ty;;
see Fig. 1). We know that the T response of Ry, does
not differ between day and night based on diurnal
respiration measurements (Bader et al. in prep.). Data
analysis was performed using the software R, version
2.15.0 (R Development Core Team 2011).

2)

Statistical analysis

Linear mixed effects models fitted by restricted
maximum likelihood were applied in all statistical
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analyses using R, version 2.15.0 (R Development Core
Team 2011; R package nlme). The replicated unit in
this project was a single ‘tree’ (five control trees under
aCO,, and five trees subjected to eCQO,). Therefore, all
measurements per tree were averaged prior to analysis.
Since both groups of trees were studied before FACE
and after the onset of FACE, we defined a ‘pre-
treatment’ factor to account for any change that might
have occurred between the pre-treatment and FACE
period. We assessed the significance of the main
effects using a backwards selection procedure that
progressively removes all non-significant terms until
the optimal model is attained. This means that all
terms not contained in the final model were statisti-
cally not significant. Model selection was validated by
likelihood ratio tests and the akaike information
criterion. The random factor’tree’ was included in all
models. Where necessary, homogeneity violations
were modeled using adequate variance function
structures (power, constant power, exponential and
constant variance structures, or a combination there-
of), and independence violations were corrected by
implementing temporal autocorrelation structures.
Model assumptions were examined using diagnostic
plots (i.e. residual and quantile—quantile plots).

Results
Climatic conditions

Annual T, averaged 8.2 °C in 2010 (min. —8.6, and
max. 24.4 °C), and at 10.1 °Cin 2011 (min. —5.7, and
max. 25.2 °C). The mean Tj;yer was 9.1 °C (min. —1.0,
and max. 23.1 °C), and 8.1 °C (min. —1.3, and max.
19.4 °C) for 2009 and 2010, respectively. We fitted
linear regression models with Ty, as response
variable, and either T, or Ty as predictors. The
amount of explained variation seen in Ty, increased
when T;; was used instead of T,;,. This is reflected in
the lower R” between Tiitter and Ty, (R2 = 0.841)
compared to Ty and Tyop (R2 = 0.967). The Ty
record had some gaps so that Ty, could be used for
Tsoir- Given the strong correlation between Tgoy and
Thitter, Wwe only show Tiige, (Fig. 1). Precipitation was
normal during the study period (no exceptionally dry
period; for daily precipitation records see Fig. 1). Soil
moisture was always high and tended to be slightly
lower (—1.1 vol. %) under the CO,-treated spruce
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trees compared to control trees before FACE (Fig. 1).
This pattern did not change over the course of this
experiment (Leuzinger and Bader 2012).

Tree fine root biomass

Irrespective of the later ongoing treatment (eCO, or
aC0O,), there was significantly more biomass in the finest
root fraction (78 + 8 g m™? in <0.5 mm) compared to
the biomass of 0.5-2 mm fine roots (1§ £3 g m_z)
collected in late March 2010 after only three months of
late season COs-enrichment (‘Diameter’ effect:
P < 0.001; Table 2; Fig. 2). These amounts of fine
roots, collected from undisturbed soil, are supposed to
depict the initial steady-state situation for this forest.
Total fine root biomass (all diameter classes combined)
of eCO,-trees and aCO,-trees did not differ (115 vs.
112 g m~2; no ‘site’ effect; P = 0.211; Table 2).
However, we determined 27 % lower fine root biomass
under eCO, compared to aCO, in the <0.5 mm diameter
class (99 £ 17 vs. 135+ 10 ¢g m_z), whereas there
was 29-61 % higher biomass under eCO, relative to
aCO,inthe 0.5-1 mm (51 = 8vs.39 £ 4 ¢ m_z), and
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Fig. 2 Fine root biomass under Picea abies trees. White bars
indicate data from trees exposed to ambient CO,, and grey bars
specify initial root data for trees exposed to elevated CO, (in situ
content of boreholes later used for in-growth cores), black bars
show the fine roots accumulated in in-growth cores after
20 months (ambient CO,: n = 5 trees, elevated CO,: n =5
trees, mean £ SE). Left panel, fine roots in soil cores sampled at
the beginning of the experiment. Right panel, fine roots in in-
growth cores after 20 months of FACE
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1-2 mm (45 £ 9 vs. 28 & 5 g m™?) categories at the
start of the experiment (significant ‘root thickness X
site’ interaction at P = 0.001; Table 2; Fig. 2).

Generally, there was a high proportionality between
in-growth fine root mass and initial mass under in situ
conditions (soil cores). The <0.5 mm diameter category
had far more fine root biomass than the 0.5-2 mm classes
(117 £ 18 vs. 41 £5¢ m_z; P < 0.001; Table 2;
Fig. 2). Overall, fine roots (all diameter categories com-
bined) expanding into root-free soil exclusively during
FACE (in-growth cores) produced similar biomass
under eCO, and aCO, (202 vs. 195 g m 2 under eCO,
relative to aCQ,; P = 0.575; Table 2). However,
similar to the soil cores, the in-growth cores showed
more fine root biomass under eCO, relative to aCQO, in
the 0.5-1 and 1-2 mm diameter fractions (0.5—1 mm:
23+8 vs. 21+2gm™% 12mm: 19+5 vs.
8 + 2 g m % Fig. 2). Yet, in the <0.5 mm root fraction
we found 18 % lower fine root biomass in eCO,-trees
relative to aCO,-trees (70 &= 19 vs. 86 £ 13 ¢ m=>
Fig. 2), which was again similar to the initial pattern seen
in undisturbed soil cores (‘Diameter x CO, effect:
P = 0.036; Table 2). Irrespective of the CO, treatment
and diameter class, fine root dry mass in in-growth cores
(227 g m™?) arrived at only 57 % of the fine root mass
previously found in soil cores (397 g m™>; Fig. 2). This
finding suggests that the soil space in in-growth cores was
not fully explored after 20 months under FACE.

Soil respiration

Pre-treatment measurements (all records collected dur-
ing the 12 months before the start of FACE on 30 July
2009) revealed 0.6 = 0.1 pmol CO, m™2 s higher
Rsoi tates under later eCOs-trees compared to aCOs-
trees (3.5 4 0.2 vs. 2.9 4+ 0.2 pmol CO, m™2 s~ " in
later eCOs-trees vs. aCQOs-trees; Fig. S1). A trend
towards slightly lower rates of R,; under eCO, relative
to aCO, was observed when standardizing R,; of eCO,-
trees during FACE by the T-dependent difference during
the pre-treatment years (reduction of 0.2 £ 0.1 pmol
CO, m ™2 s™'in2010,and 0.3 + 0.1 pmol CO, m™> s~*
in 2011; mean + SE;Fig. 3). This corresponds to 90 + 4
and 86 = 3 % of Ry under aCO, in 2010 and 2011,
respectively. The annual mean of Ry of aCOs-trees
was 24 £+ 0.1 (2009), 2.1 £0.1 (2010), and
2.2 4 0.1 pmol CO, m™2 s~ (2011), whereas Ry of
eCO,-trees averaged at 2.3 £ 0.1 (2009), 1.9 + 0.1
(2010), and 2.0 + 0.1 pmol CO, m™2s~! (2011).
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Fig. 3 Soil respiration (Ry.;) and soil temperature at 10 cm
depth of mature Picea abies exposed to ambient, or elevated
atmospheric CO, concentrations in 2008, 2009, 2010, and 2011
(ambient CO,: n =5 trees; elevated CO,. n =15 trees,
mean + SE). Ry of trees exposed to elevated CO, was

Hence, the significant main ‘CO,’ effect (P = 0.025;
Table 2), and the ‘CO, x pre-treatment’ interaction
(P < 0.001) indicate that the pattern observed before the
initiation of FACE differed significantly from the
pattern observed after the onset of FACE, with
significantly lower R.; under eCO,-trees relative to
aCO,-trees. Also the cumulative annual C release was
lower under eCO,-trees (Fig. 5; Table 1). During the
pre-treatment period, designated eCO,-trees showed
19-23 % higher annual R, but, after correcting for the
pre-treatment differences, this signal reversed, resulting
in 811 % lower levels during the FACE periods in
2010-2011 after correcting for the pre-treatment differ-
ences (Fig. S3; Fig. 5; Table 1). Ry revealed a distinct
seasonality that was determined by the seasonal course
of Tyi1- Tson explained 38-88 % of the variation in Ryuy
(P < 0.001; Fig. 3; Tables 1, 2). Maximum R,.; was
measured in July 2009 just before the onset of FACE
(eCO,: 42 £ 0; and aCO,: 42 4+ 0.2 pmol CO,
m2 s ! at a Ty of c. 16 °C). Soil moisture influenced
Ry only in interaction with Ty (P = 0.036). The
statistically ~ insignificant  two-way interactions
(CO, x Tsop P =0.114; CO, x soil moisture P =
0.287; Table 2) indicate that the observed CO, enrich-
ment effect was independent of these parameters.

Stem respiration
Instantaneous mid-summer rates of Rgem Wwere

45+ 0.2 and 3.5 + 0.3 pmol CO, m™> s~ in later
eCO,-trees and in aCO,-trees, respectively, before the
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corrected for the pre-treatment difference observed between
control and treated trees (see materials and methods). Soil
temperature under elevated and ambient CO, did not differ
(n.s.). Therefore, the mean of all trees is plotted (n = 10). The
grey-shaded areas on top of the panels denote the FACE periods

FACE treatment became effective (Fig. S2). Thus,
Rgem 1n designated eCOs-trees was 1.0 pmol CO,
m™2 57! higher relative to aCO,-trees during this
period of peak Ry., (a 29 % higher signal; Fig. S2).
Since Tya was similar among the treatments, the
different rates of Ry, observed before FACE ini-
tiation reflects tree-specific differences (Fig. S2; Fig.
S3). Accounting for this pre-treatment difference,
Rem of €CO5-trees was slightly but not significantly
(0.1 &+ 0.1 pmol CO, m™? s~ ") lower than in aCO,-
trees across all years under FACE (mean £ SE of
Rgem 1n eCOs-trees and aCO,-trees, respectively:
1.8 + 04and 1.9 + 0.4 pmol CO, m™? s™'; Table 2;
Fig. 4). The mean Qjy for 2010 was 1.9 for both
treated and control trees (95 % CI: 1.5-2.3 for eCO,-
trees, and 1.6-2.3 for aCO,-trees; Fig. 5; Fig. S3;
Table 1). Q;y data for 2009 and 2011 suffered from
insufficient sample size (large 95 % CI; Table 1).
Accounting for the ca. 29 % higher peak season pre-
treatment signal under eCO, compared to aCO, (Fig.
S2), the cumulative C release from stems over the year
2009 was similar (4 % higher) under eCO, compared
to aCO, (n.s.). During FACE, eCO,-trees respired less
than aCO»-trees (—7 % in 2010, and —14 % in 2011,
Table 1). Irrespective of the CO, treatment, Rgepn,
correlated with Ty, (P < 0.001), accounting for
60-81 % of the seasonal variation in Ry, (Table 1).
Accordingly, Ry, peaked in late summer and coin-
cided with highest Tya (€CO5: 4.0 = 0.6 pmol CO,
m~2at 29.2 °C, and aCO,: 4.4 + 0.5 pmol CO, m™>
at 28.9 °C in July 2010; mean £ SE).
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Table 1 Nonlinear regression estimates (Lloyd and Taylor
1994) of annual CO, efflux rates at 10 °C (R;y), temperature
sensitivity (Q;0) with bootstraped 95 % confidence intervals

(CI), and annual cumulative C fluxes from stems and soil of
Picea abies under elevated or ambient CO»

CO, Period Treatment R0 95 % CI Qo 95 % CI Explained Annual C release Change
efflux (CO,) of Ry of Q1o variation (%)  (gm “a ') (%)°
Stem PF 2009° C 1.6 0.8-3.1 2.0 1.2-3.7 35 596 n.a.
PF 2009° E n.a. n.a. n.a. n.a. n.a. n.a.
F 2009 C 0.7 0.6-0.9 2.7 1.84.3 80 318 4
F 2009 E 0.8 0.5-0.9 2.7 1.7-6.8 63 329
F 2010 C 1.3 1.1-1.7 1.9 1.6-2.3 68 450 -7
F 2010 E 1.3 1.0-1.6 1.9 1.5-2.3 60 418
F 2011 C 0.9 0.1-1.6 2.5 1.5-30.0 74 460 —14
F 2011 E 0.9 0.2-1.2 24 1.7-10.1 81 396
Soil PF 2008" C 2.5 2228 2.0 1.6-2.6 58 887 19
PF 2008" E 2.9 2.6-3.3 1.7 1.2-2.2 38 1059
PF 2009° C 24 2.2-2.7 22 1.7-2.8 52 906 23
PF 2009° E 3.0 29-33 2.0 1.7-2.4 62 1117
F 2009 C 24 2.2-2.6 2.0 1.7-24 66 909 4
F 2009 E 2.3 2.1-2.5 24 2.0-2.9 73 948
F 2010 C 2.2 2.0-24 2.5 2.2-3.0 84 784 -8
F 2010 E 2 1.8-2.1 3.3 2.8-3.8 88 723
F 2011 C 2.1 1.9-2.3 2.5 2.1-3.0 80 845 —11
F 2011 E 1.8 1.6-2.0 2.8 2.3-35 77 750

FACE Free air CO, enrichment, PF pre-FACE, F FACE, C control trees, E CO,-treated trees

? based on temperature records in the litter layer (soil CO, efflux), or 2 m above ground (stem CO, efflux)

® Pre-FACE: uncorrected values

© Percentage increase in the annual carbon release from trees subjected to elevated CO, versus control trees

Discussion

This project aimed at identifying respiratory and root
growth responses in tall P. abies trees to elevated
atmospheric CO, concentration. Stable carbon isotope
signals allowed us to trace the fate of new carbon from
the tree tops to the soil, and these data confirmed the
effectiveness of our CO, treatment (Mildneret al. 2014).
We expected that these 110-year-old spruce trees have
reached a steady-state annual canopy and fine root
renewal. A sudden exposure to a 150 ppm higher CO,
concentration may thus cause strong initial, but declin-
ing long-term responses (Leuzinger et al. 2011; Norby
and Zak 2011). In fact, we did not observe any
significant downward adjustment of leaf-level photo-
synthesis at eCO, in current and previous year needles
shortly after the onset of FACE in 2009 (n.s.; Fig. S5).In
the fifth year of FACE, rates of photosynthesis remained
enhanced at eCO,, and the photosynthetic enhancement
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ratio was similarin control and CO,-treated trees (Klein,
pers. comm.). This indicates that there is no photosyn-
thetic acclimation to higher levels of CO,. Also,
stomatal conductance remained unchanged (Leuzinger
and Bader 2012). These results suggest that more C
entered the trees under eCO,. However, we found no
stimulation of fine root accumulation, a reduced CO,
efflux from soils, and unchanged CO, efflux from stems.
In the following we will discuss these findings in the
light of the results of other CO, enrichment experiments.

Fine root biomass

The in-growth core fine root samples reached slightly
more than half the initial steady-state biomass, which
suggests that 20 months are not enough to arrive at a
new steady-state. Therefore, roots in in-growth cores
were still in an expanding stage. Fine root growth
showed no stimulation by eCO, until December 2011

@ Springer
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Table 2 Linear mixed Factor Df F value P
effects model results for
P 'icea abies ’ﬁne root Fine root biomass in soil cores (2010)
biomass (soil cores Diameter 2,16 86.59 <0.001%#%
integrating until 2010; and '
in-growth cores March 2010 Site 1.8 1.85 0.211
to December 2011), and Diameter x site 2,16 14.27 0.001%*
CQZ efflux fr01'n stems and Fine root biomass in in-growth cores (2010-2011)
soil under ambient and .
Diameter 2,16 31.13 <0.0071%**
elevated CO,
CO, 1,8 0.34 0.575
Diameter x CO» 2,16 4.14 0.036*
Stem CO, efflux 2009-2011
Bark temperature 1,106 24.99 <0.0071%%*
Pre-treatment 1,106 12.70 0.001%*
Soil CO, efflux 2008-2011
CO, 1,8 7.55 0.025
Pre-treatment 1,308 251.06 < 0.001%%*
Soil temperature 1,308 1655.21 <0.0071%**
Soil moisture 1,308 1.29 0.257
CO, x pre-treatment 1,308 13.44 <0.001%**
CO, x soil temperature 1,308 2.51 0.114
Pre-treatment x soil temperature 1,308 0.78 0.378
CO, x soil moisture 1,308 1.14 0.287
Pre-treatment X soil moisture 1,308 0.12 0.733
Soil temperature X soil moisture 1,308 4.44 0.036*
¥ P <005 ** P <001 Soil moisture x soil temperature x pre-treatment 1,308 9.80 0.002%*
4% P < 0.001
FACE \ FACE \ [ FACE
__ 3T 2009 2011
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Fig. 4 Stem respiration (Rgn,) and bark surface temperature of
mature Picea abies exposed to ambient, or elevated atmospheric
CO, concentrations in 2009, 2010, and 2011 (ambient CO,:
n = 5 trees; elevated CO,: n = 5 trees; mean + SE). Ry, of
trees exposed to elevated CO, was corrected for the pre-
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treatment difference observed between control and treated trees
(see materials and methods). Bark surface temperature under
elevated and ambient CO, did not differ (n.s.). Therefore, the
mean of all trees is plotted (n = 10). The grey-shaded areas on
top of the panels denote the FACE periods
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Fig. 5 Picea abies stem respiration (Rgem) response to bark
surface temperature (upper panels), and soil respiration (Rgo;1)
response to soil temperature 10 cm below ground (lower panels)
during the FACE periods of the years 2009, 2010, and 2011.
Rstem and Ry of trees exposed to elevated CO, were corrected
for the pre-treatment difference observed between control and
treated trees (see materials and methods). The inset diagrams in
2009 depict the pre-treatment uncorrected Ry (upper inset)
and Roi (lower inset) response in the period before the initiation

when compared to the pre-treatment signals. These
results contrast observations in juvenile trees where
increased fine root production at eCO, was found in P.
abies grown in open top chambers (Lebégue et al.
2004), or in Glass Domes (Pokorny et al. 2013),
regenerating birch/aspen stands, three Populus spe-
cies, and young deciduous trees of three species, all
grown under FACE (Lukac et al. 2003; Pregitzer et al.
2008; Smith et al. 2013). In the Oak Ridge FACE
experiment, a plantation of Liquidambar styraciflua
(21-year-old in 2009) showed an increase in fine root
production and mortality during the first 7 years
(Norby et al. 2004), but the signal disappeared after
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of FACE in 2009. All respiration measurements were fitted with
Lloyd and Taylor (1994) functions. Trees were exposed to
ambient (open symbols, dashed line), or elevated atmospheric
CO, concentrations (filled symbols, solid line). Each symbol
represents the mean Rgem O Rgoi rates measured per tree
(n = 2-4) and measurement campaign. The Q;, values indicate
the mean increase in the Ry, O R0y rate per 10 °C temperature
increase (from 5 to 15 °C)

11 years due to progressive N-limitation (Norby et al.
2010). An initial stimulation of fine root production by
eCO, was also reported for a young closed-canopy
Pinus taeda plantation at the Duke FACE (Allen et al.
2000). These studies investigated young trees, which
may not have completely explored the available soil
volume, and mostly grew under ample nutrient supply
(expanding systems; Korner 2006).

The soil space beneath mature trees in a fully-grown
forest can be expected to be fully explored by roots and
to have arrived at a steady-state fine root turnover, which
would prevent stimulation by eCO, (Norby et al. 1999;
Korner 2006). The 110-year-old trees studied in our
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web-FACE experiment operated at constant annual
needle renewal rates (unpublished litter production
data) and, thus, should also be in a steady-state of fine
root renewal, not affected by eCO, (K&rner 2006; Norby
and Zak 2011). A Swiss treeline FACE study on
35-year-old L. decidua and Pinus uncinata, both in a
quasi steady-state development, did not reveal any fine
root growth following high CO, exposure despite higher
soil CO, efflux (Handa et al. 2008; Dawes et al. 2013;
Hagedorn et al. 2013). Additionally, a CO, enrichment
experiment in a scrub-oak system in Florida showed an
initial burst of fine root production under eCO, after
disturbances (fire and hurricane), a signal that gradually
vanished in the following years (Day et al. 2013) with
canopy closure (full LAI recovery; Palmroth et al.
2006). The former web-FACE study at our site on
mature deciduous forest trees showed even reduced fine
root production after 7 years of eCO, (Bader et al.
2009). This was explained by stand maturation, and
(stomata driven) reduced canopy transpiration. Thus,
soil moisture savings reduced the need for intensified
soil exploration by fine roots (Leuzinger and Kd&rner
2007; Bader et al. 2009). In contrast, our spruce trees
showed no reduction of sap flow when exposed to eCO,
and, hence, exhibited no soil moisture savings that might
be responsible for the missing fine root growth response
(Leuzinger and Bader 2012).

Abundance of soil nutrients, especially the avail-
ability of N, determines how fine roots will respond to
eCO, (Pregitzer etal. 1995; Curtis and Wang 1998; De
Graaff et al. 2006; Dieleman et al. 2010), regardless of
tree or stand age. Recently two meta-analyses inves-
tigated the interactive effects of high CO, and N
availability in soils, with high soil N fueling the CO,
effect on fine root growth (De Graaff et al. 2006;
Dieleman et al. 2010). This contradicts our results
since we found no fine root response to eCO, despite
decades of N-deposition of ca. 20 kg N ha=! a™! at
our site. Additionally, CO, enrichment induced soil
nitrate release both in the present study (unpublished
data), and in the former web-FACE experiment on
mature deciduous trees (Schleppi et al. 2012). In Pinus
taeda at the Duke FACE site, N-fertilization reduced
fine root biomass by ca. 12 % compared to unfertilized
plots, accompanied by reductions in soil respiration
(Jackson et al. 2009; Drake et al. 2011). In 6-8-year-
old P. abies saplings, N-addition reduced fine root
production in comparison to plots without extra N in
CO,-enriched plots (Spinnler et al. 2002). It appears
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that the trees in this near-natural, mature forest do not
exhibit such N-mediated fine root responses to eCO,.

Given the substantial atmospheric N deposition in
the test region, PNL, caused by accelerated soil N
withdrawal during long-term CO, enrichment (Luo
etal. 2004), is unlikely to occur here and stimulate fine
root expansion under high CO, (see Franklin et al.
2009; Garten et al. 2011 for PNL effects).

CO, fertilization may also induce deeper rooting, a
phenomenon commonly observed in CO, enrichment
experiments (Lukac et al. 2003; Norby et al. 2004;
Jackson et al. 2009; Iversen 2010; Smith et al. 2013).
However, we could not explore this possibility here,
because the accessible soil profile at the SCC site is
maximal 25 cm deep, with extremely rocky subsoil.

Soil respiration

In the short term, R,.; is mainly controlled by soil
moisture and soil temperature (Raich and Schlesinger
1992; Davidson et al. 1998). When accounting for
these covariates plus pre-treatment signals (Fig. S1),
we detected a trend towards reduced R,; in response
to FACE. Spruce trees under eCO, also showed
continuously decreasing annual C returns to the
atmosphere compared to control trees (Table 1). The
(moderate) reduction of CO, release compared to pre-
treatment conditions is surprising, given that soil CO,
efflux carried a clear 1*C signal that indicates effective
CO, enrichment and fast belowground allocation of
new C (Mildner et al. 2014). The absolute reduction in
Roii in response to eCO, might be even more
pronounced, had the soil space been fully occupied
by P. abies fine roots instead of a ca. 50 % fraction of
all fine roots, including those from neighboring
deciduous trees. The finding of reduced R, contrasts
with many examples for very young stands (mostly
obtained in open top chambers, OTC) that showed
increased but highly variable R..; under eCO, (plus
5-93 %) compared to aCO, (Zak et al. 2000). Forest
FACE experiments in young plantations initially
showed increases in R, rates at e¢CQO,, but these
signals declined with time (Hamilton et al. 2002; King
et al. 2004; Comstedt et al. 2006; Jackson et al. 2009,
Norby and Zak 2011). Dieleman et al. (2010)
summarized the results for 32 OTC and FACE sites
using trees and found an average 19 % increase in
Ry, with soil N fertilization enhancing the CO,
effect. However, a few CO, enrichment experiments
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showed no stimulation or a decline of R, e.g. soil
under mature deciduous trees subjected to web-FACE
at our study site (N-fertilized soil) did not release more
CO, under eCO,. This was attributed to higher soil
moisture at eCO, that may have impeded soil CO,
efflux (Bader and Korner 2010). Furthermore, Tingey
et al. (2006) reported declining rates of Ry, in
Ponderosa pine seedlings subjected to eCO, in growth
chambers, caused by altered R, sensitivity to soil
temperature and soil moisture at eCOs,.

The extent to which R, responds to eCO, has been
found to be strongly related to responses of fine roots
(Zak et al. 2000; Jackson et al. 2009; Drake et al. 2011).
Root respiration (and associated mycorrhizal fungal
respiration) can contribute 50-65 % to total Ry.; (An-
drews et al. 1999; Hogberg et al. 2001, 2002; Bhupin-
derpal-Singh et al. 2003), and is fueled by fresh
aboveground assimilates (Hogberg et al. 2001). There-
fore, the relative reduction in Ry, is likely to reflect
reduced belowground C transfer under eCO, (Palmroth
et al. 2006; but see Jastrow et al. 2005). Generally, C
supply to belowground microorganisms, or fungal
symbionts was found to either increase with CO,
fertilization, or did not change (Fransson 2012). In the
short term, extra C is likely to increase the abundance of
microorganisms (e.g. fungi and bacteria; Blankinship
etal. 2011) which may become competitors for essential
plant nutrients (Diaz et al. 1993; Hittenschwiler and
Koérner 1998; Inauen et al. 2012). Likewise, heterotroph-
ic rhizomicrobial respiration could decline when
exudates alter the microbial community (Bader and
Korner 2010), its activity (Drake et al. 2011), or species
composition (Carney et al. 2007; Drigo et al. 2008;
reviewed in Zak et al. 2000). A higher release of nitrate
under eCO; relative to aCO, (Schleppi and Textor, pers.
comm.; similar to Schleppi et al. 2012) could also
contribute to reduced microbial activity. However, we
expected the ‘priming effect” (Jenkinson et al. 1985) to
dominate, as was found in the Duke FACE study (Drake
et al. 2011; Phillips et al. 2012) that reported slowly
increasing R, over the course of 12 years of FACE
(Jackson et al. 2009). The tall, 110-year-old trees in our
study may either respond more slowly, or have their roots
spread over such a large area that R, signals get diluted.

Stem respiration

During the first 2.5 years of web-FACE, there was no
indication of a CO,-driven decline or increase of Ryem,
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in these mature P. abies trees, although a strong stable
C isotope signal in respiratory CO, evidences that the
novel C derived from web-FACE (Mildner et al.
2014). The lack of any stem growth stimulation at
eCO, in these trees (the 2009-2014 mean basal area
increment standardized by mean pre-treatment rates
was 1.4 + 0.1 at aCO, and 1.5 £ 0.3 at eCOy;
n = 6 years, mean + SE; Klein and K&érner; unpub-
lished), given the assumption that the stem diameter
increment largely determines the magnitude of Ry,
signals under eCO, (Zha et al. 2005; Moore et al.
2008), co-explains why we also see no Ry, signal in
response to web-FACE. In contrast to these results,
juvenile trees exposed to a step increase in CO, on
fertile ground, or with ample soil space, grew faster
and their stems respired more. For instance, Ry, was
16 % higher in eCO, in 16-year-old P. abies (Acosta
etal. 2010). Similarly, an increase in R, in response
to eCO, was observed in 15-year-old Liquidambar
styraciflua (Edwards et al. 2002), and in 20-year-old P.
sylvestris (Zha et al. 2005). Stem growth and the
associated R, responses to eCO, are largely deter-
mined by the developmental stage (age) of a tree, the
species investigated, and the nutrient supply (Korner
2006). CO, enrichment may also contribute to higher
maintenance respiration (Carey et al. 1996; Edwards
et al. 2002; Zha et al. 2005), and mature trees exhibit
higher maintenance respiration rates than juvenile
trees (Ryan and Waring 1992). Hence, mature trees
might be expected to yield even greater responses, but
this is in contrast to what we found. Ry, signals might
become diminished by translocation of dissolved CO,
in sap flow (Negisi 1979; Teskey and McGuire 2002;
Moore et al. 2008; Bloemen et al. 2013). However, sap
flow measured prior to web-FACE was similar in the
trees examined, and this relation did not change at
eCO, (Leuzinger and Bader 2012). Whatever the
reason, these tall trees did not exhibit a greater Ry,
response under web-FACE.

Conclusions and outlook

Previous and ongoing works revealed that photosyn-
thesis, was, and still is, enhanced under eCO,, and
stomatal conductance remained unaffected by eCO,
(Leuzinger and Bader 2012). Therefore, we expected
strong and positive initial responses to a step increase
in CO, in both types of respiratory CO, release, and in
fine root growth in these tall trees. The fact that we did
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not detect such a stimulation, despite clear isotopic
evidence of successful canopy CO, enrichment, by
default, suggests other pathways of C-dissipation
under eCO,. We expected such overflow responses
because we (seemingly correctly) anticipated no stem
growth response for reasons related to tree nutrition
(other than by N), and tissue element stoichiometry
(ongoing research). It remains to be seen if accelerated
root growth will occur at a later stage, as was the case
in other FACE works (Allen et al. 2000; Spinnler et al.
2002; Norby et al. 2004). The fine root data should be
highly sensitive to CO, because fine roots from in-
growth cores had not yet arrived at steady-state root
density, and the signal should still capture the root
expansion process. The data presented here add to the
growing evidence that mature trees or trees growing in
stands that arrived at steady-state leaf and root
turnover are unlikely to take benefit from eCOs,.
These trees are likely to be C saturated at current
ambient CO, concentrations, as has been shown for
boreal spruce trees (Sigurdsson et al. 2013). We
observed highly homeostatic stem respiratory signals,
and soil CO, efflux even declined slightly in response
to web-FACE.
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Fig. S2 Raw data of stem respiration (R stem) and bark surface temperature of mature Picea abies
exposed to ambient, or elevated atmospheric CO2 concentrations in 2009, 2010, and 2011 (ambient
CO2: n =5 trees; eCO2: n =5 trees; mean + SE). Bark surface temperature under elevated and ambient
CO2 did not differ (n.s.). Therefore, the mean of all trees is plotted (n = 10). The grey-shaded areas on
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Fig. S3 Picea abies stem respiration (R stem) response to bark surface temperature (upper panels), and
soil respiration (R soil) response to soil temperature 10 cm below ground (lower panels) during the
FACE periods of the years 2009, 2010, and 2011. Here, we show raw data of R stem and R soil (i.e.
uncorrected for the pre-treatment difference observed between control and treated trees). The inset
diagrams in 2009 depict the pre-treatment uncorrected R stem (upper inset) and R soil (lower inset)
response in the period before the initiation of FACE in 2009. All respiration measurements were fitted
with Lloyd and Taylor (1994) functions. Trees were exposed to ambient (open symbols, dashed line),
or elevated atmospheric CO, concentrations (filled symbols, solid line). Each symbol represents the
mean R stem or R soil rates measured per tree (n = 2—4) and measurement campaign. The Q 10 values
indicate the mean increase in the R stem or R soil rate per 10 °C temperature increase (from 5 °C to
15 °C).
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Fig. S4 Tree distribution map at the SCC site near Basel, Switzerland. Outside the perimeter of the
crane’s jib, only the Picea abies control trees are depicted, not the surrounding trees.
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Understanding the effects of elevated atmospheric CO, on carbon (C) relations of mature forest trees is
central to understanding ecosystem C fluxes and pools in a future high-CO, world. Here, we investigated
the CO,-induced photosynthetic enhancement and the diurnal variation in shoot carbon assimilation,
stem CO, efflux and soil respiration associated with ca. 110-year-old and 37 m tall Norway spruce trees
(Picea abies (L.) H. Karst.) growing under free air CO, enrichment (FACE) in a mixed, near-natural forest in
Northern Switzerland. Diurnal measurements of these major C fluxes were conducted simultaneously on
three occasions: one week before and after the start of CO, enrichment, and one year later. Under
controlled leaf chamber conditions, an increase in the atmospheric CO, concentration of ca. 150 ppm
above ambient stimulated light-saturated rates of photosynthesis in previous- and current-year upper-
canopy shoots equally by 73 +2%. In the course of the day such large differences in C assimilation
between trees growing under elevated CO, (¢CO,) and ambient conditions (aCO,) only occurred around
midday under non-limiting light conditions. The CO, efflux rates from spruce stems (CEsem) and
surrounding soil (Rs;) shared a similar range during night- and daytime (3-5 wmolm 2s ') but were
not stimulated by eCO,. Both CEger, stem and Rg,; were still rising when photosynthesis approached
evening light compensation potentially reflecting the time lag in assimilate allocation to stem tissue and
fine roots. OQur findings suggest a strong photosynthetic enhancement during the initial CO, enrichment
phase but provide no evidence for an overall or daytime-dependent stimulation of respiratory CO, fluxes
indicating that the extra C was not quickly returned to the atmosphere through respiratory processes in
spruce stems or surrounding soil.
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1. Introduction

Besides unwanted effects of elevated atmospheric CO, on
climatic forcing (climate warming), a CO, enriched atmosphere is
often considered a potential ‘fertilizer’ of plant growth, given the
rate-limiting role of ambient CO, concentrations for leaf photo-
synthesis. However, whether such a CO,-driven stimulation of tree
growth will occur is highly questionable, because of the many
other constraints of growth, mineral nutrients in particular
(Korner, 2006). A stimulation of growth by elevated CO, requires
a net carbon (C) gain, i.e. a positive difference between carbon
uptake and loss.

* Corresponding author.
E-mail address: martin.bader@scionresearch.com (M.K.-F. Bader).

http://dx.doi.org/10.1016/j.envexpbot.2015.12.005
0098-8472/® 2015 Elsevier B.V. All rights reserved.

Photosynthetic C uptake represents the largest flux in the global
C cycle followed by the respiratory C release from ecosystems to
the atmosphere (Roy et al., 2001). Soil respiration (Rs.;) comprises
the total CO, released from auto- and heterotrophic processes in
soils, and may account for up to 80% of the CO, emissions in
temperate conifer and hardwood forests (Wofsy et al., 1993; Malhi
et al, 1999; Janssens et al,, 2001). A further important pathway for
assimilated CO, is stem efflux (CEgem), @ combination of CO,
respired by local woody tissue and respiratory CO, originating
from elsewhere in the plant-soil system, part of which dissolves in
xylem sap and is transported in the transpiration stream (Teskey
and McGuire 2005, 2007; Etzold et al., 2013). In temperate forests,
CO, release from stems may contribute up to 21% to total
ecosystem respiration (Wang et al., 2010). The remaining possible
pathways for C out of an ecosystem (leaching of dissolved organic
and inorganic C, emissions of volatile organic and inorganic C) are
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of much less importance and very difficult to measure in mature
ecosystems (Schleppi et al, 2012). Any attempt at quantifying a
potential ecosystem net carbon gain under elevated CO,, requires
data for the main C fluxes such as leaf photosynthesis, Ryy; and
CEstem~

Free air carbon dioxide enrichment (FACE) experiments are
currently the only available tool to experimentally investigate
future changes in C pools and fluxes in mature forests. Multi-year
FACE experiments in forests have shown that photosynthetic C
uptake at the leaf-level is about 40-60% enhanced under elevated
CO, depending on the magnitude of atmospheric CO,-enrichment
and plant species (Nowak et al., 2004; Bader et al., 2010; Ellsworth
et al, 2012; Norby and Zak, 2011). This stimulation appears to be
persistent in many species, although cases of partial or complete
photosynthetic downregulation over time have also been reported
(Ellsworth et al., 2012; Norby and Zak, 2011). However, no relative
growth stimulation of a magnitude equivalent to the photosyn-
thetic stimulation has ever been observed in any of the studies and
in systems that had reached steady state canopy density and root
tunover, no sustained stimulation had been found unless mineral
fertilizer was applied (e.g. Norby and Zak, 2011; Bader et al., 2013;
Sigurdsson et al., 2013), leaving the question of the fate of the extra
C assimilated through photosynthesis. Given the time required for
C sink limitation to come into play, one might expect stronger CO»
‘fertilization’ effects early after an experimental step increase in
the atmospheric CO, concentration compared to a long-term effect
(Leuzinger et al.,, 2011). Here we explore the initial carbon relations
of mature spruce trees to an abrupt 150 ppm rise in canopy level
CO, concentration.

One plausible pathway for the extra C taken up by forests
exposed to elevated atmospheric CO, concentrations is increased
soil respiration. However, the stimulation of belowground C
transfer under eCO, in a Pinus taeda stand has only resulted in a
modest increase in soil respiration (Jackson et al.,, 2009). In general,
young, expanding stands showed greater enhancement of soil CO,
efflux (23-54%) than more mature stands (12-16%) under eCO,
(King et al., 2004). Long-term trends under CO, enrichment have
been inconclusive because rates of CO, efflux from forest soils have
been shown to decline over time at the Oak Ridge National
Laboratory FACE site (ORNL-FACE), increase over time at the Duke
University FACE site (Duke-FACE), remained largely unaffected at
the Swiss Canopy Crane FACE site (SCC-FACE) site under deciduous
trees, and tended to decline under spruce (King et al, 2004;
Jackson et al., 2009; Bader and Kérner, 2010; Mildner et al.,, 2015).
Rsoiy may be indirectly influenced by elevated CO, through changes
in temperature and soil moisture sensitivity, which may even
result in reduced rates of Ry, under CO; enrichment (Dieleman
et al, 2012).

Temporal changes in soil respiration are ultimately driven by
net ecosystem productivity unless there is long-term C accumula-
tion such as in peatland (Raich and Nadelhoffer, 1989; Caprez et al,,
2012). On a seasonal basis, Rs is largely controlled by climatic
drivers (temperature and soil moisture; Tang et al,, 2005; Mildner
et al,, 2015), while C supply from canopy photosynthesis plays a
secondary role on this temporal scale (Hogberg et al, 2001;
Kuzyakov and Cheng, 2001). Diurnal variation in Ry is typically
low (Buchmann, 2000; Bader and Kérner, 2010), and dominated by
photosynthesis, with Ry lagging behind by several hours to days
(Tang et al, 2005; Wertin and Teskey, 2008; Kuzyakov and
Gavrichkova, 2010; Epron et al., 2011). In closed-canopy forests,
diurnal soil temperature and moisture show little variation on
rainless days and thus have only minor effects on daily Rsei; (Tang
et al,, 2005; Bader and Kdérner, 2010).

Although woody tissue respiration can consume 11-33% of the
total C assimilated by coniferous trees (Ryan et al., 1995), this
respiratory component of the forest C budget is rarely quantified.
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Generally, CO, efflux from stems (CEgem) can be divided into a
growth and a maintenance component, and a third component
related to ion uptake (Amthor, 1984). The effects of elevated CO, on
CEem are unclear, as both increases but also reductions have been
observed (Carey et al., 1996; Edwards et al., 2002; Gielen et al,,
2003; Zha et al., 2005). CEgerm and sap flow were found to be either
positively (Levy et al., 1999), or negatively correlated (Bowman
et al,, 2005; Teskey and McGuire, 2007), reflecting the transport of
dissolved CO, in or out of the stem compartment via the xylem
stream (Levy et al.,, 1999; Teskey and McGuire, 2002; Moore et al,,
2008; Bloemen et al, 2013; Etzold et al., 2013). Therefore, any
changes in sap flow under eCO, relative to ambient conditions
might also alter the rate of CEge,. A strong correlation between
CEstem and wood growth has been observed (Ryan et al., 1994).
Seasonal variations in CEser, are primarily driven by temperature,
but tree phenology, stem-internal CO, concentration, and the
contribution of xylem-transported CO, also produce sizable effects
(Teskey and McGuire, 2002, 2007; Cernusak et al., 2006; Etzold
et al., 2013). However on a diurnal time scale, temperature seems
to have a stronger impact on CEger, than any other factor (Damesin
et al, 2002).

In the present study, mature (ca. 110-year-old and 37 m tall)
Picea abies trees growing in a near-natural forest in northwest
Switzerland were subjected to elevated CO, concentrations by
means of free air CO, enrichment (FACE) technology. We aimed to
characterize the main CO, fluxes (photosynthetic C uptake, Rys;
and CEgem) under elevated CO, compared to current ambient CO,
levels on an intra-daily timescale. This was achieved by
simultaneously measuring net photosynthetic rates in branchlets
using a crane gondola, and respiratory CO, release from stems and
the soil in the understorey of P. abies trees before and after the
onset of free air CO, enrichment. From current knowledge, we
expected a stimulation of shoot net photosynthesis, but also
enhanced C recycling to offset likely sink limitation of growth in
such a natural forest setting.

2. Material and methods
2.1. Study site and CO; enrichment system

This free air CO, enrichment (FACE) study was conducted in a
ca. 110-120 year-old, near-natural mixed forest, located 12km
southwest of Basel, Switzerland (47°33'N, 7°36’E, 500 m a.s.1). The
species-rich stand is dominated by hardwood and conifer trees
(Fagus sylvatica L., Quercus petraea (Matt.) Liebl., Carpinus betulus L.,
P. abies (L.) Karst., Larix decidua Mill., Pinus sylvestris L., Abies alba
Mill.). In forest patch selected for the CO, enrichment experiment
Picea abies is the predominant tree species. The mild temperate
climate in this region is characterized by a mean growing season
temperature of 14.7°C (May-September) and around 1000 mm
annual precipitation (Bader and Kérner, 2010). In 2009, five ca. 110-
year-old P. abies trees of around 37 m height were fitted with a
modified web-FACE system (Pepin and Kérner, 2002; Mildner et al.,
2014) using a construction crane. In brief, the computer-controlled
release of pure CO, occurred through a fine web of perforated
lightweight tubing fixed around tree branches. The target
concentration of CO, was 550 ppm and an air sampling system
comprising multiple sampling points per tree was used to monitor
canopy CO, concentration using infrared gas analysis. CO5-
enrichment was confined to the tree crowns between 15 and
37 m above ground and suspended when temperature dropped
below 4°C, light intensity above the canopy was <100 pmolm—
s~ or when wind speed exceeded 10 ms~". The CO, control and
monitoring system scanned across four sectors within each tree
crown to ensure adequate CO, distribution and to maintain the
target CO, level as closely as possible even under changing wind
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conditions. The uppermost two meters of a crown formed the top
sector followed by three 120° sectors equally subdividing the
remainder of the crown. From 2009 to 2011 the canopy CO,
concentration averaged 541 ppm, 532 ppm, and 541 ppm, respec-
tively; and the median CO, concentrations ranged from 500 to
560 ppm (Mildner et al., 2014). Five spruce trees of similar age and
height growing at sufficient distance from the CO,-treated trees
served as controls (for tree map see: http://static-content.springer.
com/esm/art%3A10.1007%2Fs10533-015-0084-5/MediaObjects/
10533_2015_84_MOESM4_ESM.pdf).

2.2. Stability of gas-exchange measurements after branchlet removal

Since four out of the five control trees were located beyond the
reach of the canopy crane, we relied on tree climbers for sample
collection from the crowns of these trees. To evaluate the
suitability of this approach, we monitored the stability of
photosynthetic gas-exchange measurements over time following
branchlet removal from a set of spruce trees that were accessible
with the crane gondola: a terminal south-facing branchlet from the
outer spruce crown was enclosed in the leaf chamber of the
photosynthesis system and gas-exchange measurements were
started in logging mode using a 1-min measurement interval.
Then, the enclosed branchlet was severed and the photosynthesis
system including the detached sample was transferred to the field
laboratory on site where logging continued over a period of
230 min under saturating light conditions of 1500 wmolm™2s~!
provided by a cold light source (Schott, KL 1500, Mainz, Germany),
25°C leaf temperature and an air-to-leaf vapor pressure deficit of
around 1.1 kPa. This procedure was replicated five times on sunny
days using sun-exposed branchlets from five different spruce trees.

2.3. Photosynthetic enhancement ratio, A/C; curves, diurnal
measurements of photosynthesis, stem and soil CO, efflux

We performed three diurnal measurement campaigns on
sunny, cloudless days before, during the first week, and one year
after the start of canopy CO, enrichment on 30 July 2009
(measurement dates: 29 July 2009, 06 August 2009, 14 July
2010). We simultaneously measured net rates of photosynthesis,
stem CO, efflux (CEsem) and soil respiration (Rs;) at five times
throughout the day from 3 am to 5 pm (except for CEgterm, 0N 14 July
2010 when only four measurements were conducted). For each of
the daily measurement times, gas-exchange was recorded on
previous- and current-year needles in the north- and south-facing
parts of the crown (except for 14 July 2010 where only south-facing
shoots were measured); two CEger, measurements were taken on
the north- and south-facing side of stems and three Ry records
per tree were taken and averaged. Stomatal conductance data and
water relations of these diurnal campaigns have already been
published elsewhere (Leuzinger and Bader, 2012).

Instantaneous rates of shoot gas-exchange were recorded using
a portable photosynthesis system equipped with a conifer
chamber (LI-6400 XT, chamber 6400-05, Licor, Lincoln, NE,
USA). During the pre-treatment campaign, all samples were
measured at 385 ppm leaf chamber CO, concentration. After the
start of CO, enrichment, shoots of control trees were measured at
385 ppm and those of trees exposed to elevated CO, at 550 ppm
leaf chamber CO, concentration. The photosynthetic enhancement
ratio was assessed as the needle-intrinsic ratio of light-saturated
photosynthesis under 550 ppm over 385ppm chamber CO,
concentration (AssofAsss), i.e. all samples were measured at both
385 and 550 ppm chamber CO, concentration. A/C; curves were
performed on detached shoots at ambient relative humidity and
the chamber temperature set to 25 °C which closely matched the
ambient air temperature at that time. Saturating light levels of

1500 pmolm~—2s~! were provided by a halogen light source

(Transtector F-800, AIP WILD AG Ziirich, Switzerland), mounted
above the conifer chamber. The A/C; curve procedure started at
385 ppm chamber CO, concentration, before this was stepwise
reduced to 300, 200, 100, and 50 ppm. Thereafter, chamber CO,
was reset to 385ppm to check whether (partial) Rubisco
deactivation had occurred. If the original photosynthetic rate
could not be restored the recording was terminated and started
over with a new sample. From 385ppm the chamber CO,
concentration was increased to 600, 800, 1000, 1500 and
2000 ppm. The analyser cells of the gas-exchange system were
matched after each change in chamber CO, concentration.
Individual response curves were typically completed within
35min. We used a Farghar-type photosynthesis model to derive
the maximum rate of carboxylation (Vemax) and maximum electron
transport rate (Ji,ax) from the A/C; recordings (Long and Bernacchi,
2003).

We marked the section of the sample branchlets that was
enclosed by the conifer chamber and collected the needles after
the completion of the recordings. The projected needle area was
determined using WinSEEDLE analysis software (Regent Instru-
ments Inc., Quebec, Canada).

Instantaneous rates of CEge,, Were measured using a portable
soil respiration system (LI-6400 XT, soil CO, flux chamber 6400-09,
Licor, Lincoln, NE, USA). The soil respiration chamber was
horizontally oriented and strapped on PVC rings (10 cm diameter)
glued onto the bark (loose bits removed) at 1.3 m height using
silicone sealant. Since all trees had DBH values greater than 45cm
(aC0,:46-57 cm, eC0,:48-64 cm) the surface area enclosed by the
rings was virtually flat making curvature corrections redundant.
Every recording comprised three measurement cycles each
consisting of a passive CO, increase in the chamber headspace
followed by a CO, scrubbing back to ambient CO, concentrations of
385 ppm.

Instantaneous rates of soil respiration were recorded using two
identical custom-made static chambers fitted with diffusion-
aspirated nondispersive infrared gas analysers (IRGAs) and relative
humidity/temperature sensors (GMP343 carbon dioxide probe,
HMP75 rH/T probe, Vaisala, Vantaa, Finland). The chamber design
and technical details are described in Bader and Korner (2010).
During measurements, the chambers were placed on polypropyl-
ene rings (5 cm in height and 20 cm in diameter) inserted 2 cm into
the forest soil. Individual recordings of soil Ry lasted 5 min with a
5s reading interval. Rates of Ry,; were calculated from the slope of
a linear regression applied to the initial CO, increase within the
chamber. The first minute of the recordings was omitted from the
regression analysis to avoid small flux disturbances involved with
chamber placement. Under identical experimental conditions,
Heinemeyer and McNamara (2011) showed that using short
sampling times with closed static chambers yields flux estimates
that are comparable to the fluxes measured with a LICOR
8100 closed dynamic chamber reference system (LICOR, Lincoln,
NE, USA).

2.4. Statistical analysis

All statistical computations were performed using the statisti-
cal analysis and graphics software R version 3.1.0 (R Development
Core Team, 2014). The stability of photosynthetic gas-exchange
measurements of detached branchlets was modeled using an
ordinary least squares model. A/C; curves recorded under pre-
treatment and FACE conditions were analysed using Farquhar-type
equations (Long and Bernacchi, 2003) fitted by generalised
nonlinear least squares (gnls). Model diagnostic plots suggested
heteroscedasticity, which was modeled by incorporating expo-
nential or power variance functions using C; as variance covariate.
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Fig. 1. (a) Net photosynthetic rate and (b) stomatal conductance (lower panel) of
one-year old (2008) south-facing branchlets of Picea abies as a function of time after
detachment. The dashed lines indicate the mean values before branchlet removal.
The solid lines show the mean of five branchlets derived from different adult spruce
trees £ 1 standard error (grey area). Measurements were conducted in logging
mode over a period of 230min using a 1min interval under saturating light
intensity of 1500 pmolm=2s~!, 25°C leaf temperature, and an ALVPD (air-to-leaf
vapour pressure deficit) of ca. 1.1 kPa. For the sake of clarity the regression line for
the linear decline in the photosynthetic rate was omitted and only the linear
regression equation is shown.

In order to compare aCO, vs. eCO, we formulated parameter
models allowing separate parameter estimates for each CO,
treatment. These parameter models were then compared to a
base model (assuming common parameter estimates for both CO,
treatments) using likelihood ratio tests.

The photosynthetic enhancement ratios (Asso/A3gs) prior and
during FACE were analysed using generalised least squares models
(gls, R package nlme,Pinheiro et al., 2014). These models contained
cardinal direction, needle age, CO, treatment and their interaction
as fixed term. Model diagnostic plots suggested heteroscedasticity
in the pre-treatment and the treatment data, which was modeled
by incorporating exponential or power variance functions using
the fitted values as variance covariate.

Generalised additive mixed models (GAMMs) were applied to
the non-aggregated data to analyse the diurnal courses of needle
gas-exchange, stem and soil respiration (Wood, 2011; R package
mgcv). The GAMMs for photosynthetic gas-exchange contained
‘CO, treatment’, ‘needle age’ and ‘date’ (date of diurnal recording)
as factors and a smoothing term for ‘time of day’ (thin plate
regression spline). The GAMMs for the stem and soil respiration
data contained ‘CO, treatment’ and ‘date’ as factors and smoothers
for ‘time of day’ and ‘temperature’ (bark or soil temperature).

‘Tree individual’ nested in ‘date’ were incorporated as random
effects in all models to account for the repeated measures. Serial
autocorrelation was modeled using an autocorrelation structure of
order 1 (corAR1, Pinheiro et al, 2014, R package nlme). To test
whether the diurnal course followed a common pattern across CO,
treatments (CO, x time of day interaction), a model with one
common smoother was compared to a model allowing separate
smoothers for aCO, and eCO,. The same approach was used to test
the date x time of day interaction. Model comparisons were based
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on the Akaike Information Criterion (AIC), which measures
goodness of fit and model complexity and is more robust than
likelihood ratio tests when comparing GAMMs (Zuur et al., 2009).
The lower the AIC the better the model fit. The difference in AIC
between two candidate models is called AAIC and models are
considered different if the AAIC is greater than 10 (Burnham and
Anderson, 2002). Graphical model validation tools (residual plots
for variance homogeneity and quantile-quantile plots for normal-
ity) were used to assess the underlying model assumptions. The
residual plots indicated heteroscedasticity, which was modeled
using a power variance structure (varPower, R package nlme).

3. Results
3.1. Stability of photosynthetic rates after branchlet removal

In situ measurements of net photosynthesis of one-year old
branchlets showed an average net photosynthetic rate of 7 +0.4
pmolm~—2s~! (mean+SE, n=>5, Fig. 1). After branch detachment,
photosynthesis declined at a rate of less than 2% per hour. Nearly
4 h after branchlet detachment the photosynthetic rate had only
dropped by 0.5 wmol m~2s~. Stomatal conductance showed only
minor changes in the first 45 min after branchlet removal but had
increased by 22% at the end of the recording (230 min after
detachment).

3.2. Photosynthetic enhancement, V gnax nd Jimax

The photosynthetic enhancement ratio was remarkably similar
across designated aCO, and eCO, trees, needle age and cardinal
directions averaging 1.69 +0.02 (mean + SE) prior to the onset of
CO, enrichment and 1.76 4+ 0.04 shortly afterwards (Fig. 2, Table 1).

Similarly, Vemax and Jmax showed no statistically significant
differences between needle age and designated aCO, and eCO,
trees, apart from the significantly higher V. seen in current-year
needles of control trees before the start of CO; enrichment (Fig. 3).
Average Vax values were in the range of 23-36 umol m—2s~! and
Jmax varied between 95 and 120 wmolm~2s~! (Fig. 3).

Table 1

Results from a generalised least squares model for diurnal gas-exchange of Picea
abies needles applying individual smoothers for aCO, and eCQO,. CO, treatment =
aC0, vs. eCO,, needle age = previous-year vs. current-year needles, FACE 2009=6
August 2009 one week after the start of CO, enrichment, FACE 2010 = 14 July 2010,
one year after the start of CO, enrichment (the pre-treatment recording is included
as baseline in the intercept term). edf=estimated degrees of freedom, s=smoother
term.

Parameter DFoum  DFgen F P
Pre-treatment

Intercept 1 64 11429.77 <0.001
Cardinal direction 3 64 0.82 0.486
Needle age 1 64 0.05 0.825
CO, 1 64 047 0.494
Cardinal direction x needle age 3 64 0.31 0.821
Cardinal direction x CO, 3 64 0421 0.739
Needle age x CO, 1 64 171 0.196
Cardinal direction x needle age x CO, 3 64 0.80 0.499
FACE

Intercept 1 61 8886.20 <0.001
Cardinal direction 3 61 247 0.070
Needle age 1 61 0.18 0.673
CO, 1 61 049 0.487
Cardinal direction x needle age 3 61 0.81 0.494
Cardinal direction x €O, 3 61 1.69 0.178
Needle age x CO, 1 61 0.01 0.943
Cardinal direction x needle age x CO, 3 61 0.85 0.473

™ P<0.001.
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Fig. 2. Instantaneous enhancement of light-saturated photosynthesis measured across cardinal directions in upper-crown branchlets of mature Picea abies trees.
Measurements were conducted on previous-year and current-year shoot sections one week before the onset of canopy CO,-enrichment (upper panel) and one week

afterwards (lower panel) at the SCC FACE site. Means +SE, n=5.

3.3. Diurnal C fluxes

Photosynthetic gas-exchange showed a typical daily pattern
with a rapid rise in the early morning hours to maximum light-
saturated values before noon (aC0,:6-9 umol m2s7% eCO,:9-
12 umolm~2s~1), followed by a nearly linear decline over the
course of the afternoon (Fig. 4a and b). Rates of nighttime shoot
respiration ranged from 1 to 3 umolm™2s7%,

The diurnal courses of gas-exchange showed similar patterns
across recording dates, (AAIC =32 in support of the model with one
common smoothing term for all dates) but photosynthetic rates
were somewhat higher during the two 2009 recordings compared
to 2010 (Table 2). Previous-year and current-year needles shared a
similar diurnal pattern (AAIC=18.4, supporting the model with
one common smoothing term for needle age), which was overall
slightly lower in current-year needles (Table 2). Prior to the start of
the CO, experiment, daily peak net photosynthetic rates measured
at 385 ppm CO, were on average already between 1.11 (current-
year needles) and 1.44 (previous-year needles) times higher in
trees selected for CO, enrichment compared to control trees
(Fig. 4a and b left panels). According to the photosynthetic
responses of branchlets, the start of CO, enrichment must have
resulted in a strong instantaneous enhancement in daily net
photosynthetic rates (integrated over the day) of trees exposed to
eCO, compared to trees growing under aCQO,. Taking the pre-
treatment differences into account, this CO,-driven photosynthetic
stimulation almost doubled C assimilation in previous-year and
current-year needles. High CO, also resulted in a steeper increase
to peak photosynthesis values warranting separate fits for aCO,
and eCO, (AAIC=30.8 in favor of the model allowing separate
smoothing terms for aCO, and eCO,). However, one year after the

start of CO, enrichment (summer 2010), the photosynthetic
enhancement had declined in previous year needles (1.35-fold
higher under eCO, compared to aCO,) and had virtually
disappeared in current-year needles, which showed even 6% less
photosynthetic stimulation relative to the pre-treatment differ-
ence (Fig. 4).

Generally, CEgem and Ry, were lowest at night or in the early
morning hours and increased by up to 35% throughout the day
(Fig. 4c and d). Night values of CE.r, varied on average between
2.8 and 3.8 wumolm2s~! and nighttime Ry ranged from 2.4 to
3.7pumolm~2s~L Interestingly, the daily rise in CEgem was
paralleled by an increase in bark temperature, while the increase
in Rsoi occurred without a corresponding rise in soil temperature.
Consequently, Ty. had a significant effect on stem C release
(L=8.54, df=2, P=0.01) but daily Ts; did not significantly affect soil
respiration (L=2.16, df=2, P=0.34).

The highest stem CO, release of 5 wmolm was measured
in the late afternoon during the diurnal recording in 2010, when
bark temperatures reached 29 °C. However, overall the magnitude
and the diurnal pattern of CEgm, were similar between recording
dates (AAIC =2 in favor of the model with a common smoother for
recording date, Table 3). Regardless of recording date, rates of
CEstemn Were always slightly lower under ambient compared to
elevated CO,, but these differences did not warrant separate fits
and the magnitude of the differences was not significant
(AAIC=3 supporting the model with a common smoother for
CO, treatment, Table 3).

The daily rise in Rso; showed similar shapes across recording
dates (AAIC = 6 supporting the model with acommon smoother for
recording date) but occurred at a significantly lower level in 2010
(Fig. 4, Table 4). The diurnal increase in R,; also followed a similar
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Fig. 3. Maximum rate of Rubisco carboxylation (Vemax) and maximum electron
transport rate (Jmax) in south-facing upper-crown branchlets of mature Picea abies
trees. Measurements were conducted on previous-year and current-year shoot
sections one week before the onset of canopy CO,-enrichment (upper panel) and
one week afterwards (lower panel) at the SCC FACE site. Means+SE, n=5.
***P < 0.001 (likelihood ratio test, see material and methods).

pattern across CO, treatments (AAIC =3.3 in support of the model
with a common smoother). However, similar to the diurnal gas-
exchange data, there was a significant pre-treatment difference
with 20% higher rates of soil respiration under trees selected for
CO, enrichment compared to soil under control trees (i.e. the same
daily pattern but an upward shift of the curve under CO,-enriched
trees). This pre-treatment difference remained constant after the
start of the CO, enrichment in summer 2009 but had nearly
disappeared one year later (on a day when the soil at 10 cm depth
was 4 °C warmer compared to the previous year; Fig. 4) suggesting
a reduction in Rs; under eCO5.

4. Discussion
4.1. Stability of photosynthetic rates after shoot removal

Logistic constraints frequently impede in situ measurements,
especially when dealing with tall trees. Shooting branches or
employing tree climbers to collect samples present alternative
approaches but the question lingers whether gas-exchange
measurements conducted on detached plant material are truly
representative. The use of a construction crane allowed us to
carefully investigate this issue by continuously logging shoot
photosynthesis starting as in situ measurements in the tree crown
initiated from the crane gondola and continuing these recordings
for nearly 4h following the detachment of the branchlets. This
removal experiment demonstrated that photosynthetic rates of
Norway spruce branchlets remain remarkably constant for at least
an hour after detachment (Fig. 1). By comparison, g values only
remained reasonably constant for about 45 min and showed a 22%
increase over time (Fig. 1). Consequently, our findings suggest a
45 min window of opportunity for representative gas-exchange
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measurements on samples collected by tree climbers, which lies
well within the timeframe required to perform an A/C curve
recording.

4.2. Photosynthetic stimulation under elevated CO;

Averaged across cardinal directions, needle ages and CO,
treatment, the photosynthetic enhancement in mature Picea abies
trees reached 73% which is in good agreement with the values
reported by Sigurdsson et al. (2002) for ca. 30-year-old Picea abies
trees studied in Sweden using a branch bag CO, enrichment
technique (+69% instantaneous enhancement). Our findings are
also consistent with the photosynthetic enhancement observed in
current-year needles of Pinus taeda (+67%) growing under elevated
CO, at the Duke FACE site (Ellswoth et al, 2012). However, in
contrast to Picea abies, there were marked differences between
needle ages in Pinus taeda with only 40% photosynthetic enhance-
ment seen in previous-year needles. For Pinus radiata cuttings that
had been growing in open-top chambers for five years, Greenep
et al. (2003) reported photosynthetic stimulation between 34 and
43% in young needles and between 26 and 49% in older needles,
depending on the time of year. However, these figures were not
given as a photosynthetic enhancement ratio (i.e. aCO, and eCO,
plants measured at both the low and the high CO, concentration)
but were derived from comparisons between maximal photosyn-
thetic rates at the respective growth CO, concentration.

Vemax and Jmax measured in or study trees were in the range of
values observed in Pinus taeda exposed to +200 ppm atmospheric
CO, concentration (Ellsworth et al., 2012). Greenep et al. (2003)
reported similar Vemax values for Pinus radiata cuttings after five
years of growth under elevated CO, in open-top chambers,
however, Jmax was substantially lower reaching values between
50 and 70 pmolm—2s~",

4.3. Diurnal C fluxes

Estimates of C fixation and respiration rates are key to
productivity and C budget models and findings from other forest
FACE studies and chamber-based CO, experiments commonly
suggest an increase in both assimilatory C uptake and respiratory C
release (e.g. Ellsworth et al., 2012; Jackson et al., 2009). Here, we
aimed at simultaneously quantifying the major diurnal C fluxes in
ca. 110-year-old and 37 m tall Picea abies trees and surrounding soil
under eCO,. Peak daily C assimilation rates in both previous-year
and current-year needles were strongly enhanced in trees
receiving eCO, relative to control trees, but one year after the
start of CO, enrichment, the photosynthetic stimulation seemed

Table 2

Results from a generalised additive mixed model for diurnal gas-exchange of Picea
abies needles applying individual smoothers for aC0O, and eCQO,. CO, treatment=
aCO, vs. eCO,, needle age = previous-year vs. current-year needles, FACE 2009=6
August 2009 one week after the start of CO, enrichment, FACE 2010= 14 Jul 2010,
one year after the start of CO, enrichment (the pre-treatment recording is included
as baseline in the intercept term). edf=estimated degrees of freedom, s=smoother
term.

Parametric coefficients Estimate (SE) t P

Intercept 3.25 (0.23) 13.87 <0.001
CO, treatment 2.07 (0.33) 6.35 <0.001 o
Needle age —0.36 (0.10) —3.59 <0.001

Diurnal FACE 2009 —0.02 (0.20) —-0.12 0.91

Diurnal FACE 2010 —0.63 (0.20) —3.18 <0.01 .

Approx. significance of smooth terms

edf F P
s (time of day):CO, 2.93 1539 <0.001 o
" P<0.01
™ P<0.001.
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Fig. 4. (a and b) Diurnal courses of net photosynthesis (Ape¢) in previous- and current-year needles, (¢) stem CO, efflux (CEseem) and bark temperature (Tyar), and (d) soil
respiration (Rsqi1) along with soil temperature at 10cm depth (Tsei). The measurement campaigns were performed at the Swiss Canopy Crane FACE site on or under CO»-
enriched (closed symbols, solid lines) and control trees (open symbols, dashed lines). Means + SE, n=5. Black and white bars on top indicate night- and daytime hours. Lines
represent fits from generalised additive mixed models applied to the non-aggregated data.

smaller particularly in current-year needles (Fig. 3). However,
shoot gas-exchange measurements conducted under controlled
conditions (AssofA400) in 2014 did not provide evidence for
photosynthetic downregulation (Klein et al. 2015, in review).
The only other FACE study using a conifer species was conducted at
the Duke forest in North Carolina, USA, where Pinus taeda had been
subjected to FACE over a period of 10 years and on average the
exposure to eCO, enhanced net photosynthesis by 67% in current
year needles and 37% in previous year needles (Ellsworth et al.,
2012) under ambient atmospheric CO, concentration +200 ppm.
We did not observe CO,-related differences in dark respiration in
our Picea trees but Griffin et al. (2004) reported an 1.7-2.7-fold
increase in the number of mitochondria in needles of Pinus radiata

trees grown under eCO, in open-top chambers. The largest
increase in mitchondria was observed at the tip where it led to
significantly increased area-based respiration rates. However, the
mid-section and base of the needles showed reduced respiration,
resulting in an overall 12% decline in needle respiration under eCO,
(Griffin et al., 2004).

At our FACE site, CEge, remained unaffected by eCO,, which is
consistent with the findings of Gielen et al. (2003) for three Populus
species growing in a short-rotation biomass plantation at the POP-
FACE facility in Italy. However, at the ORNL and Duke FACE sites,
CO, enrichment resulted in 33% and 6% higher rates of CEgtem in
Liquidambar styraciflua and Pinus taeda, respectively, during the
early stages of these experiments (Edwards et al., 2002; Hamilton
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Table 3

Results from a generalised additive mixed model for diurnal C release from Picea
abies stems. CO, treatment=aC0O, vs. eCO,, Diurnal FACE 2009 =recording of 6
August 2009 one week after the start of CO, enrichment, Diurnal FACE
2010=recording of 14 July 2010, one year after the start of CO, enrichment (the
pre-treatment recording is included as baseline in the intercept term). edf=
estimated degrees of freedom, s=smoother term.

Parametric coefficients Estimate (SE) t P

Intercept 3.10 (0.35) 8.91 <0.001 -
CO, treatment 045 (0.35) 129 0.20

Diurnal FACE 2009 0.55 (0.44) 129 0.20

Diurnal FACE 2010 0.55 (0.43) 129 0.20

Approx. significance of smooth terms

edf F P
s (time of day) 1.00 32.65 <0.001 -
s (bark temperature) 2.73 6.58 <0.001

" P<0.001.

et al, 2002). Diurnal recordings on 14-year-old Picea abies trees
subjected to CO, enrichment in open-top chambers also showed
moderate increases in CEgr,, of up to 16% over control trees (Acosta
et al, 2010). COy-related changes in sap flow may confound
comparative CEge, readings due to the respiratory CO, dissolved
and transported in the transpiration stream and the amount of this
CO; that remains stores internally. CEgem has been shown to
correlate negatively with sap flux density implying that a
CO,-induced reduction in whole-tree transpiration would inevita-
bly result in greater CO, efflux rates from stems (Bowman et al.,,
2005). However, such confounding can be ruled out because sap
flow in Picea abies remained unaffected by eCO, at the SCC FACE
site (Leuzinger and Bader, 2012). The absence of a CO, effect on
CEstem in the longer term is corroborated by the lack of a CO»-
induced stimulation of stem radial growth, which was assessed
with girth tapes at breast height (1.3 m), crown base (20-25 m) and
in the upper canopy (30 m; Klein et al. 2015, in review). Atwell et al.
(2003) reported initial stimulation of the basal area increment of
young, clonal Pinus radiata trees under eCO, and high-N conditions
in open-top chambers, but not under eCO, alone. However, this
initial response ceased after 1.25 years, resulting in similar relative
growth rates across all eCO, and N treatment combinations.
Given the initial increase in photosynthetic C uptake under eCO,
and the close coupling between photosynthesis and Ry; (Tang et al,,
2005) we expected a rapid stimulation of soil CO; efflux. Stable C
isotope tracing revealed a small yet clear signal of the 3C signature
of the fossil CO, used for canopy enrichment in soil air
approximately 12 days after the start of this FACE study (Mildner
et al., 2014). However, during the first week of CO, enrichment Ry
remained unaffected and in the 2010 assessment the pre-treatment
difference had nearly vanished, suggesting a slight suppression
rather than a stimulation of Ry, which was supported by bi-weekly

Table 4

Results from a generalised additive mixed model for diurnal soil respiration under
Picea abies trees. CO, treatment = aCQ, vs. eCO,, Diurnal FACE 2009 =recording of 6
August 2009 one week after the start of CO, enrichment, Diurnal FACE
2010=recording of 14 July 2010, one year after the start of €O, enrichment
(the pre-treatment recording is included as baseline in the intercept term).
edf=estimated degrees of freedom, s=smoother term.

Parametric coefficients Estimate (SE) t P

Intercept 3.58 (0.14) 26.00 <0.001 -
€O, treatment 0.58 (0.14) 421 <0.001
Diurnal FACE 2009 —0.14 (017) -0.83 041

Diurnal FACE 2010 —0.79 (0.17) —-4.71 <0.001

Approx. significance of smooth terms
edf F P
s (time of day) 1.00 41.85 <0.001

" P<0.001.
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seasonal measurements revealing a small but significant reduction
in Rsoj under CO,-enriched trees compared to the controls (Mildner
etal,, 2015). The lackof a CO, driven stimulation of Ry is in contrast
toother forest FACE experiments where R,,; commonly increased in
response to eCO, under various soil and canopy conditions (King
et al,, 2004) but it is in line with findings for soil under deciduous
trees at the samesite (Baderand Kérner,2010)and with the seasonal
figures associated with our spruce trees (Mildner et al., 2015; Klein
etal. 2015, inreview). Though none of the stands in the study by King
et al. (2004) had achieved canopy-closure when FACE commenced,
their findings suggest that the magnitude of the CO,-driven
stimulation of Rs. strongly depends on stand age as greater
responses were reported for very young compared to more
advanced stands. This may be largely related to the contribution
of root respiration to the overall Ry; signal. The SCCsite is a mature,
closed-canopy stand with trees aged well over 100 years suggesting
fully expanded root systems (‘root closure’), that one would expect
to respond less vigorously to CO,-enrichment (Mildner et al., 2015)
than expanding root systems in developing stands as was initially
the case at the Duke- and ORNL-FACE sites. Moreover, soil nutrient
availability is likely to play a role. At the Duke Forest FACE site,
fertiliser additionresulted inreductions in Rsoi under both aCO; and
eCO,, suggesting that forests on high-fertility sites, such as ours
(20-25kgNha~'a~! wet nitrogen deposition, Thimonier et al.,
2010), respire less CO, back to atmosphere (Butnor et al., 2003).

A noticeable feature of the diurnal courses was the continuing
rise in CEgem Stem and R towards the evening, when shoot
photosynthesis was already approaching evening light compensa-
tion. We speculate that this may reflect a time lag in assimilate
allocation to stem tissue and fine roots, however, published
findings about the effect of carbohydrates on respiratory processes
are mixed and thus there is no unanimous conclusion on this topic
(Covey-Crump et al., 2002; Atkin et al., 2000).

For logistic reasons, step-changes in CO, concentrations are
common in FACE experiments, however, in reality atmospheric CO,
increases gradually over decades to centuries. A recent modelling
study has looked at the difference in ecosystem response those two
scenarios may entail, by simulating the Duke and ORNL-FACE
experiments over a 300 year time period, with no consistent pattern
detected (Walker et al., 2015). In the long run (>10 years), initial
responses seen in step-change CO, experiments are most likely
mitigated due to compensatory effects (Leuzinger et al., 2011; Norby
and Zak, 2011), although in the case of photosynthesis, this could not
be confirmed in the FACE experiment on deciduous trees at the same
site as the present study took place (Bader et al., 2010).

Our data indicate a strong CO,-driven stimulation of shoot
photosynthesis under controlled leaf chamber conditions across
cardinal directions in these tallest and oldest trees ever exposed to
eCO,. There appeared no overall or daytime-dependent stimula-
tion of CO, release from stems or soil under FACE conditions
suggesting that the extra C assimilated during the initial study
phase was not rapidly returned to the atmosphere via respiratory
processes. This confirms earlier results from experiments at this
and other sites that the carbon balance cannot easily be closed in
mature forests that are exposed to elevated CO, (Fatichi and
Leuzinger, 2013). The most likely fate for the additional C are
multiple sinks along its pathway that may be too small to track
individually, given the limited statistical power of such large-scale
experiments (Mildner et al., 2015).
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General summary

Objectives

The aim of this thesis was to identify pathways and rates
of C allocation in tall forest trees, and to identify effects of
elevated CO, on respiratory processes and root growth.
Correspondingly, this thesis is divided into three separate
parts:

Chapter 2)

Long-term Bc labeling provides evidence for temporal
and spatial carbon allocation patterns in mature Picea
abies (published in Oecologia)

Chapter 3)

Respiratory fluxes and fine root responses in mature
Picea abies trees exposed to elevated atmospheric CO,
concentrations (published in Biogeochemistry)

Chapter 4)

Photosynthetic enhancement and diurnal stem and soil
carbon fluxes in a mature Norway spruce stand under
elevated CO, (published in Environmental and
Experimental Botany)

The work was conducted at the Swiss canopy crane (SCC)
research site in Hofstetten near Basel, Switzerland, and
explored signals produced by free air CO, enrichment
(FACE) in 110-year-old, ca. 37m tall P. abies trees.
Chapter 2 capitalizes on the isotopic signal carried by the
CO; gas used for CO, enrichment, yet does not address
effects of elevated CO, as such, but rather deals with basic
questions of C transfer in tall trees. Chapter 3 explores the
longer-term CO, effects on mature P. abies (i.e. 2.5 years),
whereas chapter 4 reports short-term (diurnal) responses
to elevated CO,. In the following, I will provide a
summary of the results of the three chapters of my thesis,
extended by a conclusion that links these chapters.

Chapter 2) Long-term "C labeling of Picea abies

As a side effect, the FACE technique provided the unique
opportunity to study C translocation within the tree body
using the stable isotope "*C signal the FACE gas carries.
Since control trees are not (can not) be similarly labeled
with 1C the tree responses to elevated CO, were not the
subject of this chapter. Yet, FACE resembles a continuous
C labeling of new assimilates. Tracking the fate of these
assimilates over a period of 2.5 years in tall trees offers
new insights in tree C relations under steady state
conditions. We tracked "*C signals in mature P. abies trees
at a high spatial and temporal resolution, i.e. from the
canopy (needles and branchlets), down to the tree trunk
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(year rings and stem CO, efflux), and into the soil
compartment (fine roots, fungi, soil CO, efflux). The
following key questions were answered:

1. How long does it take for new C to arrive at a
certain tissue type or respiratory flux?

2. What is the proportional contribution of newly
assimilated C to concurrent tree tissue production and
maintenance?

3. How long does it take until old C is replaced by
new C in various tissues?

Generally, we observed a reduction of new assimilate
investment with distance from the canopy, which can be
explained by a progressive dilution of new C into the
existing C storage pools in the tree. New sunlit needles
(and adjacent branchlets) exhibited a nearly 100% share of
new C, whereas shaded needles also used some older C.
Stem wood isotope signals evidenced a complete exchange
of old C by new C within 2 years. Fine roots contained
only 49-56% new C, hence are using older C pools for a
longer period of time. A surprisingly low fraction of novel
C (26-43%) was recovered from fungal sporocarps,
presumably related to the influence of neighboring trees
that were not CO, enriched. The first appearance of new C
in soil and stem CO, release occurred after 12 days,
reflecting a lag due to the long transport distances in these
37m tall trees. The CO, released by stems was composed
of 50% new C already in the first year of FACE. In
contrast, only ca. 15% new C contributed to soil CO,
efflux, reflecting the use of older substrates, and the
influence of older roots and litter from neighboring trees
blown in by wind.

These findings indicate a rapid contribution of new
assimilates to tissue formation, and thus, a fast
replacement of mobile C reserves with new C, and a
progressive signal dilution from treetop to the bottom. The
two-year replacement time in stem xylem shows that the
storage pool is contributing substantially to tree ring
formation. We speculate that the turnover of mobile C
pools might be enhanced by elevated CO,, and the
metabolic costs of this turnover might compensate for
some of the extra C taken up at elevated CO,
concentrations, and thus, may explain the ‘missing C’ at
the whole tree level. These metabolic costs are unlikely to
produce measurable signals at tissue level, given the large
heterotrophic volume of such trees.

Chapter 3) Responses of Picea abies to elevated CO,

Most FACE experiments revealed strong initial growth
responses to elevated CO, that diminished over the first 3
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years (Kdrner 2006). Since growth in natural undisturbed
systems is commonly not showing a continued stimulation
under altered CO, for reasons of nutrient supply, a step
increase in CO, concentration should induce overflow
responses in terms of enhanced respiration and fine root
expansion, the latter in order to forage for nutrients to
balance the additional C input. In this web-FACE
experiment, established in a natural Central European
forest, we investigated mature ca. 110-year-old P. abies
trees in their steady state of growth (C cycle coupled to the
nutrient cycle; Korner 2006). In this publication we were
particularly interested in:

1. Seasonal shifts in assimilate allocation;
2. Locations of C-investment;
3. Residence times (turnover) of mobile C pools.

We tracked the respiratory and fine root growth responses
of these trees before and directly after the start of FACE,
and for further 2.5 years. The CO, concentration in the
canopy (e.g. 540 ppm) was about twice the pre-industrial
level. We anticipated a stimulation of CO, release, and
faster root expansion into root-free soil space (in-growth
core method), but we also expected a weaker signal in
these mature trees compared to young trees. Seasonal stem
CO; efflux did not show any sign of increase during the
2.5 years under elevated CO,. This result lines up with the
lack of any stem radial growth response (ongoing work).
Fine roots (<0.5-2 mm) did not accumulate more dry
matter in the course of 2.5 years of CO, fertilization.
Interestingly, we observed a slight but significant
reduction of CO, release from the soil despite clear
evidence by isotopic signals that novel assimilates arrived
in the soil.

These data suggest that such mature trees do not even
show a transient stimulation of respiration to a step
increase of CO,, as was observed in other FACE
experiments using much younger trees (Norby et al. 2010).
Other growth-limiting factors appear to prevent more
vigorous tree growth and thus, metabolism at high CO,
(Norby & Zak 2011). N limitation can be excluded at our
site because of high N-deposition. A part of the extra C
taken up by needles at elevated CO, might have been
allocated belowground, however, not to fine roots.
Conversely, slightly reduced rather than increased rates of
soil CO, efflux implies that respiration of roots and/or soil
organisms declined under elevated CO,, implying an
overall reduced C allocation into the rhizosphere. We
assume that extra C absorbed by foliage is either retained
within the tree body (stored carbohydrates), recycled by
respiration rates below detection limit across all
heterotrophic plant tissues, or lost through enhanced
leaching of dissolved organic or inorganic carbon
(DIC/DOC).

In summary, we conclude that mature P. abies trees at our
site are roughly C saturated at current CO, concentrations.
We find no indication of stimulated belowground
metabolic activity (fine roots and soil CO, efflux).
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Chapter 5) Diurnal courses in P. abies under

elevated CO,

Leaf-level photosynthetic stimulation in trees following a
step increase of atmospheric CO, was commonly observed
in CO, enrichment experiments, however, mostly without
corresponding growth stimulation. Hence, the fate of this
additional C input in tree still is not fully resolved, but C
overflow mechanisms such as respiratory C losses might
account for this C surplus. Since these potential variations
in C fluxes might not be detectable on a daily basis, a
response may emerge on shorter timescales (i.e. on a
diurnal basis). This chapter (co-authorship) explored the
diurnal variations in C fluxes (i.e. net photosynthesis, and
CO,; efflux from the forest floor and the from stem) in
mature P. abies trees exposed to elevated CO, in the SCC
web-FACE experiment. We tracked the diurnal variations
of these fluxes on a summer day shortly before the onset of
FACE, and twice during the FACE periods in summer
2009 and 2010.

Results from this study confirmed a CO,-induced
photosynthetic stimulation shortly after the onset of FACE,
and a change in magnitude throughout the day.
Intriguingly, this stimulation of A, diminished in the
second year under FACE, indicating photosynthetic
downregulation in these trees. The respiratory fluxes from
P. abies stems, as observed on a seasonal basis (chapter 4),
were not affected by high levels of CO, whereas soil CO,
efflux decreased slightly with prolonged exposure to
elevated CO,. Further, the diurnal patterns of CO, release
(stems and soil) were not altered by CO, enrichment.

In conclusion, despite larger C input into the tree system in
the first year of FACE, respiratory overflow mechanisms
could not be observed even on a diurnal basis,
corroborating our results obtained in chapter 4.
Additionally, the photosynthetic downregulation observed
at high CO, confirms the assumption that these trees are C
saturated.

Final conclusions

Stimulatory effects of elevated CO, on tree growth are
constrained by several growth-limiting factors, mainly
availability of nutrients and other resources, and the
developmental stage (age) of a tree. This thesis for the first
time illuminates the current (chapter 2) and future
(chapters 3 and 4) C balance of mature evergreen conifers
subjected to prospective CO, levels of 540 ppm in a near-
natural forest in Switzerland. Isotopic labeling of fresh
assimilates successfully depicted the pathways of C in
these trees, thus provided basic insights into how P. abies
trees handle the distribution of assimilates. We observed
remarkable tree-specific variations in all pre-treatment
measurements, emphasizing the importance of recording
baseline conditions prior to any experiment. At current
CO; levels, all investigated tissues (except for needles in
the sun), and respiratory fluxes depended only partly on
new assimilates. The further away from the upper tree
canopy, the greater the role of old C stores for new tissue
formation and respiration. Since no aboveground growth
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stimulation was observed (ongoing works) despite higher
but transient rates of photosynthesis, and since stem CO,
efflux remained unaffected by elevated CO,, we assume
that the extra C assimilated in the first year is dissipated
via respiration associated with C turnover (phloem) at rates
below detection limit. These processes seem to be too
small to be detectable but their accumulated rate along the
entire phloem system might account for the unresolved
‘missing C’ at elevated CO,. We found no evidence for
increased C investment belowground at elevated CO, that
might also account for some of the higher leaf-level C
input at elevated CO,.
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