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ABSTRACT

Climate change factors such as elevated CO, concentration, warming and
changes in precipitation patterns have been shown to affect terrestrial
carbon (C) cycling. The objective of this Ph.D. project is to track
recently assimilated C into belowground compartments to investigate the
effects of climate change on belowground C allocation. The impacts of
climate change as single and combined treatments were applied to
heath/grassland vegetation and the short-term terrestrial C turnover was
investigated using in-situ "CO, pulse-labeling. We developed a mobile
and low-cost pulse-labeling setup applicable in remote natural
environments. We present evidence that our new system works reliably
and leads to results similar to former grassland pulse-labeling
experiments. Allocation of recently assimilated C into roots and the
microbial biomass was often similar among climate treatments, but C
allocation patterns into microbial functional groups were treatment
dependent. We observed a delayed C allocation into microbes under
drought and a faster C flow through the microbial community under
elevated CO, conditions. Especially the importance of actinomycetes in
the utilization of recently assimilated C can have major impacts on the C
balance under changing climatic conditions. A comparison of C
allocation under ambient and simulated future climatic conditions
showed that the terrestrial C balance might be changed by reducing soil
organic matter mineralization. Our results suggest that the impact of
future climatic conditions may change belowground processes involved
in C cycling and that heath/grassland soils have the potential to serve as
C sinks in the future. To confirm these results, a short-term C balance
for the conducted study is needed to reveal if observed C allocation into
different microbial communities affects the short-term C balance on the
ecosystem scale.
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SAMMENDRAG

Oms=ztningen af kulstof (C) i terrestriske okosystemer influeres af de
faktorer, der medvirker til globale zndringer 1 klima og atmosfzre,
herunder stigende CO, koncentration og temperaturer samt andrede
nedbersforhold. I dette studie blev lynghede udsat for de nevnte klima-
faktorer, enten enkeltvis eller 1 kombination. Efterfolgende blev kort-tids
omsztningen af kulstof analyseret ved brug af en in-situ indmarkning
med C-13 mearket kuldioxid ("CO,). Formalet var at undersoge effekten
af de simulerede klima-effekter pa den underjordiske lagring af kulstof
ved at spore den tilforte C-13 isotop til forskellige C-puljer i redder og
omgivende jord. For at gennemfore dette udviklede vi en
torsegsopstilling baseret pa mobile og relativ billige komponenter, der
muliggjorde  “CO, forsog i vanskeligt tilgengeligt terren. Vi
dokumenterer, at metoden giver reproducerbare og trovardige resultater,
bla. i sammenligning med tidligere studier i tilsvarende forsegsterren.
De piforte klimafaktorer var uden betydning for fordelingen af nyligt
fikseret C til rodder og den generelle pulje af mikroorganismer. Derimod
havde klimabehandlingen betydning for fordelingen af C til forskellige
funktionelle grupper af mikroorganismer. Generelt kunne det ses, at
hastigheden hvormed nyligt fikseret C strommede til jordens
mikroorganismer blev nedsat under simuleret torke, mens forholdene
med oget CO, 1 atmosferen gav en hurtigere C transport til
mikroorganismerne. Resultaterne viser, at iser gruppen af strilesvampe
(aktinomyceter) kan have betydning for kulstofbalancen via deres
udnyttelse og omsatning af nyligt fikseret C 1 fremtidens klima. En
sammenligning af den underjordiske C lagring under nutidigt CO, niveau,
med forventet C lagring under de fremtidige klimabetingelser, viser, at
den fremtidige C balance i en lynghede vil @ndres som folge af en oget
oplagring via reduceret omsaxtning af nyligt fikseret C. Dermed kan det
forventes, at den underjordiske C omsztning i lyngheder, og lignende
graeskledte okosystemer, axndres i fremtidens klima. ZAndringen vil
indebzre at nzvnte type af okosystem vil bidrage til at optage C fra
atmosferen. For yderligere at understotte disse resultater, bor der laves
en kvantitativ opgerelse af kort-tids C balancen i et studie for at fastsla,
hvorvidt den @ndrede C allokering til forskellige funktionelle grupper af

mikroorganismer har betydning for den overordnede C balance.
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1. TERRESTRIAL CARBON CYCLING IN FUTURE
CLIMATE

Climate scenarios predict increasing temperatures, rising atmosphetic
carbon dioxide (CO,) concentrations, changes in precipitation patterns
and the occurrence of more frequent extreme weather events in the
future (IPCC 2007). Terrestrial carbon (C) cycling is affected by e.g.
warming, water availability and CO, concentration. Consequently,
changing climatic conditions will alter processes involved in C cycling
and can result into changed ecosystem C fluxes. Elevated atmospheric
CO, concentration has been shown to accelerate the atmospheric in CO,
concentrations even further (Hungate ef a/. 1997; Selsted et al. 2012),
warming has a positive effect on the speed of C cycling but e.g. drought
periods or heat waves can also diminish C turnover (Ciais ef a/. 2005; Luo
2007; Heimann & Reichstein 2008). In many ecosystems, limited water
availability reduced C cycling processes (Ciais ef al. 2005; Selsted et al.
2012). However, future climate will be a combination of all factors and it
is important to understand climate factor interactions and their influence
on ecosystem processes (IPCC 2007).

The global terrestrial soil organic matter (SOM) stock is with 1500 Pg C
the biggest terrestrial C pool of which ca. 60 Pg C are turned over
annually (Filley & Boutton 20006). Terrestrial C cycling starts with the
autotrophic  assimilation of atmospheric CO, by plants via
photosynthesis (Figure 1). C is incorporated into plant components,
stored in aboveground biomass or allocated belowground into roots
(Bowling e al. 2008; Briggemann ez a/. 2011). C compounds in roots are
either used for root processes or can be released into the rooting zone
(thizosphere) to stimulate microbial activity (Kuzyakov e al. 2001,
Paterson ez al. 2007). Microbes use plant-derived C compounds for their
own growth and invest it into exoenzymes for soil organic matter (SOM)
and litter degradation, and as a result increase soil nutrient availability
(Fontaine e al. 2011). The soil microbial community can be (i) closely
associated with plant roots (rhizoplane bacteria and mycorrhizal fungi),
(if) highly dependent on plant rhizodeposits (rhizosphere bacteria and
saprophytic fungi) or (iii) specialised on SOM-mineralization in the soil
matrix. Preferences in microbial substrate utilization can be assigned to
ecological functionality (Cheng ez a/. 2005; Denef e al. 2009). Commonly,
the soil microbial community is divided into five main functional groups
namely gram-negative and gram-positive bacteria, actinomycetes,
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mycorrhizal and saprophytic fungi. Bacterial groups are fast growing
with short live cycles and thus able to rapidly respond to changing
environmental conditions such as exudation of labile C compounds by
plant roots (Fontaine ez a/. 2003). The actinomycetes group, classified as
gram-positive bacteria, is an exception; this group has a more fungal-like
life cycle and appearance and has the ability to mineralize recalcitrant soil
C compounds (Lacey 1997). Mycorrhizal fungi are closely associated
with plant roots in a symbiotic relationship (Talbot ez a/. 2008). In
contrast, saprophytic fungi are the main decomposers of SOM in the soil
matrix characterised by a long and steady but slow life cycle (Fontaine ef
al. 2003; Fontaine ez a/ 2011). Microbial and plant (leaves and roots)
activity involve heterotrophic and autotrophic respiratory processes,
respectively. C is eventually respired and diffuses back to the atmosphere
closes the terrestrial C cycle (Schlesinger & Andrews 2000; Amundson
2001).

Legend

C assimilation
Atmospheric C movement
n Cco, =>» Degradation enzymes
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Plant
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Figure 1: Terrestrial C cycle with the focus on the soil microbial community:
atmospheric CO, is assimilated by plants, C is stored in aboveground plant biomass,
respired or transported belowground into roots; roots can be directly colonized by
the rhizoplane microbial community; plants can release rhizodeposits that are
consumed by the microbial community; Microbes produce enzymes to mineralize
litter and soil organic matter (SOM). Microbial and root activity involves respiration
processes; respired C eventually leaves the soil (soil respiration). Boxes indicate
studied ecosystem compartments in this thesis and the numbers I-IV show related
papers: I: development of an in-situ "C-CO, pulse-labeling setup, II: trace of recently
assimilated C into the soil microbial community, III: assessment of SOM priming
and (IV): outlook of a short-term C balance.
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Climate change factors that affect aboveground plant processes (e.g.
increased atmospheric CO, concentration, warming) will also affect the
closely linked belowground C cycling. Moreover, changes in precipitation
patterns and thus soil water availability will influence belowground
processes and aboveground plant performance. The aim of this thesis is
to investigate the effects of future climatic condition on the soil
microbial community composition and their importance for short-term
belowground C tutnover in a temperate heath/grassland.
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2. CLIMATE CHANGE EXPERIMENTS

Free-air carbon dioxide enrichment (FACE) experiments have been
established in grasslands (TasFACE, Swiss FACE, GiFACE), forests
(Web-FACE, Bangor FACE, Duke FACE) and agricultural systems
(AGFACE, FAL FACE, AZ FACE, ORNL FACE, SoyFACE,
RiceFACE) to study the effects of elevated atmospheric CO, on
ecosystems. FACE experiments have also been combined with ozone
(SoyFACE), nutrient additions (Duke FACE, POP-EuroFACE, AZ
FACE), warming (PHACE, TasFACE) and manipulation of
precipitation (AZ FACE). In some cases, FACE experiments have been
combined with more than one relevant climate factors such as OzZFACE
(three CO, concentrations, defoliation and nutrient additions) and the
CLIMAITE experiment (drought and warming).

2.1 The CLIMAITE experimental site Brandbjerg

The CLIMAITE experiment is situated in temperate Northern Zealand
(55°53’ N, 1158 E), Denmark in a hilly location covered by an
unmanaged heath/grassland ecosystem. The yearly average temperature
is 8 °C and the mean precipitation is ~610 mm. The soil is a sandy
nutrient-poor deposit composed of ~70% sand, ~20% coarse
sand, about 6 % silt and, ~2 % clay in 0-15 cm with low water holding
capacity. The plant community is co-dominated by the grass Deschanpsia
Sflexcnosa (~70 %) and the dwarf shrub Calluna vulgaris (~30 %), and minor
occurrences of other grasses, herbs, mosses and lichens (Kongstad ez a/.
2012). The two species are distributed heterogeneously in patches
throughout the study site. Total aboveground green biomass was about
700 g m™ when the experimental site was established (Mikkelsen ez 4.
2008) and varied on a seasonal scale between ~300-730 g m™ measured
in campaigns between 2004 and 2008 (Kongstad e# a/ 2012). Total green
biomass of D. flexnosa was ca. 30 g m™ in March 2007 and was measured
to be highest (ca. 230 gm™) in August 2004 in the same study. Plant
heights ranged from 40 to 60 cm. Initial root biomass was ~550 g m™
(Mikkelsen ez a/. 2008) with about 90 % of roots located in the top 10 cm

soil.



Long-term climate change effects on soil microorganisms and soil carbon

Figure 2: Experimental layout of the climate treatments at the CLIMAITE field site:
one experimental block is composed of one non-CO, and one eleavated CO,
octagon (FACE). One block contains a full-factorial combination of elevated CO,
(CO2), prolonged spring/summer droughts (D) and temperature increase (T).

The experimental treatments were initiated in 2005. The experimental
setup is a full-factorial split-plot design that consists of the following
climate treatments: an un-treated control (A), elevated CO,
concentration at 510 ppm during daytime hours, prolonged
spring/summer droughts by horizontally moving curtains (D), increased
temperature (1 °C) realized as passive night time warming by reflective
curtains (T) and the treatment combinations TD, DCO2, TCO2,
TDCO?2. Each treatment is replicated 6 times (48 plots in total).
Treatments are applied in 12 octagons () 6.8 m) arranged pair-wise in
six blocks (Figure 2). Each octagon is divided into four plots. Within
each block, one octagon is exposed to elevated CO,. Soil moisture
(vol%), soil and air temperatures (*C) and photosynthetic active radiation
(PAR, umol m™ sec') are constantly measured at the field site. For
further information see Mikkelsen ef @/ (2008) and Selsted e# a/. (2012).

Within this Ph.D. project, two field experiments have been performed in
subplots with at least 80 % grass cover to study the effect of changing
climate on short-term carbon turnover. Experiment 1 (Expl) took place
in September/October 2010 and expetiment 2 (Exp2) in May 2011
(Figure 3). During autumn (October), C allocation belowground is
believed to be highest because plants prepare to outlast harsh winter
conditions. In late spring (May), plants are in their growth phases and
CO, uptake was expected to be maximum.
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Figure 3: Climatic conditions (precipitation, photosynthetic active radiation (PAR),
temperature) at the field site: (a) monthly averages from Aug 2010 to Jun 2011, (b)
daily averages during Expl and (c) Exp2. ‘L’ indicates start of each labeling campaign,
‘F’: finish of Expl, ‘H1” and ‘H2’ indicate finish of Exp2 by aboveground biomass
harvest. Values are means £ SE, only averages of PAR drawn in (b) and (c) due to
high daily variability.
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2.2 Effects of elevated CO,, drought and temperature on
terrestrial C-cycling

Elevated CO, was observed to increase C turnover by raising CO,
assimilation efficiency, increasing aboveground and belowground plant
biomass and by stimulating respiratory processes (King e a/. 2004; Wan
et al. 2007; Selsted ez al. 2012). Carney et al. (2007) observed a decrease in
soil C stocks after four years of elevated CO, exposure in a shrub-oak
forest, which is in agreement with earlier modeling results (Amundson
2001). However, the effects of increased atmospheric CO,
concentrations are still controversial, and elevated atmospheric CO,
concentrations did not always result in soil C loss (Norby & Zak 2011).

Increased temperatures generally showed positive effects on C turnover
by extending plant growth seasons due the close linkage with
belowground C allocation processes, especially in cold ecosystems (Luo
2007; Heimann & Reichstein 2008) such as Alaska and Greenland. In
already dry ecosystems, warming was observed to diminish physiological
processes and thus C turnover. During the European heat-wave in 2003,
a decrease of soil organic C stocks was observed as a result of decreased
photosynthetic CO, assimilation but, soil processes including respiratory
C losses remained unchanged (Ciais ez a/. 2005).

Future precipitation patterns are likely to be more extreme, leading to
more heavy rain events alternated with longer drought periods (IPCC
2007). Extended drought periods decreased belowground C turnover
(Selsted ez al. 2012), soil properties and water availability. In contrast,
heavy rain events can lead to flooding, resulting into anoxic soil
conditions and thus, the dead of roots, soil microbes and animals going
along with reduced belowground activity and diminished C utilization.
Moderate increases in precipitation, however, facilitated soil CO, efflux
significantly and it was suggested that soil C storage could be decreased
(Wan ez al. 2007).

Single climate factor effects on terrestrial C turnover have been studied
tairly well and scientists got an idea about possible ecosystem responses.
Effects of combined climate change factors on ecosystems are rarely
studied, and can be difficult to predict. The combination of elevated CO,,
warming and extended drought periods has been shown not to result
into additive ecosystem responses, but rather in antagonistic interactions

(Larsen ez al. 2011; Dieleman ez al. 2012).



Sabine Reinsch Ph.D. Thesis

3. STUDYING CARBON CYCLING WITH PULSE-
LABELING

C isotope tracers have become an important tool in studying C allocation
patterns into terrestrial C pools (Meharg 1994; Leake ez al 20006).
Continuous C-labeling (e.g. via long-term FACE treatments) is well
suited to investigate C allocation to soil C pools due to continuous
labeling of newly assimilated C, but it lacks resolution when studying
environmental impacts on ecosystem C turnover. In contrast, pulse-
labeling provides a higher spatial and temporal resolution, and allows the
investigation of effects of changing climatic conditions on C cycling. But,
low incorporation rates of recently assimilated C can limit the resolution

(Meharg 1994).

3.1 Pulse-labeling setup (Paper I)

Field pulse-labeling studies using stable C isotopes have frequently been
used to study short-term C-turnover in different ecosystems (Leake e a/.
2006; Kastovska & Santrackova 2007; Wang e al. 2007) and to
investigate impacts of e.g. ecosystem management practices (Rangel-
Castro ez al. 2004; Denef et al. 2009; De Deyn ef al. 2011) and climate
change (Denef er al. 2007; Jin & Evans 2010). Although "“C pulse-
labeling is a very useful method to answer questions addressing terrestrial
C-turnover, the conduction of a °C pulse study is challenging, especially
under field conditions due to e.g. distances between plots of interest and
weather conditions.

Two basic components are important for the deployment of a “C-pulse-
labeling study under field conditions: (i) the experimental field plots
should be confined and separated from the surroundings with the least
disturbance. For the belowground part, this is often achieved by
inserting soil collars to avoid exchange with the surroundings especially
in terms of C exudation by roots that can mix into the soil matrix. For
the aboveground part, air tight and transparent chambers or bags
deployed isotopically modified CO, to the vegetation of interest. An
important issue is to maintain ambient environmental conditions inside
the chambers. ii) Supply of isotopically modified CO, either to the
ambient air in chamber, or by a flow-through setup with forced air flow.
Generally, flow-through systems are suitable to maintain stable chamber
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concentrations without external adjustments and have an advantage over
setups where chamber conditions have to be adjusted manually e.g. by
giving CO, pulses (Kastovska & Santrackova 2007; Wang ef al. 2007,
Hamilton ez al. 2008; Martensson e al. 2012). A steady chamber CO,
concentration is needed in order not to affect plant photosynthesis
(Ainsworth ez al. 2005), and is a prerequisite for assessing C-budgets that
include plant assimilated C.

Within this Ph.D. project, we developed a mobile multi-plot field setup
for in-situ PC-CO, pulse-labeling at relatively low costs (Paper ).
Transparent acrylic chambers (Figure 4a) were mounted gas-tight in
water-filled canals atop metal collars that were pushed into the soil. C-
CO, air was mixed with CO, free air and was stored in air reservoirs
(3 m diameter advertisement balloons, Figure 4b). The air reservoirs
contained air for a whole labeling event and was then transported to the
place of interest (Figure 4c,d).

Pulse-labeling in Exp1 was carried out during one labeling campaign (7 h,
sunny conditions, Figure 3b) in 1.5 x 1.5 m experimental plots located
adjacent to the main climate treatment octagons. Expl was a two-
factorial setup containing untreated control plots (ambient), frequent
drought periods (drought) and increased precipitation (irrigation), all
under ambient CO, concentrations (390 ppm). Drought periods were
realized by covering the plots with transparent Plexiglas roofs raised ca.
1 m aboveground on metal racks. Precipitation was simulated by adding
deionised water. Treatments were initiated in March 2007 and continued
in 2008, paused in 2009, and resumed in 2010. Each treatment was
replicated five times. In 2010, drought was induced at two two-week
events in April and July. Artificial rain was applied every two weeks
(n =9) by adding ~28 litres of deionised water per plot equivalent to
12.44 mm precipitation between April and July 2010.

Pulse-labeling in Exp2 was performed in two campaigns (for 4 h) within
the CLIMAITE setup (Figure 2) under ambient and elevated CO,
concentrations. At the first labeling campaign, the weather conditions
were dominated by grey skies and light showers, whereas the second
campaign was performed under more sunny conditions (Figure 3c). For
logistic reasons, the labeling plots were situated ca. 1.2 m outside the
main octagons, and thus exposed to more randomly variable yet elevated
CO, concentrations of about 500 ppm.
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Figure 4:

In-situ PC-CO, pulse-
labeling in practice: (a)
pulse-labeling chamber
mounted onto a soil
frame, (b) filling of air-
reservoirs with air, (c)
transport of air-reser-
voirs to the location of
interest and (d) field site
during a  labeling
campaign.

3.2 Validation of the developed pulse-labeling setup
(Paper I)

We successfully developed a mobile multi-plot n-situ “C-CO, pulse-
labeling setup that was applied to low vegetation in a remote
environment. A minimum of 15 plots were simultaneously pulse-labeled
with PC-CO, for at least 4 hours. Conducting one pulse-labeling
experiment with multiple plots instead of several successive smaller
labeling campaigns ensured that environmental conditions (PAR,
temperature, soil moisture, precipitation) were the same across replicates.
The use of big (¥ ~3 m), robust (vinyl) and gas tight advertisement
balloons as gas reservoirs provided sufficient air for at least four labeling
chambers under the applied conditions. The robust balloon material
allowed transportation of filled air reservoirs to the place of interest.

Observed stable CO, concentrations in air reservoirs were 390 ppm
under ambient conditions and 510 ppm in plots treated with elevated
CO, (Figure 5a). But, CO, concentrations in labeling chambers were
always lower than 390 or 510 ppm (Figure 5b). This change in chamber
CO, concentration compared to the supplied air was due to
photosynthetic and respiratory processes in the soil and vegetation
confined by the chamber.
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Figure 5: CO, concentrations and "C-CO, conditions in air reservoirs and labeling
chambers during the course of the pulse-labeling campaigns in Exp1 and Exp2.

Observed isotopic enrichment of supplied CO, was stable over time, but
always lower than the targeted concentration in reservoirs (Figure 5c)
and chambers (Figure 5d) in both experiments. We have no obvious
explanation for this unexpected observation. One reason might be an
inaccurate correction for the intensity dependence in C/"C ratio
determinations at enrichments >> natural abundance. Alternatively, the
CO, isotopic composition may have changed significantly during the
storage; however, this could not be observed in independent testing, and
the CO, concentrations did not change during storage, confirming
previous testing of the used gas vials (Joos e al 2008). A test trial
revealed that the apparent atom% "“C-CO, values were strongly (linear)
dependent on the CO, concentration in the sampled range of 500-
2000 ppm. This empirical relationship was subsequently used to correct
atom% "C-CO, in our analysis. Nevertheless, the corrected atom% “C-
CO, values from our field samples never showed the expected values in
gas reservoirs and labeling chambers. This suggests that either the
equipment leaked and the enriched CO, was diluted with ambient air, or
that the correction is wrong. Invasion of atmospheric air into the
reservoirs is unlikely due to observed stable CO, concentrations. In case
of mixed CO, sources we would also expect the CO, concentrations to
be different from our target values. According to this, we have to assume
that the measurement of gas samples highly enriched in “C-CO, has to
be further tested and evaluated to achieve satisfactory results.
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4. TRACING CARBON BELOWGROUND

Belowground C allocation of recently assimilated *C-carbon from the
labeling pulse can be traced into belowground compartments such as
roots, microbial biomass and the soil matrix (Stewart & Metherell 1999;
Kastovska & Santrackova 2007). C isotope analysis in roots, soil and soil
microbial biomass can be used to study belowground C-sink dynamics
(Leake ez al. 20006), possibly in combination with the effect of climate
change (Andresen ez al 2009). A more detailed insight into the soil
microbial community can be achieved by extracting microbial biomarker
tatty acids (Zelles 1997; Kirk ef al. 2004; Frostegard ef a/. 2011). Microbial
fatty acids are located in the outer membrane of microorganisms (except
archaea) and can specifically be assigned to ecological functional groups
(Table 1). Phospholipid fatty acids (PLFAs) and neutral lipid fatty acids
(NLFAs) can be extracted from root and soil samples to quantify the soil
microbial community (Bligh & Dyer 1959). Microbial fatty acid analysis
can also be combined with pulse-labeling and recently assimilated C can
be traced into microbial functional groups by using gas-chromatograph-
combustion isotopic mass spectrometry (GC-c-IRMS) (Denet e# a/. 2007,
Gray et al. 2011). C-13 enrichment in PLFAs can be very low, but is
generally above the detection limits and provides a reliable tool to
characterize the fate of C into microbial functional groups.

4.1 Belowground carbon pools and the soil microbial
community under changing climatic conditions (Paper II)

With Exp2, we aimed to investigate the dynamics of short-term C
turnover under different climatic conditions. It is known that the rate of
C turnover can be influenced by elevated CO, concentration, drought
and warming (Hungate ez 2/ 1997; Ciais et al 2005; Heimann &
Reichstein 2008; Selsted ez a/. 2012). We sampled all treatments at similar
short time intervals; however, with this sampling strategy we can only
investigate temporal “snapshots” of the dynamic system, which has to be
taken into account when interpreting the results in terms of a fast or
delayed occurrence of recently assimilated C in different C. Different
patterns of the fate of recently assimilated C can additionally be modified
by microbial activity as well as water and nutrient availability in the soil.

12
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Table 1: Microbial specific phospholipid fatty acids (PLFAs) used to characterize the
soil microbial community in root and soil samples. PLFAs specific for arbuscular
mycorrhiza were not detected in the present study. Neutral lipid fatty acids were not
investigated.

Microbial functional group PLFA References
General 14:0 Zelles 1999
15:0 Frostegird & Badth 1996; Zelles 1999; Denef ez al. 2009
16:0 Zelles 1999; Denef et al. 2009
18:0 Zelles 1999; Denef et al. 2009
Gram-negative bacteria 17:0cy Frostegird & Badth 1996; Denef e a/. 2009
19:0cy Frostegard & Béith 1996; Zelles 1999

16:1w7 Frostegard & Béath 1996; Denef ez al. 2009
18:107 Denef et al. 2009

Gram-positive bacteria 15:0a Frostegird & Badth 1996; Zelles 1999; Denef ez al. 2009
15:01 Frostegard & Béith 1996; Zelles 1999; Denef e/ al. 2009
16:01 Frostegird & Badth 1996; Denef e a/. 2009
17:0a Frostegird & Badth 1996; Zelles 1999
17:01 Frostegard & Béath 1996; Denef ez al. 2009
Actinomycetes 10Me16:0 Kroppenstedt 1985; Denef e a/. 2009

10Me17:0 Kroppenstedt 1985
10Me18:0 Kroppenstedt 1985; Denef e al. 2009
Fungi 18:1w9 Stahl & Klug 1996; Zelles 1999; Denef ez al. 2009
18:206 Stahl & Klug 1996; Denef ez al. 2009
18:3w3 Stahl & Klug 1996; Denef ez al. 2009

Recently assimilated C from the pulse-chase was traced into
belowground C pools (roots, microbial biomass) as well as in different
respiratory CO, effluxes (Figure 6). The atom% "C excess (APE) of
each C pool was calculated as difference between natural abundance
PC/"C ratio and the PC/"C ratio of belowground C pools 1, 2 and 8
days after the pulse-chase. APE measures are independent of pool sizes
(e.g. root biomass, microbial community size), but APE measures are
useful to reveal C flow dynamics of recently assimilated C and potential
effects of climate factors on short-term C turnover. The pulse-labeling
was successful as assessed by "’C appearance in the tested C pools that
were different from natural abundance >C/'*C ratios.

In all investigated compartments (below- and aboveground), APE was
often highest two days after the pulse-chase and decreased thereafter.
Enrichment peaks shortly after the pulse-labeling have been observed in
other studies (Lu ez a/ 2004; Leake ez a/. 20006; Jin & Evans 2010) and
illustrate the rapid turnover of plant assimilated C. In roots, APE was
higher in the CO, treatment at one and two days after the pulse-chase,
compared to ambient conditions (Figure 6, roots: brown). Even though
we have no root biomass estimates yet, root biomass has been shown to
be increased under elevated CO, conditions (Fitter ef a/. 1996), and we

13



Sabine Reinsch Ph.D. Thesis

can assume that a higher root BC enrichment indicates a facilitated
belowground allocation of recently assimilated C (Jin & Evans 2010).
Interactions of climate treatments on APE in roots were observed at

days 1 and 8 in combination with increased temperatures (Figure 6, DT,
CO2T, CO2TD).

Microbial biomass carbon (MBC) was equally enriched in “C across
climate treatments (Figure 6, purple) going along with an unchanged
microbial biomass size as revealed by total PLFA-C concentration
(Paper II). Climate change factors have been observed not to affect
MBC (Zhang ez al. 2005; Jin & Evans 2010). However, a deeper insight
into the microbial community at the level of microbial functional groups
(MFG) showed different C allocation patterns dependent on climate
treatments. The C-fate (%) into MFGs describes the relative allocation
of recently assimilated C (from the pulse-chase) among the different
microbial functional groups, e.g. if 100 % assimilated C was observed in
the gram-negative group then, all the recently assimilated C that ended
up in the microbial community was entirely used by that group. Thus,
the measure of C-fate is an indirect measure of the importance of each
functional group in the short-term C turnover.

We assessed the C-fate into MFGs in roots at days 1, 2 and 8 as well as
into the soil at day 2 (Figure 7). Root samples showed an overall high C-
fate into gram-negative bacteria (Figure 7, black bars) in terms of C
allocation into specific biomarker PLFAs. The temporal dynamic in the
C-transfer pattern showed that gram-negative bacteria were generally the
tirst group utilizing recently assimilated C followed by a delayed uptake
of root exudates by gram-positive bacteria (Figure 7, green bars) since
the sizes of the bars tend to increase over time. Gram-negative bacteria
showed the most consistent C-fate patterns across climate treatments
when taking into consideration that elevated CO, concentrations
accelerate C turnover (Denef ef al. 2007; Drake et al. 2011; Selsted ez al.
2012) whereas dry conditions slowed down C cycling (Selsted ez a/. 2012).
This observation offers the possibility to use C-fate patterns displayed in
the gram-negative group to Iinvestigate the effects of climatic
manipulations on the speed of C cycling.
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Figure 6: Atom% excess (APE) in different terrestrial C pools: Supplied "C-CO, is
assimilated by plants and transported into belowground plant parts: roots (brown)
and into the microbial biomass (purple). Re-allocated C can be respired and diffuses
back to the atmosphere as soil respiration (Rg, light blue). Ecosystem respiration
(dark blue) combines belowground and aboveground CO, respiration. APE was
measured for the climate treatments 1, 2 and 8 days after the "C-CO, pulse-chase.
APE dynamics within each climate treatment over time are indicated by letters;
differences between treatments are indicated with arrows where the direction of the
arrow indicates the APE development compared to the ambient treatment.
Treatment interactions are indicated with * if p < 0.05.

Three out of four CO, treatments (CO2, DCO2 and TDCO2) showed a
high C-fate into gram-negative bacteria one day after the pulse-label
(Figure 7) suggesting an overall positive effect of elevated CO, on the
speed of C transport and C allocation in the microbial community. In
contrast, three out of four non-CO, plots (A, D and T), displayed a one-
day delay in C allocation peak into gram-negative bacteria, confirming
the hypothesis of a faster C turnover under elevated CO, concentrations.
Drought and temperature treatments did not show consistent patterns of
recent C allocation in gram-negative bacteria suggesting that the two
treatments are not the main determinants of C turnover rates.

Actinomycetes (Figure 7, orange bars) and fungi (Figure 7, yellow bars)
were generally less involved in the uptake of recently assimilated C in
roots compared to soil. The uptake of recently assimilated C in
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actinomycetes was delayed compared to the bacterial groups. The C-fate
into actinomycetes in roots was very low one day after labeling (with
exception of TCOZ2) but this changed over time. This can be a result of
low actinomycetes activity in roots, or the utilization of an alternative C
source. The actinomycetes community was more actively involved in the
uptake of recently assimilated C in soil than in roots, with the exception
of the TCO2 treatment. Fungi often took up a high proportion of
recently assimilated C in roots at day one (average 10 %), but the C-fate
was detected to be lower at day 2 (average 4 %), combined with a high
tate of C into the fungal group in soil at day 2 (20 %). This pattern
suggests a re-allocation of recently assimilated C from roots into the soil
matrix due to fungal activity.
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Figure 7: Fate of recently assimilated C (C-fate) into microbial functional groups in
roots (a,b,d) and soil (c) over time. Legends within each plot show significant
differences between treatments during that time point (p = 0.1). Boxes coloured as
functional groups above treatments in combination with letters indicate within
treatment differences in the soil microbial group over time.
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Fungi, especially mycorrhizal fungi, are known to transport C through
hyphae and provide easily available C to rhizosphere bacteria (Olsson &
Johnson 2005). In the presented study, we did not detect mycorrhizal
specific PLFAs, but we assume that the observed fungal biomarkers
represent a mix of saprophytic and mycorrhizal fungi. Thus, low
recovery of recently assimilated C in roots in e.g. drought plots at day 2
can be a result of C transport through hyphae away from roots and into
different microbial groups such as actinomycetes (19 £ 7 %) and gram-
positive bacteria (28 * 10 %). C-fate patterns proposed that fungi
generally transported recently assimilated C into the soil matrix, where
especially actinomycetes profited from the labile C input (Figure 7, soil).
Actinomycetes in our study might be dependent on C re-allocation by
fungi. An active actinomycetes community in soil has further implication
for mineralization of recalcitrant C compounds, since the availability of
recalcitrant substances dominate in the soil matrix. Actinomycetes, like
tungi, are decomposers of soil organic matter (Lacey 1997). Dependent
on microbial community composition, size and activity in soils under
changing climatic conditions, the soil C balance can be shifted towards
the soil being either a C sink or a C source (Carney e al. 2007; Paterson ez
al. 2009; Garcia-Pausas & Paterson 2011).

A comparison of the ambient treatment vs. the treatment simulating
future climatic conditions (TDCO2) revealed different roles of MFGs in
short-term C utilization (Figure 7). Generally, under future climatic
conditions the gram-negative bacteria persistently utilized 30 % of the
recently assimilated C, emphasizing the quantitative importance of this
functional group. C-fate into gram-positive bacteria was similar in
ambient and future treatments. However, C-fate into actinomycetes in
roots was notably lower under future conditions (average 2 %) compared
to any other climate treatment, which can be explained by the fact that
the enrichment peak was missed due to faster C re-allocation. The
explanation, however, is rather unlikely because enrichment peaks in
roots and MBC show the same patterns for all other treatments, and our
observation rather suggest that the actinomycetes community was
suppressed under future climatic conditions.

The re-allocation of C from roots into the soil via fungal hyphae was
similar under ambient and future climatic conditions, but in the full-
factorial treatment most of the recently assimilated C was observed in
gram-negative bacteria. In contrast, the distribution of recently
assimilated C in the soil was more even between the functional groups in
ambient plots. The changed bacterial activity observed under future
climatic conditions points towards a less active decomposer community
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due to lower activity of actinomycetes under future climatic conditions,
and thus possibly repressed mineralization of SOM from soil C stores.

Generally, responses of the microbial community to climatic changes are
highly variable within and among ecosystems. Furthermore, timing
(Butler ¢ al. 2003) and scale of climatic changes affect microbial
responses rather than the occurrence of the climate change itself
(Hawkes ez al 2011; Sheik ez al. 2011). In Exp2, C turnover was
stimulated by elevated CO, resulting in different C allocation patterns in
microbial functional groups over time. C allocation into MFGs could be
changed under future climatic conditions, potentially leading to slower
mineralization of SOM stocks.

4.2 Climate change as trigger of soil organic matter
priming? (Paper III)

SOM is a complex mixture of plant and animal residues in different
stages of decay. SOM includes particulate organic matter with a particle
size between 0.053 and 2 mm, humus (< 0.053 mm) and recalcitrant
organic C (mainly charcoal) (Six ez 2/ 2000). SOM is a nutrient rich
fraction in the soil (mainly N and K); it influences the soil water holding
capacity and provides habitats for soil microorganisms (Fontaine ez al.
2011). The SOM pool is balanced by the C input of dead plant material
and SOM mineralization, and accounts for an exchange of about
60 Pg C yr' on a global scale (Filley & Boutton 2006). If climate factors
favour SOM formation by e.g. increasing plant biomass under elevated
CO, conditions (Fitter ez al. 19906), soils can serve as C sinks. On the
opposite, climate change has been shown to increase the magnitude of
SOM mineralization under e.g. elevated atmospheric CO, conditions and
consequently, soils can turn into C sources (Carney e a/. 2007) and
turther accelerate atmospheric CO, increase (IPCC 2007).

SOM mineralization processes are still a matter of debate (Brookes ez a/.
2009; Kuzyakov ez al 2009; Paterson 2009). Kemmitt e a/ (2008)
suggested that SOM decomposition could be solely driven by soil
physical processes and that the soil microbial community is not
necessarily a key element in SOM mineralization dynamics. However,
subsequent discussions pointed out that the soil microbial community is
a crucial component of SOM mineralization processes (Fontaine e .
2003; Blagodatskaya ez a/ 2008; Paterson ez al 2009; Garcia-Pausas &
Paterson 2011).
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Soil microbial communities are strongly controlled by plant-derived C
released into the soil matrix by root exudation and litter inputs. Labile C
input can induce increased SOM mineralization (the ‘priming effect);
this effect is increasingly recognized as quantitatively significant in soil C
dynamics (Carney e a/. 2007; Fontaine e# a/. 2011). Labile C stimulates
the soil microbial community and increases microbial activity coupled to
increased SOM mineralization. The priming effect occurs after the
microbial biomass has been triggered by labile plant C and microbes
increase SOM utilization (Blagodatskaya & Kuzyakov 2008; Kuzyakov
2010). SOM mineralization leads to nutrient release into the soil matrix
and nutrients become available for plants, microbes and other soil
organisms (Fontaine ez a/. 2011).

We performed a laboratory incubation experiment with soil from five
treatments from the CLIMAITE field experiment (A, CO2, DCO2,
TCO2, TDCO2). The goal of this experiment was to investigate the
impact of elevated CO, on the potential for plant-mediated SOM
priming (paper III). Glucose was used as labile C substrate to induce
priming (De Nobili ez a/. 2001; Mondini e# al. 2006), in line with many
previous studies, as it is utilized ubiquitously by soil microbes (Paterson
et al. 2007; Blagodatskaya & Kuzyakov 2008; Fontaine ez a/ 2011). As a
labile C compound that stimulates microbial activity, glucose is a relevant
model substrate for root exudates under tightly controlled experimental
conditions (Kuzyakov 2010). Homogenously labelled "“C-glucose
(3 APE) was added to soil microcosms (Figure 8a) and an identical set of
microcosms was kept as controls (non-glucose). After glucose additions,
soil respired CO, was accumulated in closed microcosms (Figure 8b) and
the accumulated CO, concentration was measured (Figure 8c). The
accumulated respired CO, was analyzed for BC/™C ratios, and under the
assumptions that microbes could either utilize glucose-derived C or
SOM-derived C as C sources, a two-end member mixing model was used
to separate glucose- and SOM-derived C in respired CO,.

The total amount of SOM-derived CO, accumulated in non-glucose
(NG) and glucose (G) microcosms during the experiment (n =9)
showed a significantly increased amount of respired SOM-C in all
treatments, except for TDCO2 (Figure 9). A significant increase in
SOM-respired CO, triggered by glucose (labile C) additions was a result
of SOM-priming mediated by the soil microbial community.
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Figure 8: Laboratory experimental setup to investigate SOM priming under future
climatic conditions: (a) paired microcosms for glucose (red) and non-glucose (green)
treatments with three harvest compartments, (b) microcosm incubation (closed lids)
at 8 °C and (c) injection of accumulated headspace CO, into an EGM-4 after
incubation to measure the CO, concentration.

It has been shown that elevated CO, can induce SOM priming and thus
lead to a reduction of soil C stocks (Carney ef 2/ 2007). In our laboratory
experiment, soils treated with elevated CO, in the field showed an
increased proportion of SOM-derived C in soil CO, efflux. Remarkably,
priming was also observed in the non-CO, treated soil, but not in the full
factorial climate factor combination (TDCO?2). The absence of SOM
priming in TDCO2 soils can be due to C immobilization in the soil
matrix or in the microbial biomass (Lagomarsino ef a/. 2006; Gude et al.
2012). SOM dynamics under elevated CO, has also been shown to be
highly dependent on soil nutrient availability (van Groenigen ez a/. 2000;
Phillips e# al. 2011).
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C assimilation and belowground C allocation has been shown to be
enhanced under elevated CO, conditions (Drake ez a/ 2011; Albert ef al.
2011) suggesting an increase in soil C input. Meanwhile, Gude ez 2/ (2012)
observed a reduced C storage efficiency when C input into the soil was
high. Their observations agree with our results showing that in our CO,
fumigated soils (but not TDCOZ2) where the plant C input belowground
is assumed to be high, SOM-C was ‘wasted’ and observed as SOM-
priming. In contrast, Gude ¢f a/. (2012) also showed that soil C limitation
reduced SOM priming in combination with the formation of new SOM-
C. In our TDCO?2 treated soil, the combination of elevated CO, with
drought and warming could have reduced belowground C allocation
(Albert ez al. 2011) and consequently resulted into a C limited soil status
going along with inhibition of SOM priming. The missing priming
response under future climatic conditions (TDCOZ2) also confirms our
conclusion presented in paper II and is in agreement with lower soil CO,
effluxes in the TDCO2 treatment (Selsted ¢ o/ 2012) and suggests that
the change in the microbial community can lead to a repressed
mineralization of SOM (paper II).
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5. OUTLOOK — CARBON BALANCE UNDER
FUTURE CLIMATIC CONDITIONS

To what extend SOM priming will be facilitated or diminished in the
future might have far-reaching consequences for the development of
atmospheric CO, concentrations. CO, respired from the soil is the
second largest flux between the soil and the atmosphere, and amounts to
ca. 10-fold more than the annual fossil fuel emissions of ca. 6 Pg C yt
(Filley & Boutton 2006). Consequently, soil CO, effluxes increase under
elevated atmospheric CO, conditions, as it has frequently been observed
(Wan et al. 2007; Selsted et al 2012), and CO, concentrations might
accelerate considerably.

5.1 Soil and ecosystem CO, efflux as affected by climate
change factors (outlook for paper IV)

In addition to the presented papers I-III, a fourth manuscript is planned
to summarize C allocation patterns by means of C pool sizes to assess
the short-term C turnover under anticipated future climatic conditions.
Therefore, the following section presents results of measured soil and
ecosystem fluxes and represents the last step in terrestrial C turnover

(Figure 1) until the C cycle is closed.

Even though measured annual average soil CO, efflux rates are relatively
small at the field site (1.7 umol CO, m™ sec; Selsted ez a/. 2012), the
contribution of soil respited CO, from heath/grasslands is not negligible
as heath/grasslands cover about ~40 % of the global terrestrial surface
(excluding Greenland and Antarctica; Reynolds 2005). Soil respiration
rates measured in October 2010 (Exp1) showed a higher variability than
soil CO, efflux rates in May 2011 (Exp2), probably as a result of
seasonality (Figure Al). In May, drought tended to reduce soil
respiration (p = 0.07) and drought, in combination with temperature and
elevated CO,, showed a significant interaction (p = 0.02). No positive
effect of elevated CO, on soil respiration was observed which can be
explained by high C allocation into the plant and limited belowground
allocation at this time of the year. Ecosystem respiration showed the
same flux patterns as soil respiration and resulted in a significantly
reduced CO, efflux in drought plots (p = 0.001). The drought treatment
in interaction with temperature (p = 0.009), and temperature*CO,
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(p = 0.079) revesed the positive effects of temperature and elevated CO,
on soil respiration. Soil water availability can modulate climate effects
(Wan et al. 2007), as suggested by lower CO, effluxes in our TDCO2
treatment. Reduced soil respiration rates were observed under drought
conditions, possibly due to (i) lowered faunal activity, (ii) reduced root
and microbial activity, (iii) reduced substrate availability and/or, (iv)
limited solubility of substrates (Wan ez a/. 2007; Selsted ez al. 2012).

The contribution of recently assimilated C to soil and ecosystem effluxes
can be investigated by weighting the APE (’C from the “CO, pulse) in
soil and ecosystem CO, effluxes (Figure 6) with the observed bulk fluxes
(Figure 10). But beforehand, it is important to consider CO, uptake
relative to plant biomass for the different climate treatments to evaluate
these contributions (Figure 10a2). The "C entrichment per g dry leaf per
m? was not different between treatments, but the CO2 and TCO2
treatments showed exceptionally high variation. Both treatments showed
outstandingly high contribution of recently assimilated C to ecosystem
respiration (Figure 10b,c) suggesting that plant respired CO,
contribution was highest in these treatments. This result is in agreement
with the conclusion of Wan ef a/ (2007) that plant activity modulates
effects of elevated CO, and can result in changed respiration patterns.

Treatments exposed to increased CO, concentrations always showed a
higher amount of recently assimilated C per respired unit than their non-
CO, counterparts, for both, soil and ecosystem respiration (Figure 10b,c).
The only exception was found to be the TDCO?2 treatment (Figure 10d)
that showed the same contribution of recently assimilated C into soil and
ecosystem respiration as the non-CO, treatments. Ecosystem CO, efflux
of the future (TDCO?2) treatment, compared to the ambient treatment,
showed reduced contribution of recently assimilated C to ecosystem
respiration.

Increased soil CO, efflux in CO, treatments are in agreement with our
findings in the laboratory experiment, and we can draw the same
conclusion that higher belowground C allocation may results in a higher
utilization of C (Gude ez al. 2012). Opposite to this, treatments including
the summer drought resulted in lower soil and ecosystem respiration
fluxes assuming C storage under the assumption that plant activity was
the same among treatments. The TDCO2 treatment showed interactions
between the three tested climate relevant factors and clearly displays the
complexity of ecosystem responses to changing climatic conditions.
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Figure 10: Excess “C in (a) D. flexuosa leaves (biomass * APE) (plant biomass
estimates from pers. commun. with Inger Kappel Schmidt). Panals (b), (c) and (d)
show "C excess in soil and ecosystem respiration over time under different climatic
conditions (calculated as bulk flux * APE): (b) single factor treatments, (c) double
factor interactions and (c) comparison of ambient and future (TDCO?2) climatic
conditions. Significance information with day and treatments in each panel.

5.1 Conclusions and perspectives

In-situ PCO, pulse-labeling has been shown to be an excellent tool to
track recently assimilated C into different terrestrial C pools to reveal
terrestrial C turnover dynamics. In this study, a pulse-labeling setup was
successfully developed and applied in a remote natural environment at
relatively low costs. The pulse-chase provided enough label to track
recently assimilated C into all below- and aboveground C pools of
interest. The "C label appearance in the different pools was generally
affected only to a minor extent by the applied climate treatments. But,
on a finer resolution at the microbial functional group level, the
allocation of recently assimilated C was altered under different climatic
conditions. Our results suggest that the terrestrial C turnover is slowed
down under drought conditions, and accelerated under elevated CO,.
Increased temperature was not observed to affect short-term C
allocation. The simulation of future climatic conditions that combined
the climate factors elevated CO,, prolonged spring/summer droughts
and increased temperature was found to induce a potential for increased
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storage of recently assimilated C and to reduce soil C losses. To link our
findings to the global C turnover, estimates of C pools in the studied
heath/grassland are needed. However, the presented results cleatly
suggest that the combination of climate change factors change ecosystem
responses, and the terrestrial C turnover cannot be derived from
ecosystem responses of applied single factor treatments.

The current work does not include the analysis of NLFAs, but the
identification of this group of cell membrane components can give a
deeper insight into the microbial community composition, especially
with respect to the importance of arbuscular mycorrhizal fungi (AMF).
AMTF are very important for the ecosystem function in terms of nutrient
exchange with plants. To investigate the role of AMF in the terrestrial
short-term C turnover in our nutrient poor heath/grassland would
immensely improve our knowledge. Furthermore, research connected to
the presented pulse-labeling experiment was carried out by Pia Lund to
investigate the allocation of recently assimilated C into deeper soil
horizons, which is particularly interesting under elevated CO, conditions
when roots explore deeper down. Furthermore, C-budget calculations
including photosynthetic capacity (CO, uptake) of D. flexuosa under
different climatic conditions will be used to estimate how much “C was
quantitatively taken up and distributed into different C pools, and
respired back to the atmosphere respectively (planned Paper IV).

Future in-sitn PCO, pulse-labeling experiments should aim for a higher
belowground labeling efficiency by e.g. applying the label at the end of
the plant growth season when plants increase belowground C allocation,
while plant aboveground biomass and photosynthesis are still high. This
would offer the possibility to investigate the microbial community on a
species level using RNA-SIP on field samples.
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7. APPENDIX

This appendix presents additional results collected during the time of the
Ph.D. that are in addition to the synopsis and material that is not
presented in either the synopsis or the papers.

Table Al shows the atom% "C excess into individual functional groups.
Tables A2 and A4 present the C-fate into in individual microbial PLFAs
over time in Exp2 and the laboratory experiment, respectively. Table A3
displays relative abundances of each individual PLFA in Exp2.

Figure Al shows average soil and ecosystem C fluxes for Expl (n =7)
and Exp2 (n = 3).

31



Ph.D. Thesis

Sabine Reinsch

€00 %G00 LO0 ¥ LOD LO0 FZ0°0 LOOFZ00 LOOF 200 0D FLOD L0 F 200 LOOF LO0 1bung
0 0 0 0 2007200 EL0FGLO ] 0 sajaafwounay
€00FZ00 00 ¥ €00 00 F€0°0 ¥0'0 % ¥0°0 0 ] 0 ¥0'0 %G00 annisod-wels)
LOOFZO0 LO'0 FZO0 100 FZO0 00F LO0 0 ] LOOFLOO ZOOF LOO annebau-wels
O ER ] €00 ¥500 LO0F0LD 0 90°0 F L0°0 ZLOFOLO 900 500 L00F 400 [eJauag)
POOFLLO 800FZL0 OLOFSLD 9007900 OLOFLLO TTOFETO GO0 FE00 GLOFELOQ 2oL
Z fep log
S00F900 OO F OO 0 ZLOF6L0 + 9007600 TO0FL00 0 00F LLO 1buny
0 0 0 0 0 ] ] ZO0FZO0 sajaafounay
LLOF P00 600 F8L0 qe 600 F #L0 ZLOFZT0 Qe €10 %300 LZ0FFLO LLOF8L0 9L'0%6Z0 anpisod-weln
SO0F LOO 00 FZ0'0 L0 FLOO P00 T #O'0 0 qe c00F €00 SO0 FZO0 SO0F LOO annebau-lwels
0L0F8L0 FLOF$T0 GLOOF8L0 E00FELD 800 F 00 ZL0F9E0 0LOFELD 600 %020 [elauag
LlZOF Q0 ZLOFSHD qgLo0F0e0 ZL0¥ 850 qE00F9L0 6207550 » LZ0FECO 0Z0F €90 el
whﬁU 5100y
0 0 0 0 0 ] 0 0 1Bung
00T 00 0 0 0 0 ] 900 F90°0 0 SajR2AoUNIY
L00FLT0 60°0%200 Qe /L0 FPEQ ANVE A Qe LLOF 0P D LZ0FZV 0 gLOFVLO vLOF 950 anyisod-wels
0 «0 +E00F500 POOF 200 0 q./00%0Z0 +0 900Fv00 annebau-wels
20°0F9L°0 CLOFLTO L00F L0 2007020 ZL0T 600 910 FGL0 ] J00FELO [esauas
LLOFEPD L0 FETO ge, 6L°0F99°0 LlE0F BP0 Qe ELOF L¥D 0£0 %960 ZLOFBL0 LlEOFPL0 leyeL
Z Rep sjo00y
0 00 00 0 0 ] 0 0 0 1Bungy
0 0 0 0 0 ] 0 0 SR
ILOFEE0 £ FTOTHFO BLZOFRL0 CLOF LPO BO9Z'0F .80 PZ0F5L0 S00FZLO0 ZVOF0E0 anisod-wels
0 €00 F¥00 €00 €00 0 0 eo 0 0 annebau-Luels
20°0FLL0 ZLOF6LD L0 FOV0 TOOF VL0 OLOTETO0 SO0FZLO GOOFELQ 900F LLO [BlausD)
yOZ0F 0 1 EZEOFLLO BGEOFLLL ELOFHS0 BgLOF 0L LTOFHE0 0L0FPZ0 FLOFBE0 eyl
| Aep sjooy

2024l al 2021 L z02d a 02 v

I SUSUIERT] TIamaq $3I0UAPUa] JEIPUL saN[Ba pjog ~zdxy ur sum 1040 sdnoid [suonosuny [BlqOIDIUL Ul $$30X3 7Y 0401y ([ 2|6
Ix; Inoid Dy Yo "

S + B2 SB mGE—.m> .U_.CE 1240 S1U2ULLEIL] EGCL:U C:TTB m.n..\r.._.—u.—tu.—n—mﬁ BCL,W mL.n...._..«.u.._ BLLIG m_CC ”|» A..— _._..thr " TCG 10 ”| .....—

32



Long-term climate change effects on soil microorganisms and soil carbon

0 0 0 0 0 0 0 €0¥¢g0 £€me gl
0 ge+ce 8.LFZ7CL L9FC6 9CF0¥ £€¢CL¥89C LO0FLO FeFv Ll oM gL

0 €0Fc0 0 0 0 0 0 0] 6ML 8L 1Bung
8CFVrE 0 VAl 0 0 9 F9V 2600 0] 0:81=INO L
0 0 €0l *85t 0 BY+6¥ 0 0 0] 0:LI=INOL

0 0 €0*¢g0 80+F80 0 0 0 0] 0:9LoOL  seledAlloUNDY
80F V¥l L'CF LT e L0F0°) OLF17C 9LFeL €0F€0 90%80 BOLL
SCFEY cCFIv 80%17C LCTFCTY 61L+97C VLFLC 8CFIS 6lL¥CC 10:41
FEeFoc LF9'L L0F L) 6LF0¢€ 9LFFe 80F¥e SlLF¥ce €C¥6¢C 1091
€0FS50 FLFSL cL*ElL 0c+/l¢ L'LF9L L0*F¢¢ OL*€lL ¢o+*go0 EQGl

90*01L 80F1L¢ eLFol 90F¥L 0s¥col ¢0*8¢ €0Fc0 FO+80 0G5l eamsod-weln
ES¥rvl FZFSO 9c*86 0Cc*8¢c 6% ¥.L0L 9cF9. 9CcF8Y¥ 8L¥9¢ FALI 1
FZFee 9¢FL?¢ FO0¥80 OrFES 9F¥FG9S CEFVY EECF8Y¥ L'0OF1L0 LML 9L
0 0 0 0 0 0 0 0] Aopi6l

FelL*sel LSLFLPE 8V F8F gel¥0cdc vel+cld O0¢CL+0<Cl 0cL¥0¢ct 60l ¥ <Cl Aopizl  enjebeu-weln
8'L¥891L 80F9¢ 60F¥L ceEFVO PLFFE cCFEY LTFEE SLFGL 0.l
L8 +0vl 06+.L0C 8LF%GC 06+FCGe L'SF¥S 0¢cL ¥ 1L0C SClL¥.ls6l FeElLFrcc 09l
ge+9s FOFS0 90%17%¢ 60+8t OL*6'L L'0*€0 C9+50lL L'0F10 05l

€0F¢c0 90F90 SL¥Ll 0 0 clLFOL €0F€0 POFF0 orl [elsusg)

€0oal aL c0olL 1 ¢00d ad 4o Y I Aep sjooy

"HS F SUEW SE SON[EA .wmﬁQE.mm [fOos pUE 1001 107 N&xm Ut 2um I2a0 Ao\c CO SYH T [FFqOIOTII QQUT 21€]-7) (7Y J[YE]T,

33



Ph.D. Thesis

Sabine Reinsch

0 0 0 0 0 0 0 0 €M 8l

g +8¢C O0c+ic¢ €9+cCH LexvL 0 08+08 ge+ee 0 6'9mzgl
0 0 0 0 0 0 0 0 6ML8L 1Bung

0 0 0 SLFSL €eFEC 80F0| SEFSS 80F80 0 .L=NOL

0 €9Fc9 0 SSFSS 0 LYFIL9 0 LeFLE O:LL=NOL
FOF¥o0 00 0 ¢0F<C0 0 L0FL0 0 0 0'9LeN0L  seledAWoUNdY

c0*Z0 80+80 ZS+89 €CF9¢C L'€+8¢ SlL¥s¢C LEF LY L'L¥0C E0:LL

0 0 0 0 LLF L. 0 8LF8L €0Fc0 0L

B0F€ETC gCcFee 6'1+8¢C cL*6’L 8CF0€ LVILFLE gLFel LLFvy 09

80FLL 90*F80 £L0%8¢C 90FG'L 9r*0L cLFOL 6EFBG coF0L eQSt
BCFEY OL*Ll OLFLL 80F87¢ OL*+GL 80+.0 99%9/ BCFLS 06l snmsod-wels

0L+ L7CL le+68 e8+rel 9L+6LL SL+0€ v 0oL+ 1SC L'G+90lL cLL+ePl FALH At

€8F 2l gvFes 66F L9l L' +98 PLFce SLFVLL gCcFLle Or+ LS L9

0 0 0 0 0 0 0 0 AopiBL
0 L'6F97¢ClL 00 BrLFEPL 6SF6S 0 0 cLFCL Aop:2L enyebeu-wels

L' €+8¢€ cecrly L'S+80L €ESG+GLL 0s+ce cLL+CSL SL¥6LL 96+Sv¥l 08l

00LF€sE L'6+08C 99F06L 00L+90Cc 9©8+F80c S8¥FL.LLL L’€¥09 L'6F90lL 09l

§0+50 glL+sc £€0+90 €0+50 OL+G1 glL*le cL*al L0*10 05t
B0FSL S0F.L0 S0+.0 0 60+¢L EeFre FlLFvl 0 oFl [elau=s
¢0odl al c0oL 1 ¢o0od ad [dele Y Z Aep sjooy

PorUEN0? TV (B,

34



Long-term climate change effects on soil microorganisms and soil carbon

8e¥9LL 0GFCOl 0 STL¥6SL <CCFSE Z9F L/ coFve 9EFrS cmgigl
0 0 OLLF6LL 0 LEFOY eLFe s 0 80F6D0 6'9MZ:81
TLFETL LOFLO 0 FTFRT TLFEYL QEFBY 0 9CTFLE 6|81 1Bun4
0 0 0 0 0 0 0 0 0:21LeNOI
0 0 0 0 LBFL6 TEF0S LTLFLTL  OLLFOLL  Q2LBNOL
0 0 0 0 0 0 0 SLFCL  0Q9LBNQL  SeledAwounoy
SEFGE PEFRE 61LF0¢ 60F6L QFFLY eLF6C FeF6E TLFLT AR
0 GTFGT 0 0 0 0 0 CEFEH 0:L1
eLFLT LTFYS TBFETL LILFFT LOF L0 LLFEY TAVEX A TLFEL 10:91
S0F.0 POF L0 GO0FBD0 PLFEL Z0FZ0 POFSO 0ZF6T Q0FZL e0GlL
L0OF20 90F90 80F80 9CFSY 00 FLFTE 8TFBT S0FL0 1051 @Amsod-wels
6LFS5FL  CEFVS GGFTL  PSFETL  QLFSTT  TLFELL OrF6Y 8GF LD L0081
L'6FL0L TOFPEL LVPFLV  99FEGL LE€FLL FoFog €TFCTE 6ETFED L0191
0 0 0 0 0 2LFYL 0 0 AopBlL
LEFSY CTFRY LOFOL FEFEE 60F60 0 TeFLE CLFFLL AopizL  enpebeu-weln
SEFOG LLFBYF 9TFTE TYF0O6 QEFRY QFrF LY FLFLT LEFF9 08l
SP¥LE VLLFEYZ BVYFSZL FRFOOZ  LSFOTL 0g¥Feee SeFOEL LPFTLL 09l
60F L1 OLFZL LTFOE FOFRD TRV A L'LFRE OLFRL 0LF0T 051
LOF L0 LOFO0L C0FED0 S0F60 QLFLL S0F.L0 GO0FR0 g0FE0 ol )
coodl al ool L z004d a 02 ] g Aep sjooy

"ponuLitio) T I[JE],

35



Ph.D. Thesis

Sabine Reinsch

CSFED GE¥0G L'C¥0¢E e+l ECFLY €C¥0L 6'LLFOFI 69%006 £megl
0 0 8.F8L 0 0 0 0 0] 6'9MZ 81
SFFevl Pe¥C9 S F L LI CSFrel cCcFeL CCF¥0S €eFlL L'G¥Q¢€l 6ML2l 1Bung
FLFLL SCF¥6E 0Cc*+0¢ FCFre 81F57¢ 9V ¥3Y¥ OL*SL 0e*0¢ 0:8LeNOL
0Zc+07¢ 0 0] 0 co*¢go ECFrE L'L¥8L 0] O'LLBNOL
FLFve 09%.6 L'C*SY BSFeel Fe+ I8l VLAFLLL Lo9F el L9%08 Q:9L9NOL  saledAWoUNDY
L'L*+6¢E 80FL.LL 90F¥'L CLFOL ¢o0*co cecFle €0*€0 6L*8¢C QLI
S0F80 SG¥.L9 L9F L 0L ErFeL 80F380 08 ¥0GlI LCF6Y €CFEE 0L
S0FL0 8L¥5<C 90F9'L 90F90 co*co LOFCL 80F€¢L OLFPL 109k
60FlL¢C LLFgL 30+¥L L0F20 POF¥O ¢0+20 OL+vlL 90%.0 ep:gl
€0+s0 PL+SC gL+9¢ FoFee [AVE A, PLFGL ZlL*0oc g'L*0¢C 06l @Asod-wels
0G+52C Fo+x.lvl 06+96 LG99 geF0LL 95+50lL A S 0c*89 FALY R 2]
VLFFL 6L¥0¢€ FEFB69 ceEFe9 €CFET 0 AR A Fr+ee £M-9l
0 S0¥S0 0] 0LFO'L 0 0 0 0] AoQ6l
le¥CL €L¥cc 6FF9S LLFLY 80+F370 PCF¥Ce LP*6L S FQL fogizL  saneBeu-welg
61LF0F l'eF8Y¥ 8CF6S L'eFC8 LVFLT gc¥l8 SCFSC LLFLL 08l
SeFLL Fr¥oll CeFCs 0G+.8 06+66l 8 ¥609lL FlL*ee 60LFLLL o9l
L'L¥¥ e 0¢*ce 90F¥'L 60FE’L L'0¥ 10 80F¢'L 80*0'L L'0¥ 10 06l
0 0 0] 0 0 0 0 0] Ol [elausg
€0oodlL at c001L 1 c0od d [dow v Z Aep |log

PorHGHe? T I[YE],

36



Long-term climate change effects on soil microorganisms and soil carbon

Table A3: Relative abundance of each PLFA in microcosms with glucose additions in the
laboratory experiment investigating soil organic matter priming. Values as means * SE.

Day 0 PLFA A Cco2 DCO2 TCO2 TDCO2

General 14:0 0.2+£0.1 0.4+£0.01 0.3+£0.1 04+£0.1 0.4+0.1
15:0 04+0.1 0.5+0.04 04+0.1 05+0.1 04+0.1
16:0 19.6 £ 0.5 19.2+1.1 19.3+0.6 18.7 £ 0.7 19.8+05
18:0 7.9+05 72+04 75+05 7.0+£0.3 73+05

Gram-

negative 17:0cy 15+0.1 1.6+0.1 16+0.1 16+0.1 1.7+0.1
16:1w7 43+0.7 49105 52+0.3 5.3+0.2 55+0.2
18:1w7 16.7+2.0 16.2+1.9 149+1.4 174+1.9 13.6 0.7

Gram-positive  15:0i 59+0.2 6.2+04 6.3+0.2 6.6 + 0.6 6.9+0.3
15:0a 24+0.2 26+0.2 24+0.1 25+0.2 2.8+0.3
16:0i 48+0.3 47105 49+0.3 49+04 5.7+0.3
17:0i 1.4+0.3 1.5+0.2 1.3+0.1 1.6+0.2 1.3+0.1
17:0a 09+0.1 09+0.1 09+0.04 0.9+0.04 09+0.1

Actinomycetes 10Mel16:0 25%+03 3.8%+16 20x0.1 23%0.2 22+04
10Mel7:0 0.8+0.1 0.7+0.2 0.6+0.2 0.6+0.2 09=+0.2
10Me18:0 1.9+0.2 1.8+£0.3 1.8+0.1 1.8+0.2 19+0.2

Fungi 18:1w9 8.0+ 0.6 72+08 7.8+0.6 7.7+0.3 79+0.6
18:3w3 19.1+1.7 18.6+1.0 20.7+£1.1 18.1+1.2 18.7+0.8

Day 6 PLFA A CO2 DCO2 TCO2 TDCO2

General 14:0 0.3+£0.1 0.3+0.1 0.2+£0.1 04+.1 04+.1
15:0 0.4+0.04 0.3+0.1 05+0.03 05+0.04 0.4+0.04
16:0 18.7+0.4 199+1.1 19.1 £ 0.6 18.7 £ 0.7 19.1+0.8
18:0 72+02 76105 7.3+£0.3 75+05 73+04

Gram-

negative 17:0cy 1.7+£0.1 1.6+£0.1 1.7+£0.2 16+£.1 1.7+£0.1
16:1w7 6.1+£0.2 59+£03 6.3+0.3 57+0.3 58+0.3
18:1w7 16.1£0.9 16.1+£1.9 153+£1.0 16.5+£1.0 13.4+£0.5

Gram-positive  15:0i 55+£03 57+04 59+0.2 56+0.3 6.0+£0.2
15:0a 22+0.2 23+0.2 22+.1 21+0.2 23+0.1
16:0i 45+04 41+£05 45+0.2 43+£05 51+£05
17:0i 09+0.1 1.3+0.3 12+0.1 1.3+0.2 09+.2
17:0a 0.8+£0.04 0.8 £0.05 0.8+0.03 0.7+£0.1 0.8 £0.03

Actinomycetes 10Mel16:0 1.5£0.2 1.7+£0.2 1.7+£0.1 1.7£04 1.5£0.2
10Mel7:0 05+£0.2 0.8+0.2 05+£0.1 1.3+x05 1.1+0.2
10Me18:0 1.5+£0.1 1.7+£0.2 1.6+0.1 15+0.1 1.7+£0.1

Fungi 18:1w9 7907 6.7+£04 7.4+0.3 7.0+£05 7.8+0.3
18:3w3 17.7+0.8 175+1.0 19.2+0.7 18.0+0.8 187+1.1
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Table A3 continued.
Day 14 PLFA A CO2 DCO2 TCO2 TDCO2
General 14:0 0.2+0.1 0.2+0.1 0.1+0.1 0.1+0.1 0.1+x0.1
15:0 0.3+0.1 0.2+0.1 0.3+0.1 0.2+0.1 0.3£0.1
16:0 18.8 £ 0.6 19.2+1.2 18.8 £ 0.5 185+ 0.7 19.0+0.7
18:0 7.6+05 75+£0.6 7.3+04 7.4+05 74+04
Gram-
negative 17:0cy 20x£0.2 19+£.2 21+0.2 20x£0.2 20%£0.2
16:1w7 6.0+ 0.5 6.0+0.6 6.5+0.2 59+0.6 6.1+0.2
18:1w7 17.4+£0.8 176+£1.8 16.8+£0.9 18.3+1.2 15.7+£0.6
Gram-positive  15:0i 53%£0.2 5603 56+0.2 55+0.3 57+0.1
15:0a 21+0.2 23%+0.1 21+0.1 20x£0.2 21+0.1
16:0i 4.0+0.2 39+04 42+0.1 39+04 46+0.3
17:0i 1.0+0.1 1.5+0.2 1.3+0.1 1.4+0.2 1.1+0.2
17:0a 0.6+0.1 0.8+0.04 0.7+0.04 0.7+0.04 0.8+0.04
Actinomycetes 10Mel6:0 19+£04 1.9+£03 1.6+£0.2 1.8+£0.2 1.6+£0.2
10Mel7:0 0.4+0.2 1.4+£05 0.3+x0.1 1.2+£05 0.8+x0.2
10Me18:0 1.4+0.2 1.5+0.1 1.4+0.1 1.4+0.1 1.7+0.1
Fungi 18:1w9 8.7x0.7 6.9+0.6 8.4+0.5 7.9+0.3 8503
18:3w3 16.3+ .5 13.8+2.8 17.4+0.7 13.4+2.7 17.1+0.5

38



Long-term climate change effects on soil microorganisms and soil carbon

Table A4: C-fate into microbial PLFAs (in %) in microcosms with glucose additions in the
laboratory experiment. Values as means + SE.

Day 6 A CO2 DCO2 TCO2 TDCO2
General 14:0 04+0.2 02+0.1 0.1+0.1 0.3+0.1 0.3+0.1
15:0 0.1+£0.02 0.1+0.04 02+0.04 0.2+0.03 0.2+0.03
16:0 24.0+04 239+1.0 24.1 +0.6 24.7+£0.9 24.3+£0.9
18:0 34+04 32101 3.1+£02 3.4+03 3.6+05
Gram-
negative 17:0cy 3.1+06 28+0.3 35+05 2.8+0.2 29+04
16:1w7 152+1.4 153+1.1 16.7+0.8 148+ 1.3 13.1+1.4
18:1w7 258+1.7 28.1+16 27907 273113 25.6+15
Gram-positive  15:0i 51+£05 6.2+0.6 55+£05 57+0.6 56+0.6
15:0a 1.9+0.8 2.1+£03 1.8+0.9 1.6+0.3 1.8+x04
16:0i 24+£0.2 29+0.2 25+0.2 25+0.3 2.7+0.3
17:0i 1.7+0.1 1.0+£0.2 0.7+£0.1 0.8+£0.1 05+£0.1
17:0a 04+0.1 04+0.1 03+0.1 0.3+0.1 0.3+0.04
Actinomycetes 10Mel6:0 0.01+0.1 0 0.1+£0.1 0 0.1+0.2
10Mel7:0 0 0 0 0 0.1 +£0.03
10Mel18:0 04+0.2 02+0.1 0.1+0.1 0.3+0.1 0.3+0.04
Fungi 18:1w9 141+25 114+1.4 11.2+1.0 13.0+1.6 16.1 +2.3
18:3w3 25+0.3 2.2+0.2 2.1+£0.2 25+0.3 2.3+0.1
Day 14 A CO2 DCO2 TCO2 TDCO2
General 14:0 02+0.1 0.1+0.1 0.1+0.04 01+.1 0.1+0.1
15:0 0.1+£0.03 0.1+0.04 0.2+£0.04 0.1+0.1 0.1+0.04
16:0 20.9+0.6 20.6 £ 0.8 20.8+£0.2 21.0+0.6 20.8+0.3
18:0 26+0.1 26+0.2 26+0.1 27101 26+0.2
Gram-
negative 17:0cy 52+0.8 4.7+0.7 55%+0.5 54+0.6 4.7+0.6
16:1w7 121 +1.1 134+1.0 12.9+0.5 12.3+0.8 11.7+0.9
18:1w7 25.7+0.7 275+1.1 269+06 273+09 26.0+0.8
Gram-positive  15:0i 48+04 58+0.3 50+£0.2 53+0.6 53+£05
15:0a 1.5+0.3 1.8+0.3 1.4+05 1.5+0.3 1.5+0.2
16:0i 26+0.2 3.1+03 29+0.2 27+03 29+03
17:0i 0.7+£0.1 1.0+0.2 0.8+0.04 0.9+£0.1 0.7+£0.1
17:0a 0.3+0.1 0.4+0.04 0.3+0.1 04+0.1 0.4+0.04
Actinomycetes 10Mel6:0 0 0 0 0 0.001+0.1
10Mel7:0 0.03 £0.02 0 0.05 £0.02 0 0.1£0.03
10Mel18:0 0.7+0.3 04+0.1 0.5+0.03 04+0.1 06+.1
Fungi 18:1w9 18.4+20 134+15 16.2+1.4 16.2+1.4 18.4+20
18:3w3 40+£04 3.1+£0.7 3.8+0.1 35+£09 3.8+0.3
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Figure Al: Night time soil (a) and ecosystem (b) respiration collected in October 2010
(Expl, n =7) and May 2011 (Exp2, n = 3). Shaded boxes are treatment with soil water
manipulations, light blue are non-COZ2 treatments and dark blue boxes are CO,
treatments. Significance values (upper right corner) are for treatments in Exp2, no
treatments effects on respiration were found in Expl).
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8.1 Paper I

IN-SITU *C-CO, PULSE-LABELING IN A
TEMPERATE HEAT-HLAND - DEVELOPMENT
OF A MOBILE MULTI-PLOT FIELD SETUP

Sabine Reinsch and Per Ambus

Department of Chemical and Biochemical Engineering, Technical
University of Denmark, 2800 Kgs. Lyngby, Denmark

Submitted to Rapid Communications in Mass Spectrometry
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Abstract

RATIONALE: Isotopic manipulation experiments are useful tools to
investigate biological and biochemical processes taking place in terrestrial
nutrient cycling.

METHODS: A mobile field setup for in-situ C-CO, pulse labeling was
developed for grassland/low vegetation field experiments. Two pulse-
labeling experiments were conducted in September 2010 (Expl) and May
2011 (Exp2) in a Danish heath-land. A flow-through system was developed
where labeling chambers were supplied with “C-CO, air from a gas
reservoir. In Expl, a total of 15 plots were pulse-labeled simultaneously
over seven hours (390 ppm CO,, 45 atom% "“C-CO,). Exp2 was conducted
in two labeling campaigns operating a total of 41 plots within four hours
(390 and 510 ppm CO,, 50 atom% “C-CO,). Reservoir and chamber air
was sampled over the course of the experiments and CO, analyzed for
concentration and isotopic composition. Soil CO, efflux and the atom%
excess (APE) of soil respiration was measured after the pulse-chase to verity
the performance of the setup.

RESULTS: Stable CO, concentrations and stable atom% “C-CO, values
were maintained over the course of the experiments. CO, concentrations
conformed to aimed values, whereas observed atom% "C-CO, values were
lower than expected. We suggest corrects and sources of error for the
deviation in observed atom% “C-CO, values, but more work has to be
done. APE patterns in soil respiration agree with published observations of
other grassland pulse-labeling studies, indicating satisfactory performance of
the developed system.

CONCLUSIONS: We successfully developed a mobile flow-through
system suitable for continuous #n-situ °C-CO, pulse-labeling that is easily
applicable in remote natural ecosystems.

Keywords

grassland, respiration, stable isotopes, carbon
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Background

Carbon (C) is mainly stored in oceans, atmosphere and terrestrial
ecosystems, but is mobile and exchangeable between these compartments.
In terrestrial systems plants assimilate atmospheric CO,, of which a part is
stored temporary in biomass, and a part is transported rapidly into the
plants rhizosphere, where it is consumed by soil microorganisms and
animals. Eventually, the assimilated CO,-C will be respired and diffuses
back to the atmosphere and closes the cycle. Over decades, the biosphere-
atmosphere C cycle has received more and more attention because of the
rise in atmospheric CO, concentrations .

In parallel, methods have been developed to get deeper and more detailed
insights into C cycling as well as processes involved. Rather than
investigating C pools of ecosystems (roots, microbial biomass C, soil
organic C etc.), studies on C turnover dynamics have drawn the attention of
scientists. Carbon-14 tracing became a promising tool in e.g. ecosystem C
decay studies and evaluations of human contributions to rising atmospheric
CO, concentrations @, but is applied randomly due to high resource
demands. Chamber methods to investigate soil-atmosphere C exchange
developed rapidly.>*” Methods investigating C dynamics in combination
with the increasing capability for analysis of C-13 stable isotopes offers
possibilities to study C turnover in great details.*"*”

Forest ecosystems are of high interest when it comes to C cycling and
especially soil C storage potentials. Trees are long-term accumulators of C
and do reallocate comparatively large quantities of C into the soil. However,
early succession stages such as grasslands, savannahs and heaths sum up to
about 55 % (without Greenland and Antarctica'”) of terrestrial cover and
thus are of major concern too. Here, we focus on the application of C-13
isotope tracer to natural grassland ecosystems in order to evaluate their role
in terrestrial C cycling.

Field experiments compared to laboratory studies are more challenging
because natural environments cannot be controlled completely. Many
studies on C cycling in soil-plant systems have used the application of a °C
labeled CO, pulse to trace photosynthetically assimilated C.!"'>" The
introduction of a "C-CO, pulse under 7z-sitn conditions contains three basic
elements and several challenges; i) Field plots have to be separated from the
surroundings with the least disturbance, which is often achieved by inserting
soil collars to avoid exchange with the surroundings especially in terms of C
exudation by roots that can mix in the soil matrix. i) Air tight and
transparent chambers or bags should be deployed to apply isotopically
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modified CO, to the vegetation of interest. An important issue is to
maintain ambient environmental conditions inside the chambers. iii) Supply
of isotopically modified CO, either to the ambient air in chamber, or by a
flow-through setup with forced air flow. Isotopic manipulation has also
been conducted in combination with free-air C enrichment (FACE) setups
with long-term fumigated with elevated concentrations of “C depleted
CO,.1419)

Laboratory "C-CO, labeling experiments addressing C-cycling processes on
a plant scale were reported in the early 1970". For example "C-CO, labeling
was used in connection with nuclear magnetic resonance spectroscopy
(NMR) to reveal C processes in the plant metabolism."” However, it took
about 30 years until iz-sitn ?C-CO, pulse labeling became a relevant and
applicable tool in the field. The main break through for zn-situ grassland
labeling studies was presented Ostle ¢ @/ published in 2000.” A stable
isotope delivery (SID) system was introduced, which maintained stable
conditions in terms of CO, concentration and air flow during the labeling
period for up to 12 individual plots. This SID system was later used for
grassland labeling studies variable in time (2.5 to 6 hours), “C-CO,
enrichment (50 to 99 atom% "“C-CO,) and CO, concentration (350 to
400 ppm).H14129 Another technically advanced setup was presented by
Gamnitzer ez al. in 2009 deploying flow meters, mass flow controllers and
an outdoor continuous flow IRMS in the field and maintaining constant
conditions in up to 20 labeling chambers for 15.5 hours.*” Furthermore,
tuneable diode lasers were shown to measure “C- and "“C-CO,
concentrations precisely under field conditions.***

In addition to these highly advanced in-sitn “C-CO, labeling setups,
grassland labeling was also performed with less technical equipment and
with different approaches to maintain CO, concentrations within labeling
chambers. For example instead of using compressed ’C-CO,, the tracer can
also be released via acid reactions of Na,"’CO,; ®*** or Ba”CO, @9,
Furthermore, instead of using an air through-flow system, the CO,
concentration within the labeling chambers can be manually maintained in a
certain range by adding “C-CO, pulses through a septum.®®***) With
these more elaborative approaches the repeatability between replicates is
limited and the number of plots operated simultaneously might become
restricted.

In order to deploy a PC-CO, pulse to a large-scale, multi-factorial (eight
treatments in n = 6 replicates) zz-situ climate manipulation experiment in a
temperate heath-land, we developed a low-cost and mobile ’C-CO, flow-
through system. Results of system performance and C-13 signal in soil
respiration are presented from two labeling campaigns, #7z. one campaign
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including 15 plots labeled over 7 hours, and a second campaign including
up to 22 plots operated at two different CO, concentrations exposed to C-
CO, over four hours. The basic and robust components enabled us to
maintain an i-situ C-CO, pulse simultaneously in 15-22 individual plots in
a remote natural ecosystem.
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Experimental

Experimental field site and setup

Two in-situ "C-CO, pulse-labeling experiments were conducted in a Danish
heath-land * in September 2010 (Exp1) and May 2011 (Exp2). Dominating
plant species were the grass Deschampsia flexuosa and the dwarf shrub Calluna
vulgaris. Only plots with 80-100 % grass cover were chosen for pulse-
labeling. Labeling was performed between 10:00-17:30 (Expl) and 12:00-
16:00 (Exp2). Expl was carried out at ambient CO, concentration
(390 ppm) within 1.5 x 1.5 m experimental plots exposed to precipitation
manipulations (described below). Exp2 was carried out at ambient and
elevated CO, concentrations (510 ppm) and was deployed to experimental
plots situated in close proximity to a series of octagon shaped (6.8 m
diameter) main experimental plots exposed to multiple environmental
treatments (increased temperature, extended spring/summer droughts and
elevated atmospheric CO,). Elevated CO, was maintained by the free-air
CO, enrichment (FACE) approach taking advantage of wind-turbulence
mixing of ambient air and concentrated CO, introduced along the up-wind
sides of the octagons, and controlled by a central located CO, analyzer
intake.®” For logistical reasons, the experimental plots for the described
labeling experiment were situated ca. 1.2 m outside the main octagons, and
thus exposed to more randomly variable yet elevated CO, concentrations.

Therefore, CO, concentrations at different distances from the CO, release
pipes were calculated on the basis of the SBC shift in green D. flexnosa

leaves (513Cplant). This was possible because ambient air had a distinct
higher C isotopic value (& 13Camb_air = -8 %o) than the concentrated CO,
used for the FACE treatment (6 13CFACE_C02 = -29 %o, unpublished value).

Plants assimilate atmospheric CO, and C discrimination (A'3C) occurs
during photosynthesis *'. The C discrimination effect was calculated as:

130 _— <13 13
A>C =3 Camb_plant — 8 Camb_air
where & 13Camb_plant was the C isotopic composition of plants growing

under ambient CO, concentrations. Under the assumption that A3C is
constant at different CO, concentrations (= -20.5 %o), the §"C-value of

FACE-air (613Cp ACE_air) Was calculated as:

13 _ \13 13
6" CracE.air = 9 Cpacg_plant — A7°C
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where §13Cp ACE plant Was the 8"C value of plants exposed to elevated CO,
concentrations. A mass balance equation was then used to calculate the
amount of CO, that was added due to the FACE treatment (X):

813CFACE_air * ([COZ]amb + X)
= 813Camb_air * [COZ]amb + (813CFACE_COZ * X)

and solved for x, with an ambient CO, concentration [CO3]amp Of
390 ppm. The actual, average CO, concentrations plants were exposed to

was calculated as [CO, ] qmp + x (Figure 2).

Green D. flexunosa leaves (3-5) were sampled inside the experimental
octagons 0.6 m from the CO, release pipe, directly below the CO, release
pipe as well as 0.6 and 1.2 m from the CO, in outer direction. Grass leaves
were sampled at 5, 10 and 15 m distances from FACE treatments to assess
natural °C abundances. Leaves were dried at 60 °C for 48 h, material was
homogenized and analyzed for their C isotopic composition (see below).

Labeling setup

Metal soil collars (galvanized steel) were installed in July 2010 for Exp1, and
early May 2011 for Exp2. The collars were installed at least two weeks prior
to the labeling events, to allow vegetation recovery from root cutting. The
labeling system was composed of a gas reservoir, gas pumps and labeling
chambers (Figure 1). All units were connected via ~8 m Polyurethane tubes
(TU0604, 4 mm, SMC Pneumatic A/S) and connectors (KQ2E06-00, SMC
Pneumatic A/S).

Plexiglas labeling chambers were transparent and mounted gas tight on top
of the collars by means of water filled funnels. Details about the
components are given in Table 1. A flow-through system was realized by
mounting the air inlet and outlet on opposing sides of the chambers.
Incoming air from a gas reservoir was provided by an electric diaphragm
pump (Vacuum pump, Model Thomas 107CCD20-164). A fan (670-
OD401005HB, Orion) inside the chambers assured continuous mixing of
chamber air. The transparent chambers were used for ecosystem respiration
(Rp) measurements after labeling. Opaque soil respiration chambers were
pressed ca. 2 cm into the ground in Expl and circular (10 cm diameter)
collars for mounting opaque soil respiration (Rg) chambers were installed to
ca. 2 cm depth inside the experimental plots shortly after the metal collars
were inserted and vegetation was removed inside. Here we will only focus
on Ry measurement for validation of pulse-labeling efficiency.
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Gas tight vinyl balloons (@ 3.048 m, different colours, Balloons
Etc/Balloons Direct, Springfield, Virginia, USA) were used as gas reservoirs
(Figure 1a). The reservoirs were inflated by pressurized CO, free air (CO, =
1 ppm, Strandmellen O,, Klampenborg, Denmark), and a sample of pure,
highly C enriched CO, was added manually. The total amount of air was
monitored with a gas meter (AL-800 Diaphragm Meter) in Expl, and with a
digital gas flow meter (MCF 250, Yamatake) in Exp2. A "C-CO, mixture of
45 atom% C-CO, was achieved by mixing 5L 99 atom% “C-CO,
(ISOTEC™) with 6 L. concentrated non-labeled CO, (Air Liquide, HEDE
NIELSEN A/S, -4 %o) in Expl, and portions of 2.1 litres was added to
each reservoir. Bottled 50 atom% C-CO, (Cambridge Isotope
Laboratories, Inc., France) was used in Exp2.

(a)
Experiment 1:
Gas meter Gas
reservoir
Experiment 2:
g Digital mass flow meter
N
oo ’
5% "CO,
9 a syringe
o
o
CO; free air
(b)

Flow direction a %

Gas
reservoir \<

Figure 1: Experimental setup: gas transfer from pressurized bottle into the gas reservoir
due to gas pressure. (a) and schematic overview of field equipment, (b) air was constantly
pumped from the gas reservoir into labeling chambers.

slaquieys Buljqe

Experimental units were adjusted to provide airflows of about 4.5 and 2.1 LL
chamber" min™, which correspond to theoretical gas residence times of 10
and 30 min per chamber in Exp1 and Exp2, respectively. A residence time
of 30 min under ambient CO, concentrations corresponds to a CO, supply
equivalent to the maximal CO, consumption of the grass vegetation
previously measured at the field.®”
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Table 1: Overview of experiment equipment and values. R; = ecosystem respiration, Rg

= soil respiration.

Experiment 1

Experiment 2

General information

Number of treatments 3 8
Replicates 5 4-6°
Total number of plots 15 41
Number of labeling events 1 2 within one week
Weather conditions Sunny Rainy and sunny
Average PAR (mol m? d™) ( 450 + 57 217 + 42 and 490
SE) 80
Field setup
Number of plots connected 3 2-4
to one gas reservoir
Labeling duration (h) 7 4
Soil frame dimensions (m)® 0.5x0.2%x0.2 0.8x0.4x0.1
+ 0.2 corner spikes

Soil frame depth (m) 0.18 0.08
Chamber dimensions (m) Re" 0.5x0.2%x0.4 0.8x0.4x%x0.3

Rs’ 0.035 x 0.08 0.2 x 0.05
Labeling equipment
Gas flow measurement gas meter digital mass flow meter
device
BC-CO; (atom%) 45° 50
CO, concentration (ppm) 390 390 and 510
Gas sample volume (ml) 5 20

* Plots < 80 % grass coverage were excluded from the experiment

8 length x width x height; height = belowground and aboveground, collars approx. 0.05 m aboveground
v labeling chamber was used for Rg measurements

@ diameter x height

5 45 atom% 13C-CO; was mixed from 99 atom% 13C-CO;, and non-labeled CO»,

Sample collection and analyses

Analysis of CO, concentration and C isotopic compositions in chambers
and gas reservoirs were performed regularly during each experiment. Gas
samples were taken with 5and 20 ml syringes (Omnifix®) in Expl and
Exp2 and transferred to 5.9 ml company evacuated vials (Exetainers®;
Product code 819W, Labco Ltd, High Wycombe, UK). In Expl the 5 ml
sample was injected into the Exetainer, whereas in Exp2 the 5.9 ml
Exetainer was flushed with the 20 ml sample by a double-needle. Samples
from gas reservoirs and labeling chambers were taken hourly. Chamber
samples were taken from the chamber outlets in ambient (Expl) and
drought (Exp2) treatments, respectively.

Rg measurements were carried out one week before the "C-CO, pulse-
labeling and 1, 2, 6, 12, 29 and 30 after the pulse-chase in Exp1l and 1, 2 and
8 in Exp2. Rates were achieved by analysis of increase in headspace CO,
concentration during chamber enclosures of ca. 5 min (Expl) and ca. 7 min
(Exp2) obtained by sequential headspace sampling. The first sample was
taken before closing the chamber, followed by 2 (Expl) and 3 (Exp2)
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samplings of accumulated headspace gas. All samples were stored at room
temperature prior to analysis and processed as described. The CO, flux was
calculated using the HMR-package in R.®” Keeling plots were performed to
calculate the isotopic characteristics of emitted CO,, which is expressed as
the atom% "C excess (APE) calculated as the difference between labeled
and background samples.

Temperature measurements were performed inside and outside the
chambers over the course of the experiments. All chambers were opened in
the middle of each experiment to remove condensed water. In Exp2, two
blue cooling packs were inserted into the chambers to minimize
temperature increase. Photosynthetic active radiation (PAR) was measured
at the experimental side at each labeling day (Cosine corrected quantum
sensor, OL-4000q, Optisk Laboratorium, Horsholm, Denmark).

Net CO, uptake was estimated as difference between average incoming and
outgoing CO, concentration with the assumption that chamber air inflow
and outflow were similar. The contribution of soil-derived C to the
chamber CO, concentration (thus soil C ‘loss’) was calculated with a two-
end-member mixing model where the source atom% "°C was the measured
atom% value of the reservoir, the mix atom% “C was the “C value
determined in labeling chambers and the background "“C value was
assumed to be 1.1 atom% ">C common to soils.

Gas samples from Expl were measured within one month, and gas samples
from Exp?2 within one week after sampling. Gas samples were analyzed for
CO, concentration and “C-CO, on a GasBench-1I coupled in continuous
flow to a DeltaV Advantage isotope ratio mass spectrometer (IRMS;
Thermo Fisher SCIENTIFIC). We used the default setting of the
GasBench and deployed five analytical replicates on each sample. The
second eluting sample peak was used to calculate CO, concentrations. An
average of sample peaks 2-5 were used to calculate the "°C isotopic value.

CO, concentrations were calculated from the measured peak areas of all
masses **. Different CO, concentrations were prepared from concentrated
CO, (6"°C = -4 %o) mixed with N, (Air Liquide, HEDE NIELSEN A/S) in
gas tight Tedlar bags (1 litre, SKC). Certified isotopic mixtures of CO, in
synthetic air were included, i.e. -2.7 %o at 362 ppm and -29.3 %o at 356 ppm
(Messer  Griesheim, Krefeld, Germany). Calibration lines for CO,
concentrations were prepared in a range of 0-2000 ppm (n = 3) for 5 and
20 ml sample volumes (Figure 3). Each sample run was preceded by a triple
analysis of pure CO, IRMS working reference gas, and peak areas were used
to correct for changes in sensitivity of the system between runs, and to
adjust the measurements to the calibration curves.
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All gas samples were measured with the conventional GasBench-II method
for natural abundance CO, samples, except samples taken from gas
reservoirs and labeling chambers in Exp2. In the latter case, resistor values
of mass 44 stayed unchanged (3¢™® Q), mass 45 resistance was increased
from 3¢’ Q to 3e"'’ + 1e™” Q and mass 46 resistance increased from le*"
Q to 1e""” + 1e'"" Q. This change in mass resistance for samples highly
entiched in °C was applied to obtain higher measurement precision.

Exetainer vials were tested for storage of high atom% “C-CO,. Company
evacuated vials were used without further preparation; a set of four samples
was prepated for each time point. Pure 50 atom% "“C-CO, (as used in Exp2)
was diluted with N, to 500 ppm CO, in Tedlar bags. A volume of 20 ml was
flushed through each vial. The first measurement took place immediately
after preparation; following measurements were carried out after 1, 2, 4 and
5 weeks storage in the lab. All samples were measured with the natural
abundance method.

Analysis of the atom% "C in highly entiched CO, samples depended in a
linear relationship on the total sample CO, concentration (Figure S1).
Therefore, an atom% "C-CO, calibration curve was prepared from 50 atom%
PC-CO, (Cambridge Isotope Laboratories, Inc., France) diluted with N, in

a range of 500-2000 ppm. The measured atom% “C-CO, divergence vs.
concentration was established (Figure 4) and this relationship (Ygipergence)
was used to cotrect the observed °C atom% values:

Atom %corrected = Atom %observed + Ydivergence-

Leaf C isotopic ratios "C/"C were measured from homogenized plant
material (~2.5mg) by Dumas combustion (1050 °C) on an elemental
analyzer (CE 1110, Thermo Electron, Milan, Italy) coupled in continuous
flow mode to a Finnigan MAT Delta PLUS isotope ratio mass spectrometer
(Thermo Scientific, Bremen, Germany). Acetanilide (Merck, Darmstadt,
Germany) was used for elemental analyzer mass calibration. As working
standard for isotope ratio analysis we used pure gases of CO, calibrated
against certified reference materials of “C-sucrose (IAEA, Vienna, Austria).
Performance of analysis (Qa/Qc) was assessed by the inclusion of reference
samples of biological origin (Peach leaves (NIST 1547), National Institute
of Standards and Technology, Gaithersburg, MD, USA). "C/"C isotope
ratios were expressed as the delta notation (8”C %o) is the relative
measurement against the °C/"*C ratio in an international standard (Vienna
Pee Dee Belemnite):
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Rsample—R
813C — standard 1000 %0.
Rstandard

Field treatments

Expl was a two-factorial setup containing untreated control plots (ambient),
frequent drought periods (drought) and increased precipitation (irrigation).
Drought periods were realized with Plexiglas roofs for two weeks of rain
exclusion. Precipitation was simulated by adding deionised water.
Treatments were initiated in March 2007 and continued in 2008, paused in
2009, and resumed in 2010. Each treatment was replicated five times.

Drought periods took place two times in April and July 2010. Artificial rain
was applied every two weeks (n = 9) by adding ~28 litres of deionised water
per plot equivalent to 12.44 mm precipitation between April and July 2010.
When the labeling was performed on September 22™ the plant biomass was
not assessed, but D. flexunosa biomass has been shown to significantly be
affected by prolonged drought summer drought resulting in a reduction of
about 30 %. Biomass of D. flexuosa was about 100 g m™ under ambient
conditions in August 2008.%”

Exp2 was a full-factorial combination of elevated CO,, prolonged
spring/summer droughts (four weeks) and passive night time warming
(1 °C); each treatment was replicated six times resulting into 48 plots. For
further details see Mikkelsen ez a/. (2008).°” Vegetation in half the plots was
exposed to elevated CO,. Experimental climate treatments were established
in 2004 and initiated in 2005. When the two labeling campaigns were
performed in May (16™ and 19") the prolonged drought period was applied
since two weeks. Grass biomass in non-CO, plots was 195 = 16 g m™ and
in CO, plots 208 + 25 g m™ (means * SE) (pers. communication with Inger
Kappel Schmidt).

Statistics

Statistical analysis was carried out in R version 12.2.1. Data were tested for
normality (Shapiro-Wilk Test of Normality) and homogeneity of variances
(Levene Test) prior to analysis. A two-way ANOVA was performed on log-
transformed data to test for differences in CO, concentrations at different
distances from the CO, dosing pipe, and to test the maintenance of stable
atom% "“C contents in Exetainer vials. A one-way ANOVA for repeated
measures was performed to test for the impact of time on the observed
values. A one-sample t-test was used to test if the target values for CO,
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concentrations and ’C-CO, label was achieved. If data were not normally
distributed a “Wilcoxon Signed Rank Test” was performed. To test for
differences between ambient and elevated CO, treatments (Exp2), a two-
sample t-test, or in cases of missing normality, a “Wilcoxon Signed Rank
Test” was used. Soil respiration data were tested for treatment differences
over time using a linear mixed effect model (“Ime” in the package “nlme”)
including a random statement, a weights structure (varldent) and a
correlation structure (corCAR1).
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Results

A priori considerations

In Exp2, pulse-labeling plots were located outside the experimental
octagons on the edge of treatment applications. Plant exposure to elevated
CO, differed with distance from the CO, dosing pipes (Figure 2). Plants
growing in a range of 0.6 m around the artificial CO, source were exposed
to higher CO, concentrations, resulting in lower leaf §"°C values compared
to plants growing 1.2 m outside the octagons (p = 0.002). The §"C values
of plants growing under ambient conditions showed significantly higher
PC/PC ratios compared to plants growing 1.2 m away from the FACE
treatment (p < 0.001). Based on the isotopic analysis, we estimated that
plants in the labeling-plots adjacent to the FACE octagons were exposed to
an average of 500 ppm CO,,.

CO, calibration lines for different sample volumes stored in 5.9 ml
Exetainer vials showed different intercepts and slopes (Figure 3). When the
Exetainers were used with 5 ml sample volumes (Exp1), the measured CO,
concentrations were generally more variable (R*= 0.98), and analysis of
CO,-free air (5 ml N,) resulted in a significant peaks (4.3 = 0.2 Peak Area;
Figure 3). In contrast, flushing the vials with 20 ml N, completely showed
no blank value and a reproducible CO, signal (R* = 0.999).
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Figure 2: C isotopic values of green D. flexunosa leaves (%o) for different distances from
the octagon CO, dosing pipes in Exp2. Sampling positions were located inside (negative
values) and outside (positive values) the CO, octagons (n = 06). Plants exposed to
elevated CO, treatment (grey boxes) and grown under atmospheric CO, conditions
(white boxes), hatched box indicates pulse-labeling position. Calculated average CO,
concentrations (see experimental part) are displayed below boxes. Differences between
distances are indicated with letters.
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Measured amounts of “C (atom%) were linearly dependent on the CO,
concentration (Figure S1). Gas samples highly enriched in “C measured
with the natural abundance method resulted into decreasing atom% "C
measures with increasing CO, concentrations (y = -0.012x + 47.9, R* =
0.966). The same samples measured with the method suitable for highly
enriched samples resulted in slightly increased atom% C measures with
increasing CO, concentrations (y = 0.003x + 42.8, R*> = 0.90). Exetainer
vials maintained a steady atom% "C concentration for at least two weeks (p
< 0.001) of storage, after which a decline in °C was observed (Table S1).
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Figure 4:
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method (open squares) and
natural abundance method
(solid squares). N =3 for
each concentration. Values
are means + SE.



Sabine Reinsch Ph.D. Thesis

Experiment 1

In Expl (Figure 5), observed CO, concentrations in gas reservoirs were
stable over time (F,, = 1.2; p = 0.335) and were similar to ambient
(390 ppm) CO, conditions (p = 0.252). CO, concentrations in the chambers
were constant over time (F,, = 1.33; p = 0.313) but lower than 390 ppm
(» <0.001) and lower than reservoir CO, concentrations (p = 0.03).
Measured atom% "“C values in reservoirs and chambers were stable over
time (F, = 2.82; p = 0.169; F, y = 3.32; p = 0. 142) but were always lower
than 45 atom% (p < 0.001). Observed atom% "C values were higher in
reservoirs than in chambers (p < 0.001). Overall, net CO, uptake was
calculated as 5.8 £ 2.7 mg CO, m” h' and the net loss of soil C was
observed in the same range (Table 3).

Chamber temperatures were increased compared to outside air
temperatures (p = 0.009). Lowest chamber temperatures were measured at
the beginning of the experiment (19.0 £ 0.5 °C) and peaked after 4.5 hours
(30.0 £ 1.5°C). Surrounding temperatures were on av erage 4 - 5 °C lower
than chamber temperatures.
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Figure 5: Expl: CO, concentration (squares) and atom% “C-CO, values (triangles) in
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the gas reservoir (solid) and labeling chambers (open) over time. Means * SE.
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Experiment 2

In Exp2 (Figure 6), CO, concentrations in reservoirs were constant over
time (Figure 6a) at both CO, levels (Fop pom a5 = =049, 2 = 15 Fayg pomas) =
3.07, p = 0.140). Ambient and elevated CO, concentrations were achieved
in the gas reservoirs (psg),,, = 0.173; psy,,, = 0.101) and were significantly
different from each other (p < 0.001). In labeling chambers (Table 2), CO,
concentrations in CO, and non-CO, plots were constant over time
Fso0ppm a5y = -7:01, p =1, Fayg pom a5 = 6.64, p = 0.05). In non-CO, plots,
CO, concentrations were similar to ambient conditions (p = 0.066) but, in
CO, plots, CO, concentrations were lower than 510 ppm (p < 0.001).
Chamber CO, concentrations were similar under ambient and elevated CO,
conditions (p = 0.848).

Reservoir atom% “C-CO, values were constant over time (Figure 6b) at
both CO, levels (Fspg pom 15y = 1245, p = 15 Fiyg pom a5 = 3-41, p = 0.124).
Measured atom% "C-CO, values were lower than 50 atom% (p < 0.001).
Reservoir and chamber atom% "“C-CO, values were different in non-CO,
and CO, treatments (p = 0.001) with higher atom% "“C values in the
reservoir in ambient plots and lower atom% “C measures in labeling
chambers. Chamber atom% "“C-CO, values (Table 2) in non-CO, plots
were stable over time (Fso) \om 15 = -1.94, p = 1) but varied in CO, plots
(Fs10 ppm 15 = 10.48; p = 0.02). Measured atom%o BC-CO, values were lower
than 50 atom% (p < 0.001) but were similar for both CO, levels (p = 0.620).

Table 2: Measured CO, concentrations and ’C atom% values in the labeling chambers
in ambient and elevated CO, plots (Exp2) over time. Values as mean * SE. F-values
from one-way repeated measure ANOVA with obtained p-values.

Time (h) Ambient Elevated CO;

CO; c CO; c

concentration atom% concentration atom%
(ppm) (ppm)

0.5 494 + 27 21+2 525+ 15 23+3
15 427 + 67 29+3 427 £ 39 31+2
25 497 £ 69 25+3 428 +31 31+2
35 422 + 94 28+5 492 + 53 28+2
45 349 + 49 33%2 358 + 29 33x1
F(1,5) -7.01 -1.94 6.64 10.48
p-value 1 1 0.05 0.02
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Figure 6: Exp2: CO, concentrations (a) and atom% "C values (b) in the air reservoirs
under ambient (dashed) and elevated CO, (solid) concentrations over time. Straight lines
indicate aimed CO, concentrations. Means = SE.

In non-CO, plots, CO, concentrations in reservoirs and chambers were
similar (p = 0.557), but atom% “C measurements were higher in reservoirs
than in chambers (p < 0.001). In CO, plots, CO, concentrations and atom%o
PC values were higher in reservoirs than in chambers (p, < 0.001,
Do < 0.001). Differences in CO, concentration between reservoirs and
chambers resulted in an estimated negative net CO, uptake under ambient
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CO, conditions in Expl (Table 3) and a five times higher net CO, uptake in
elevated CO, plots in Exp2 (DCO2).

Chamber temperatures were higher than atmospheric temperatures (p <
0.001). Surrounding temperatures stayed constant during the day (13.6 "C
0.3 °C) whereas chamber temperature increased to 20.3 "C + 1.9°C after
closing the labeling chambers, but stayed relatively constant thereafter.

Table 3: Net CO, uptake (Uptake, mg CO,m™ h'") and soil CO, loss (Loss, mg CO,m™
h") in Expl and Exp2. Difference between incoming (reservoir) and outgoing (chamber)
CO, concentration = ecosystem net CO, uptake. Soil CO, loss is the amount of CO,
originating from the soil determined with a two end-member mixing model using
incoming and outgoing atom% "C values. Average values for CO, concentrations over
the whole experimental durations were used. Values are means + SE.

Experiment Treatment Uptake Loss
Expl Ambient 58+27 7.3
p —value <0.001 0.03
Exp2 Drought -1.6+ 7.3
1.6
p —value 0.557 <0.00
1
Drought*CO» 56+15 6.1
p -value 0.001 <0.00

1

Soil respiration

In Expl, soil CO, efflux was fluctuating over time (Figure 7a-insert) with
highest variation under ambient water conditions. Repeated measure
analysis showed that soil respiration was similar under ambient and drought
conditions (p = 0.99), but irrigation increased soil CO, efflux compared to
soils exposed to ambient (p = 0.072) and drought treatments (p = 0.062).

The highest contribution of recently photosynthetically assimilated *C-CO,
(PC from the “C-CO, pulse-chase) was observed one day after pulse-
labeling and decreased thereafter (Figure 7a). The amount of “C-CO,
respired was treatment independent over time (p = 0.680). At day one, the
APE in drought plots was ~25 % lower, and in irrigated plots ~12 % higher
compared to ambient plots. Two days after the pulse-chase, this relative
difference separated even further into ~31 % less "C-CO, in drought plots
and ~51 % more “C-CO, in irrigated plots compared to ambient
conditions. At day two, APE in soil CO, efflux was lower in drought than
in irrigated plots (p = 0.030). After day two, APE decreased with time and

was similar among water treatments.
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In Exp2, soil CO, efflux was higher under elevated CO, (p = 0.1) than
under ambient CO, concentrations (Figure 7b-insert). APE in soil
respiration under ambient CO, concentration was highest one day after
pulse-labeling and decreased thereafter. Under elevated CO, conditions,
APE in soil CO, increased until day 2 and decreased thereafter. Chamber
CO, concentration did not affect APE in Ry during the investigated time
period in May (p = 0.375).
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Figure 7: APE (atom% "“C-CO, excess) in soil CO, efflux and soil CO, efflux rates
(Figure insert) over time in (a) Expl: under ambient (solid square), drought (open
triangle) and irrigated (open circle) water regimes and, (b) Exp2: in ambient (solid square)
and elevated CO, (open diamonds) treatments. Means * SE.
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Discussion

Equipment evaluation

We successfully developed a mobile multi-plot zz-situ °C-CO, pulse-labeling
setup that was applied to low vegetation in a remote environment at
relatively low costs. A minimum of 15 plots were simultaneously pulse-
labeled with "C-CO, in a temperate heath-land for at least 4 hours.
Conducting one pulse-labeling experiment with multiple plots instead of
several successive smaller labeling campaigns ensured that environmental
conditions (PAR, temperature, soil moisture, precipitation) were the same
across replicates. The use of big (D ~3 m), robust (vinyl) and gas tight
advertisement balloons as gas reservoirs provided sufficient air for at least
four labeling chambers under the applied conditions (Figure 1, Table 1).
The robust balloon material allowed transportation of filled air reservoirs to
the place of interest.

Pumps used to supply labeling chambers with air from the air reservoir
supplied 2 minimum flow of 2.1 litre air minute' chamber” which was
enough to account for the maximum rate of CO, uptake by the confined
vegetation.®” In general, higher flow rates are likely to stabilize chamber
conditions in terms of temperature and moisture conditions. Due to distant
plots it was necessary to use long tubes to connect all treatments per
replicate to one gas reservoir, which limited the maximum air flow.

Equipment for filling gas reservoirs with air and CO, was modified between
Expl and Exp2. The used gas meter was not sensitive enough to measure
gas flows under high pressure as it was supplied from pressurized air bottles,
and was replaced by a digital gas flow meter. Inflation of one reservoir (7 m’
air) required about 15 min, and subsequent addition of 2.81 and 3.66 L °C-
CO, (390 and 510 ppm) resulted in aimed CO, concentrations (Figure 6a).

Aimed vs. achieved reservoir and chamber values

CO, concentrations were stable in gas reservoirs and labeling chambers
over time. Ambient and elevated CO, concentrations in the air reservoirs
were as targeted (390 and 510 ppm), whereas target CO, concentrations in
the labeling chambers were lower in Expl and in Exp2 in elevated CO,
plots. This change in chamber CO, concentration compared to supply air
was due to photosynthetic and respiratory processes in the soil and
vegetation confined by the chamber. Net CO, uptake was of about the
same magnitude as soil CO, loss in Expl and in Exp2 under elevated CO,
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conditions (Table 3). Under ambient CO, concentrations (combined with
prolonged drought periods), the net CO, uptake was minimal whereas the
soil CO, loss was similar to Expl and the CO, treatment in Exp2. A similar
effect of drought was found when Europe was hit by a heat wave in 2003
and soils released unusual high amounts of soil C.°” Uncertainty of CO,
concentrations can be caused by air sample volumes (5 and 20 ml) and
calculations of CO, concentrations ** of samples highly enriched in atom%
PC-CO, from IRMS chromatograms. Joos e al. (2008) demonstrated the
potential to use ‘Peak Areas’ generated by the GasBench-IRMS to calculate
CO, concentrations in natural abundance CO, samples.®? Peak areas of
samples highly enriched in C-CO, were compared to natural abundance
‘Peak Areas’ of standards which resulted into inaccurate CO, concentration
estimates. Therefore, it is highly recommended to use enriched gas
standards close to the enrichment of the samples to be able to estimated
CO, concentration accurate.

Measured atom% "C-CO, values were stable in gas reservoirs and labeling
chambers over time. Generally, we were unable to confirm the target °C
enrichments of 45 atom% in Expl and 50 atom% in Exp2 by GasBench-
IRMS analysis of the reservoir air. We have no obvious explanation for this
unexpected observation. One reason might be an inaccurate correction for
the intensity dependence in °C/"C ratio determinations at enrichments >>
natural abundance. Alternatively, the CO, isotopic composition may have
changed significantly during the storage in Exetainers; however, this could
not be observed in independent testing (Table S1), and the CO,
concentrations did not change during storage, confirming previous testing
of Exetainer vials.®”

Temperatures observed outside and inside the labeling chambers followed a
daily pattern, but temperatures within the chambers were significantly
higher than outside. In Exp2, we inserted two conventional blue ice packs
into the chambers to maintain more stable temperatures without success;
temperatures within the chambers increased compared to surrounding
conditions. Solar irradiance was likely the main reason for the increased
chamber temperatures. However, temperatures could have been increased
turther if the reservoir air that was supplied to the chambers was heated
beyond chamber temperature. This was not tested in the current experiment.
However, we believe that a decreased residence time of air within the
chamber and a more powerful fan can help to maintain more temperatures
within the labeling chambers.
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Methodological evaluation

Gas sample volumes were 5 ml in Expl but were increased to 20 ml in
Exp2. The sample volume in Expl was restricted due to the limited volume
of the deployed soil respiration chambers. The Exetainers (5.9 ml) were pre-
evacuated by the company without further preparation prior to use.
Supposedly the “ready-to-use” Exetainers were of variable quality in terms
of vacuum and potential residual gas contents as revealed by the variable
determinations on CO, concentrations (Figure 3). In Exp2, soil respiration
chambers were bigger and the sample volume was increased to 20 ml used
for flushing the wvials, which resulted in similar CO, concentration
determinations between replicates.

Determination of atom% “C-CO, values in the highly enriched samples
was not obvious. A test trial (Figure S1) revealed that the apparent atom%o
PC-CO, values were strongly (linear) dependent on the CO, concentration
in the sampled range of 500-2000 ppm. This empirical relationship was
subsequently used to correct atom% “C-CO, in our analysis (Figure 4). The
correction needed was much stronger when the instrument was operated
with cup-settings for analysis in the ’C natural abundance range compared
with the cup settings for enriched samples. We applied atom% corrections
dependent on instrument settings. Nevertheless, the corrected atom% “C-
CO, values from our field samples never showed the expected values in gas
reservoirs and labeling chambers. This suggests that either the equipment
leaked and the enriched CO, was diluted with ambient air, or that the
correction is wrong. Invasion of atmospheric air into the reservoir is
unlikely because the observed CO, concentrations are as expected. In case
of mixed CO, sources we would also expect the CO, concentrations to be
different from our target values. According to this, we have to assume that
the measurement of gas samples highly enriched in “C-CO, has to be
further tested and evaluated to achieve satisfactory results. In field
experiments we suggest to take advantage of real-time measurements with
calibrated CO, sensors to measure the actual C-CO, concentration as an
indication of the conditions (see e.g. *) and compare measurements to CO,
concentrations obtained from IRMS chromatograms.

APE values in soil respiration and associated standard errors are within the
range of previously observed values measured in grassland “C-CO, pulse
labeling experiments. Therefore, we can assume that stable CO,
concentrations and atom% “C-CO, values in labeling chambers assure
(Figures 5, 6, 7) consistent and comparable results.""”
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Soil respired "C-CO,

Respired CO, was enriched by less than one atom% “C-CO, illustrating the
limited contribution of recently assimilated C to overall belowground
respiratory activity. Similar dilution effects have been observed in other
grassland labeling studies including studies performed with the technically
advanced SID system.! """

The assessment of atom% "“C-CO, in soil CO, efflux of plots manipulated
in soil water content (Expl) revealed no overall effect of soil moisture on
the respiration of recently assimilated C (Figure 7a), but irrigation increased
soil CO, efflux (Figure 7a-insert). The APE was highest in irrigated plots
and lowest under drought conditions. The greatest difference in respiration
of recently assimilated CO, between drought and irrigated plots was
significantly apparent two days after the ’C-CO, pulse. A suppressing effect
of drought on soil C turnover has been shown in several studies®>**” and
could be explained by ie. changes in enzyme activities*”, diminished
coupling of above- and belowground C processes®>* going along with
negative effects on plant photosynthesis™. Our results obtained by isotopic
manipulation of atmospheric CO, suggest that differences in water regimes
will modulate the soil C turnover times.

Opposite to drought, elevated CO, concentrations stimulated soil CO,
efflux (Figure 7b-insert) compared to ambient CO, conditions. However,
no CO, effect was found on APE in soil respiration at the examined times
(Figure 7b), but elevated CO, showed a tendency to contain more recently
assimilated CO, in soil CO, efflux. Elevated CO, concentration has
frequently be shown to increase soil CO, efflux in grasslands®>* and
forests>*” and was considered a major driver in terrestrial C turnover that
is important to investigate further.

Advantages and disadvantages

The mobility of the equipment was highly important for pulse labeling in
our difficult to access experimental site, and worked out well. However,
preparations before the experiment are time consuming (filling air reservoirs)
and also subject to possible errors which can be avoided by constant flow
controls and IRGA measurements.”'”" Equipment composition was
chosen to be least expensive but still suitable and efficient.

Generally, flow-through systems are suitable to maintain stable chamber

concentrations without external adjustments and have an advantage over
setups where chamber conditions have to be adjusted manually e.g. by

66



Long-term climate change effects on soil microorganisms and soil carbon

giving CO, pulses.®**" A steady chamber CO, concentration is needed
in order not to affect plant photosynthesis*”, and a prerequisite for
assessing C-budgets that include plant assimilated C.

The current setup was a pure flow-through system where the highly
enriched C-CO, was not reused, but released into the atmosphere. This, of
course, can be a cost issue when labeling with 99 atom% "C-CO, in many
plots for extended time periods. Emerged problems regarding the analysis
of atom% "C-CO, values in highly enriched gas samples could not be
solved fully. We suggest possible sources of error and demonstrate a first
attempt to correct for measurement errors.
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Supplementary material

Table S1: Atom% "“C-CO, loss over time (weeks), n=4. Letters indicate differences over
time. Means £ SE.

Week Atom%
1 0.02+0.22a
2 -0.20 +0.23a
4 -1.40 +0.33 b
5 -1.65+0.17 b
50 50
45 |- Enriched 445
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Figure S1: Known CO, concentration against measured atom% "C-CO, of 50 atom%
PC-CO, samples. Open circles: samples measured with the GasBench methods for
highly enriched samples and solid circles: measured with the conventionally applied
method for natural abundance “C-CO, amounts. N = 3 for each concentration.
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Abstract

An in-situ PC pulse-labeling experiment was catried out in a temperate
heath/grassland to study the impact of elevated CO, (390 and 510 ppm),
prolonged spring/summer droughts and increased temperature (1 °C) on
belowground carbon (C) allocation. Recently assimilated C (°C from the
pulse-chase) was traced into leaves, roots, soil and microbial biomass 1, 2
and 8 days after pulse-labeling. The importance of the microbial
community in C utilization was investigated using “C entrichment
patterns in microbial functional groups on the basis of phospholipid
fatty acids (PLFAs). Climate treatments did not affect total microbial
abundance in soil and roots on the basis of PLFA-C concentration.
Elevated CO, significantly reduced the abundance of gram-negative
bacteria (17:0cy) but did not affect the abundance of decomposers (fungi
and actinomycetes) in roots. Drought favoured the bacterial community
in root samples whereas increased temperatures showed reduced gram-
negative bacteria (19:0cy) and changed the actinomycetes community
(10Me16:0, 10Me18:0). However, climate treatments had no effect on
bacterial-to-total and fungal-to-total abundances, but bacteria were more
abundant in root and fungi in soil samples, respectively. The fate of
recently assimilated C into microbial functional groups showed a faster C
allocation under elevated CO, conditions compared to ambient. C
allocation belowground was different under ambient and anticipated
future climatic conditions and indicated reduced utilization of soil
organic matter in the future.

Keywords

Elevated CO,, drought, increased temperature, phospholipid fatty acids,
PC pulse-labeling
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Introduction

Climate change reflects the change of several climatic variables such as
carbon dioxide (CO,) concentration, temperature and water availability.
These factors affect the global carbon (C) cycle and are critical
determinants of the terrestrial C turnover. Increasing atmospheric CO,
concentrations may show a positive feedback on CO, concentrations
and global warming (IPCC 2007). Warming often increases soil CO,
efflux by e.g. extending plant growth periods (Luo 2007) and can reduce
soil C residence time (Amundson 2001; Davidson & Janssens 2000;
Heimann & Reichstein 2008). Temperature increase can turn low
productive environments into physiologically active systems (Miller &
Smith 2012), but can also negatively affect water availability leading to
reduced gross primary production and may soil C loss (Ciais e a/. 2005).
The C balance is determined by many processes starting with CO,
assimilation (Korner 2006) followed by variable C allocation patterns
within plants (Korner 2006), changes in soil nutrient availability (Poorter
et al. 1995), water status (Albert ez a/ 2011), rhizodeposition (Hitsch e a/.
2002) as well as the microbial community composition and activity
(Carney ef al. 2007).

Elevated CO, concentrations directly affects acclimatization of plant
photosynthesis and increases water use efficiency (Leakey ef o/ 2009). In
grasslands, increased CO, levels also increased C allocation into roots
(Fitter et al. 1996; Hungate et al. 1997), yet after 10 years of CO,
treatment in a temperate grassland no change in soil C stocks were
observed (Theis ef al. 2007). However, changing climatic conditions do
not only influence processes directly but also indirectly. Soil CO,
concentrations are several magnitudes higher than atmospheric CO,
levels and thus elevated atmospheric CO, concentrations can only have
indirect effects on C turnover processes belowground. Soil temperatures
are also less responsive than air temperatures and less variable with
increasing soil depth but are likely to increase on a longer time scale too.
A change in soil water regimes, however, has the power to influence
belowground processes involved in C turnover directly by changing
water and nutrient availabilities (Jensen ef a/ 2003; Liu e al. 2009).

Effects of elevated CO, concentrations on the soil microbial community
differ across ecosystems (Dunbar et a/. 2012). In a scrub-oak system,
increased CO, concentrations led to a fungal based community (Carney
et al. 2007) and CO, fumigation in the Mojave desert revealed an
increased fungal-to-bacterial ratio compared to ambient soils, but total
PLFA-C concentrations were unaffected by treatments (Jin & Evans
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2010). In contrast, the soil microbial community in a temperate grassland
exposed to elevated CO, showed increased arbuscular mycorrhizal fungi
abundance but decreased overall fungal activity (Denef ez a/ 2007), and
in a calcareous grassland the microbial community composition was
unaffected by increased atmospheric CO, concentrations after five years
of CO, fumigation (Ebersberger ez al. 2004).

Knowledge of longer-term effects of increased temperatures and water
availability on the composition and activity of microbial communities are
limited. Fungal-to-bacterial ratio increased under warmed-unclipped
conditions in a tallgrass prairie (Zhang et a/. 2005) and 12 years warming
of a forest soil resulted into reduced microbial biomass and presence of
fungal, but stimulated the gram-positive bacteria community (Frey ez /.
2008). In contrast, warming did not affect the microbial community
composition in a temperate mountain forest (Schindlbacher ez a/ 2011).
The combination of temperature with elevated CO, and two levels of
precipitation in an American old-field grassland revealed the potential of
a 2 °C temperature to increase the abundance of gram-positive bacteria,
whereas the abundance of gram-negative bacteria, arbuscular mycorrhizal
fungi and saprophytic fungi were decreased. A changed composition of
the soil microbial community can potentially change its functionality of
the soil microbial community (Gray ez a/. 2011). In the same study,
precipitation affected the soil microbial community only in combination
with a temperature treatment. One year later, however, precipitation was
the main predictor for changes in the microbial community (Castro et al.,
2010).

In the present study, #n-situ pulse-labeling with C-13 enriched CO, (°C-
CO,) was petformed in a temperate heath/grassland to investigate the
utilization of recently assimilated C by the microbial community using
microbial functional group specific biomarkers (phospholipid fatty acids)
for distinction between groups. The experiment comprised the climate
treatments: CO, (390 and 510 ppm), prolonged summer drought periods
(exclusion of annual 7.6 £ 0.8 % precipitation (mean * SE)) and
increased temperature (1 “C) in a full factorial setup. The incorporation
of PC-carbon into different C pools was analyzed, with emphasis on °C
accumulation in different microbial functional groups to investigate their
importance in short-term C cycling.

We hypothesize that (i) elevated CO, favours a fungus based community,
(if) increased temperature leads to a predominantly bacteria based
community, (iii) prolonged drought has a negative effect on microbial
biomass and increases the fungal component of the microbial
community, (iv) C turnover is faster under elevated than ambient CO,
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concentrations and (v) allocation patterns of recently assimilated C are
similar in the full factorial combination and the ambient conditions due
to outbalancing effects of positive (elevated CO,, temperature) and
negative (drought) climate factor effects.
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Materials and methods

Study site

The study site was a temperate unmanaged dry heath/grassland
(55°53’ N, 11°’58 E) in North Zealand, Denmark. The annual average
temperature is 8 “C and the mean precipitation is ~610 mm. The soil was
a hilly and sandy nutrient-poor deposit composed of ~70 % sand, ~20 %
coarse sand, ~6 % silt, and ~2 % clay in 0-15 cm. The plant community
was co-dominated by the grass Deschampsia flexuosa (~70 %) and the
dwart shrub Calluna vulgaris (~30 %), and minor occurrences of other
grasses, herbs, mosses and lichens (Kongstad e @/ 2012). The two
species were distributed heterogeneously in patches throughout the study
site. Total aboveground green biomass was ca. 700 g m™ when the
experimental site was established (Mikkelsen ef @/ 2008) and varied on a
seasonal scale between ~300-730 g m™ measured in campaigns between
2004 and 2008 (Kongstad ez al. 2012). Total green biomass of D. flexuosa
was ca. 30 gm™ in March (2007) and as ~230 gm™ in August (2004).
Plant heights ranged from 40 to 60 cm. Initial root biomass was
~550 g m™ (Mikkelsen e# 2/ 2008) with about 90 % of roots located in
the top 10 cm soil.

Experimental climate treatments were established in 2004 and initiated in
2005. The experimental setup was a full-factorial split-plot design that
consisted of the following climate treatments: an un-treated control (A),
elevated CO, concentration at 510 ppm during daytime hours by the
free-air C dioxide enrichment (FACE) approach (CO,), prolonged
spring/summer droughts by horizontally moving curtains (D), increased
temperature (1 °C) realized as passive night time warming by reflective
curtains (T) and the factorial combinations TD, DCO,, TCO,, TDCO,.
Each treatment was replicated 6 times (48 plots in total). Treatments
were applied in 12 octagons () 6.8 m) arranged pair-wise in six blocks.
Each octagon was divided into four plots. Within each block, one
octagon was exposed to elevated CO,. Soil moisture (vol%), soil and air
temperatures (C) and photosynthetic active radiation (PAR, umol m™
sec’) were constantly measured at the field site. For further detailed
information about the experimental site, see Mikkelsen ez /. (2008) and
Selsted ez al. (2012).

Whereas the net area for the climate manipulations were defined by the
area encompassed by the 6.8 m diameter octagons, the gross area actually
extended into a 11 X 11 m* area confined by the dimensions of the
drought- and heating curtains. Furthermore, elevated CO,
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concentrations (~500 ppm) could be observed up to 2 m outside the
octagons, as opposed to the target value of 510 ppm in the octagon
centre (Reinsch & Ambus 2012). Experimental plots for the current
pulse-labeling were established 1.2 m outside the periphery of octagons
in the corners of the gross area. The labeling plots were established two
weeks prior to labeling to allow vegetation recovery, and were confined
by galvanized steel collars (0.8X0.4X0.1 m) that were pushed into the soil
to about 8 cm depth. The experiment was conducted in two campaigns
in May 2011, which is a period of increasing plant photosynthetic activity
and high CO, assimilation. During the first campaign on May 16"
(Octagons 1-6) weather conditions were dominated by grey skies and
light showers, whereas during the second campaign on May 19"
(Octagons 7-12) sunny conditions prevailed (Figure 1). On both days,
the pulse-labeling took place between 12:00-16:00. Only plots containing
more than 70 % D. flexuosa were included (41 out of 48 plots in total).
The drought treatment in 2011 was initiated two weeks prior to the
pulse-labeling (2™ May). An amount of 11.2mm and 29.5 mm of
precipitation was excluded before labeling campaigns one and two
respectively.

In-sitn °CO, pulse-labeling

The labeling setup has been described in detail in Reinsch & Ambus
(2012). In brief, on the days of labeling, transparent flow-through
Plexiglass chambers (0.8X0.4X0.3 m) were mounted gas tight on top of
the soil collars by means of a water filled channel. A fan inside the
chambers assured air mixing and two cooling packs per chamber were
inserted to reduce heating of the chamber air. Incoming air (50 atom%
PC-CO, at two CO, concentrations) from an air reservoir was provided
by an electric diaphragm pump (Vacuum pump, Model Thomas
107CCD20-164) through Polyurethane tubing (TU0604, 4 mm, SMC
Pneumatic A/S) at an air flow rate of 4.51 air chamber' min". The
provided CO, accounted for the maximum measured CO, consumption
of D. flexuosa (Selsted et al. 2012). Each octagon was equipped with one
air reservoir (gas tight vinyl balloons, @ ~3 m, Balloons Etc/Balloons
Direct, Springfield, Virginia, USA) providing air to 4 chambers at
510 ppm CO, for the elevated CO, treatments, and at 390 ppm CO, for
ambient treatments.
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Figure 1: Soil and environmental conditions during the time of the experiment in
May 2011. Arrows indicate the pulse-labeling events. (a) Averaged daily
photosynthetic active radiation (PAR, bars) and soil temperature at 5 cm soil depth
(squares) and 20 cm aboveground (triangles) for ambient (open) and temperature
(solid) treatments; (b) soil water contents in ambient (open) and drought (solid) plots
in connection with rain events (bars).

The pulse-chase started immediately when the chambers were mounted on
the collars, and stopped when the chambers were removed after four hours
of exposure. After two hours of labeling, all chambers were opened to
remove inside condensed water on the chamber walls and to replace the
cooling packs. At one-hour intervals during the pulse-chase, reservoir air
and chamber air were sampled from all D plots. For this purpose, 20 ml
(20 ml syringe, Omnifix®) air samples were taken from the air reservoirs
and chamber outlets and used to flush a pre-evacuated 5.9 ml Exetainer gas
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vial (Exetainer, 819W, Labco Ltd, High Wycombe, UK). Gas vials were

stored at room temperature until analyses.

Tissue and soil sampling

Plant material (5-10 leaves) of the species present within the labeling
plots was collected outside, but close to the soil frames the week before
the pulse-labeling experiments, on May 12%. One day after labeling, 3-5
green leaves and litter of D. flexuosa were sampled randomly inside the
collars. Nine days after the labeling all aboveground biomass was
removed from a subplot of 0.2X0.2 m inside each collar. Plant material
was immediately sorted into D. flexuosa green leaves and litter, shrubs,
herbs, mosses and lichens. All plant material was oven dried at 60 “C for
48 hours, weighed and prepared for C analysis. Total plant biomass
(g m™) was calculated based on the day 9 harvest.

Pre-labeling soil samples were taken outside, but close to the soil frames
on May 13", and post-labeling soil samples were taken on 1, 2 and 8 days
after the labeling, samples were taken inside the collars. Soil samples
consisted of two bulked soil cores (@ 5 cm, 10 cm deep). Soil samples
were transported to the laboratory for further processing the same day.
Samples were sieved (2 mm ) for a maximum of 5 min. Roots were
sorted out, total root biomass (g) was recorded and unwashed roots were
freeze dried thereafter. Soil subsamples were either processed freshly, air
dried or freeze dried. Remaining soil was stored at -20 “C.

Analyses

Carbon contents and isotopic compositions in soil, leaf and root samples
were measured on an Isoprime isotope ratio mass spectrometer
(Isoprime Ltd, Cheadle, UK) coupled to a Eurovector CN elemental
analyzer (Eurovector CN EA, Milan, Italy) using continuous flow.
Samples were prepared by weighing 7-20 mg air dried soil and 2-5 mg air
dried plant material (leaves, roots) into tin capsules.

Microbial biomass C (MBC) was assessed using chloroform fumigation.
Paired fresh 10 g soil samples were either fumigated with chloroform for
24 hours or immediately extracted (1:5 w:vol) with re-demineralised
water for 1 hour (Vance et al., 1987). Fumigated samples were treated
the same way one day later. Gravimetric soil water content was
determined from the weight loss in a 10 g soil sample after oven drying
(105 °C, 24 hours). Total organic C of the extracts was determined
(TOC-V py, Shimadzu, Holm & Halby, Denmark). MBC was calculated
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from the difference in C between fumigated and non-fumigated soils
using a Kgc factor of 0.45 (Joergensen 1996). Non-fumigated (2-8 ml)
and fumigated (0.5-5 ml) soil extracts were freeze dried on quartz filters
(Quartz microfiber filter QMA Whatman) that were combusted for
PC/PC analysis on the EA-IRMS. The isotopic composition of
chloroform labile C in unlabeled soil and in “C labeled soil plots was
used to calculated atom% C excess in MBC.

Phospholipid fatty acid extraction and analyses

Phospholipid fatty acids (PLFAs) were extracted from ~3 g freeze dried
soil and 7-11 mg freeze dried roots. Extractions were carried out for all
sampling days for roots, but only non-labeled soil samples and soil
samples taken one day after the pulse-chase were processed. A one-
phase mixture (CHCI3:MeOH:buffer) according to a modified Bligh and
Dyer protocol was used (Bligh & Dyer 1959; White e al 1979,
Frostegard ef al. 1991). PLFAs were eluted with methanol on pre-packed
silica columns (Isolute SI-100 mg 10 ml-1, Biotage, Uppsala, Sweden).
Internal standards C17:0 and C19:0 (Sigma-Aldrich, Munich, Germany)
were added to the samples before mild alkaline-methanolysis and the
separated fatty acid methyl esters (FAMEs of PLFAs) were solubilised in

hexane.

FAMEs were analyzed via gas-chromatography-combustion-isotopic
ratio mass spectrometry (GC-c-IRMS) using a GC HP6890 containing a
tused silica column (Varian FactorFour WCOT, 0.25 mm id x 60 m
coated with VF-23 ms at a thickness of 0.25 pm) with helium as carrier
gas (1 ml min™). The GC was coupled via 2 GC combustion interface
(Thermo Scientific, Bremen, Germany) in continuous flow mode with a
Finnigan DeltaPLUS isotope ratio mass spectrometer (Thermo Scientific,
Bremen, Germany). The oxidation reactor on the interface was
maintained at 940 °C, the reduction reactor at 650 °C.

Samples were injected (1 pl) at 240 °C using splitless mode. GC oven
temperature program started at 50°C, held for 2 min, ramped at 15 °C
min™ to 100 °C, then at 2 °C min™ to 220 °C and finally at 15 °C min™' to
240 °C where the final temperature was held for 5 min. Separated
compounds were measured against a CO, reference gas calibrated against
Vienna PeeDee belemnite (VPDB) reference material. FAMEs were
identified by relative retention time comparing samples with a FAME
standard mix (Supelco 37 component FAME mix, 47885-U, Sigma
Aldrich). All 8°C values were corrected for the additional C during
methanolysis:
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[(Nga + 1)8"Crame — 8" Cymeon]
Nra

8" Cepa =

where Ngp refered to the number (N) of C-atoms of the fatty acid (FA)
component, 813 Cpame was the measured 8°°C value of the FAME after

methylation and 82 Cyeoy was the 8*3C value for the methanol used for
methanolysis (-37.7 %o * 3.2 %o).

PLFA peak areas from GC-c-IRMS chromatograms were corrected for
the number of C atoms in the fatty acid chain using the slope of
individual PLFAs of the FAME standard (Denef ez a/. 2007) resulting
into a PLFA concentration (mmol PLFA-C) that was used to calculate
the mole fraction (%) of each individual PLFA. The quantitative amount
of each PLFA (ug PLFA-C g' soil or mg™" roots) was calculated using
known internal standard concentrations.

The soil microbial community composition was investigated on the basis
of microbial functional group specific PLFAs. General soil biomarkers
are 14:0, 15:0, 16:0 and 18:0. Gram-negative specific PLFAs are the
cyclic 17:0cy and 19:0cy as well as 16:1w7c and 18:1w7c. Gram-positive
bacteria are presented by the PLFAs 15:0a, 15:0i, 16:01, 17:0a, 17:0i.
Actinomycetes (belonging to gram-positive bacteria) can specifically be
distinguished on the basis of methylated PLFAs: 10Me16:0, 10Me17:0,
10Me18:0. The fungal biomarkers 18:1w9c, 18:10w9t and 18:3w3 were
used (Vestal & White 1989; Frostegard & Baath 1996; Zak ez al. 1996;
Zelles 1999; Jin & Evans 2010).

Isotopic calculations and data analyses

Isotope ratios are expressed as the deviation (%o) from the standard
Vienna Pee Dee Belemnite (VPDB) for C with 8“C (%o)
(Rempe/ R - 1) x 1000, where R = C/"*C. The standard deviation of
isotope measurements of standard material (peach leaves, NIST) was
+ 0.1 %o for "C. The isotopic excess in different C pools (leaves, roots,
soil, MBC) was calculated as difference in atom% "C of pulse-labeled
samples and natural abundance samples (non-labeled) and expressed as
atom% excess (APE).

standard

The distribution of recently assimilated C (°C from the pulse-chase) in
microbial specific biomarkers (C-fate) was calculated: firstly, the isotopic
enrichment of PLFAs in each sample was related to the applied C
enriched air during the pulse-chase using a two end-member mixing
model:
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where Pygsimitatea 15 the percentage of recently applied C of pulse-
chase air in each PLFA, §13Cp 4 is the isotopic value of each PLFA
(post-labeling), § BControipLra is the isotopic value of PLFAs in non-

labeled samples (pre-labeling) and 6*3Copamper is the isotopic value
measured in the labeling chambers (Reinsch & Ambus, 2012).

Secondly, the amount of recently assimilated °C into individual PLFAs
was calculated by multiplying Pjgsimitateq With the amount of PLFA in
the sample. Thirdly, the amounts of recently assimilated ’C-carbon in
each sample were converted to a percentage scale and grouped into
microbial functional groups. Displaying isotopic values as fate of C into
microbial functional groups facilitates an easy evaluation of the
importance of each component of the microbial community in short-
term C cycling.

Statistical analysis

Statistical analysis was carried out in R version 12.2.1. When necessary,
data were tested for normality (Shapiro-Wilk test of normality) and were
always tested for homogeneity of variances (Levene test of equality of
variances, “car’ package) prior to analysis. Differences within climate
treatments over time were analyzed using an “ANOVA” using time as
predictor. TukeyHSD test was used to extract differences between times.
In case data showed no homogenous variances, the Kruskal-Wallis test
was used instead. Bacterial-to-total and fungal-to-total ratios were tested
with the Kruskal-Wallis test because the criteria of equal variances were
not met.

Differences between climate treatments were analysed with a Fit Mixed-
Effect Model (Imer) in the package “LMERConvenienceFunctions”.
This model has the advantage that the experimental design can be
included in the random statement in its full complexity. The random
statement “(1|Block) + (1|Block:CO2) + (1|Block:CO2:T) +
(1|Block:CO2:D)” was used in all analyses and was extended by the
factor (1|Time) when datasets were analysed across times. p-value
outputs were generated using the MixMod-package that uses the SAS-
algorithm. Differences between treatments were reported on two levels
of significance with p < 0.1 and p < 0.05.

84



Long-term climate change effects on soil microorganisms and soil carbon

3. Results

Pulse-labeling conditions

Average photosynthetic active radiation (PAR) was variable over the
experimental period (Figure 1a). Air temperatures 20 cm aboveground
followed that pattern closely, whereas soil temperatures at 5 cm depth
were less influenced by PAR but rose continuously from 9.6 £ 0.1 to
10.7 £ 0.1 °C in ambient (A, CO2, D, DCO2) and from 10.3 £0.1 to
11 £0.1 °C in temperature plots (T, TCO2, TD, TDCOZ2). PAR was
217 + 42 umol m™ sec' and 490 £ 80 umol m™ sec’ on the first and
second labeling days, respectively. The higher PAR at the second day was

also reflected in increased air and soil temperatures.

Soil water content in D plots (D, DCO2, TD, TDCO2) decreased
continuously during the experimental period from 11.7 £0.7 to
9.1 + 0.8 vol% (Figure 1b, Table 2). In contrast, non-drought plots (A, T,
CO2, TCO?2) received precipitation during the experimental period and
soil water contents varied. Due to a rain event between the two labeling
campaigns, the soil water content in non-drought plots increased from
12.9 £ 0.6 to 15.3 * 0.6 vol% but drought plots stayed unaffected. Total
plant biomass ranged between 207 + 32 gm™ in DCO2 plots and
420 £ 79 gm™ in A plots with a significant negative effect (p < 0.05) of
the applied drought treatment (Table 1). The single factor drought
treatment affected the total grass biomass (D. flexuosa) positively.

Soil microbial community and its structure

Soil C and nitrogen (N) contents varied between 1.8-3.1 % and 0.12-
0.17 %, respectively (Table 2). C and nitrogen contents should be
constant over time but varied highly between individual samples. Soil C
content was constant over time for all treatments but the single factor T
treatment. Single factors CO2, D and T showed significantly increased C
contents compared to A at sampling day 8. Soil N in D and T treatments
was patchily distributed and variable over time. The single factor
treatments CO2 and T increased soil N content compared to A at day 8.
The climate treatment interactions TD and TDCOZ2 significantly affected
soil N contents before the pulse-chase.
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4-6). Significant

Table 1: Charactenistics of D. flexcuosa aboveground biomass in the different climate treatments. Values as means = SE (n

differences between treatments are marked as bold: p < 0.1, and * p < 0.05.

TDCO2
275+ 38

TD

225+ 32

TCO2
344 £13

co2 DCO2
207 £ 32

37265

Unit

gm”

Measure

300+ 48* 364 + 64

420 £ 79

Total plant biomass

0.8+0.1
47 £ 01

0.8+0.1

0.7+£01
47 £ 0.1

06101
43+0.2

48+0.2

0.9+0.04
47 +0.3
47 £0.2
1.7+01
1.3+0.1

0.6x0.1 05+0.1 08%0.1*%

47 £0.2
47 £0.2

17101
1.3+£0.1

Ratio Grass: Total

48 + 0.1

47+0.2

47+0.1

%

Green leaves

Litter

Carbon content

48 +0.2
1.6+01

1.1

47 £0.6
1.8+01
1.3+£01

47 £0.2

43+0.3

47 +05
1.7+01
1.2+ 0.1

15+ 1

1.1

1.7+01
1.4+£0.1

1.7+0.1
1.1+0.1

Green leaves

Litter

Nitrogen content

0.1

+0.1

Microbial biomass C (MBC) concentrations
were harmonized against soil C content
and showed high variability dependent on
the individual sample at different sampling
days (Table 2). MBC varied over time in all
climate treatments with the highest MBC
two days after pulse-labeling and lowest 8
days after the pulse-chase. MBC was
significantly reduced in D plots and also
TD showed reduced MBC one day after
labeling  whereas  TDCO2  showed
decreased MBC 8 days after labeling.

In contrast to MBC, microbial biomass in
terms of total PLFA-C (general PLFAs and
functional group specific biomarkers)
extracted from root and soil samples
suggested a stable microbial community
size that was unaffected by climate
variables and time (Table 2). One exception
to the persistent abundance was observed
one day after the pulse-chase where the full
climate combination showed significantly

reduced total root PLFA-C content
(Table 2).
Patterns of individual PLFA-C

concentrations in roots showed a dominant
appearance of gram-negative bacteria
especially due to 17:0cy and 16:1w7c
(Figure 2). The actinomycetes specific
PLFA 10Mel7:0 and the fungi specific
PLFA 18:3w3 were highly abundant under
all climatic conditions. Elevated CO, (CO2,
DCO2, TCO2, TDCO?2) tended to reduce
PLFA-C concentrations (Figure 2a) and
had a significantly negative effect on the
occurrence of the general biomarker 16:0,
the gram-negative biomarker 17:0cy, the
gram-positive specific PLFA 16:01 and the
fungal biomarker 18:2w6,9. In contrast,
prolonged spring/summer droughts (D,
DCO2, TD, TDCO2) tended to increase
biomarker abundances and had a
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significantly positive effect on the actinomycetes specific 10Mel8:0
PLFA (Figure 2b). Elevated temperature (T, TCO2, T, TDCO?2) affected
the gram-negative biomarker 19:0cy negatively and had a positive effect
on the actinomycetes biomarker 10Me16:0 and decreased the 10Me18:0
abundance (Figure 2c). Individual PLFA-C concentration in bulk soil
samples were not affected by climate treatments (Table S1).
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Figure 2: Concentrations of PLFA-C (ng PLFA-C mg" root) for individual PLFA
biomarkers. (a) ambient CO, concentration vs. elevated CO, concentration, (b)
ambient (non-drought) vs. drought plots and (c) ambient (non-temperature) vs.
increased temperature plots. Letter "a" refers to background atom% “C excess
(natural abundance “C). * indicate differences between ambient and the climate

treatment with p < 0.1.
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Ratios of bacteria-specific PLFAs vs. total PLFA abundance, and fungi-
specific PLFAs vs. total PLFA concentrations were not affected by
climate treatments, but were different in soil and root samples (Figure 3).
The bacterial-to-total ratio was lower in soil (p < 0.05) than in roots,
fungal-to-total ratio showed the opposite pattern and was lower in roots

than in soil (p < 0.05).
APE aboveground and belowground

Green leaves of D. flexuosa showed an APE between 180 = 20 and
260 * 40 (values presented as measured atom% “C excess * 10°) where
the lowest enrichment was observed in A, and the highest in the CO2
treatment (Table 3, leaves). APE in leaves tended to be higher in the
single factor CO2 treatment compared to all other climate treatments
and the full factorial treatment combination (TDCO2) showed a reduced
isotopic enrichment and significant interaction effect (p < 0.05).

Root APE showed a maximum enrichment after two days of labeling for
all treatments except the single factor CO2 treatment, which showed the
highest enrichment after 8 days (Table 3, roots). One day after labeling,
root APE was significantly higher in CO2 compared to A and, the two
factor treatments TCO2 and TD showed significant climate factor
interactions on root APE. The CO2 treatment persisted at significantly
higher isotopic enrichment throughout the 8 day period. At day 8, root
APE was significantly influenced by the interactions of CO2, D and T
(TDCO?2). This was also true for the two-factor treatments TCO2 and
TD. A transfer of assimilated C-13 into the soil matrix was barely
detectable as displayed by the very low APE values in soil (Table 3, soil).
The observed peak of “C enrichment in the soil was similar to the peak
in root enrichment.

Average APE in soil MBC often peaked two days after labeling, which
goes along with isotopic peak enrichments in roots and soil (Table 3,
MBC). Isotopic enrichment of MBC was generally not affected by
climate treatments, which is in accordance with the finding of unchanged
MBC and unchanged total PLFA-C concentrations under different
climatic conditions. In general, APE of MBC one and two days after
labeling were twice as high as enrichments observed in root samples.
Temperature related treatments (except the TDCO2) tended to have
lower APE in MBC than the non-temperature treatments.
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Figure 3: Ratios of bacterial-to-total and fungal-to-total PLFA biomarkers in bulk soil
and root samples. Bacteria are the sum of PLFA-C concentrations (ug C g soil or
rng'l root) of 17:0cy, 19:0cy, 16:1w9¢, 18:1 wllc, 15:0i and a, 16:0i and a, 17:0:I and a.
Fungal abundance is the sum of the PLFAs 18:1 w9c, 18:2 w6,9 and 18:3 ©3,6,9.
Boxes show 95 % of the values and the line indicates median values. Letters indicate
significant differences (p < 0.05) between bulk soil and roots for each bacterial-to-
total or fungal-to-total ratios.

C allocation into PLLFAs

The C-fate (%) describes how much recently assimilated C (from the
pulse-chase) was allocated to each microbial functional group, e.g. if 100 %
assimilated C was observed in the gram-negative group then all the
recently assimilated C that ended up in the microbial community was
exclusively utilized by that group. Thus, the measure of C-fate is an
indirect measure of the importance of each microbial functional group in
the short-term C turnover.

Root samples showed an overall high C-fate into gram-negative bacteria
(Table 3, Table S3) in terms of C-13 allocation to the specific biomarkers.
The sum of general biomarkers on average showed an allocation of
recently assimilated C of 20-40 % into general PLFAs (Table 3). The
temporal dynamic in the C-transfer pattern, as indicated by the shading
in Table 3, shows that gram-negative bacteria were generally the first
group utilizing recently assimilated C followed by a delayed uptake of
root exudates by gram-positive bacteria. Actinomycetes and fungi were
generally less active in roots compared to soil. The uptake of recently
assimilated C in actinomycetes was delayed compared to gram-negative
and gram-positive bacteria. The C-fate into actinomycetes in roots was
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very low one day after labeling (with exception of TCO?2) but increased
over time. The actinomycetes community was more active in soil than in
roots with exception of the TCO2 treatment. Fungi often took up a high
proportion of recently assimilated C in roots at day one (average 10 %),
but the C allocation into fungi was lower at day 2 (average 4 %),
combined with a high proportion of recently assimilate C in the fungal
group in soil at day 2 (20 %). This pattern suggests a re-allocation of
recently assimilated C from roots into the soil matrix due to fungal
activity.

Detailed data for C incorporation into microbial functional groups are
first presented for root samples followed by soil samples (Table 3, S3). If
possible, climate effects on C allocation patterns were described along
microbial functional groups starting with gram-negative bacteria,
followed by gram-positive bacteria, actinomycetes and fungi.

In the CO2 treatment, allocation of recently assimilated CO, into gram-
negative bacteria was significantly decreased at day 2 (p < 0.05). The
climate factor combination DCO2 (also in TDCO?2) displayed a
significantly higher C-fate into gram-negative bacteria in roots at day 8
(31 £9 %, p < 0.05) compared to the single factor treatments COZ2 and
D (average 17 %). The combination TD showed a significantly reduced
C-fate into gram-positive bacteria in roots at day 1 (13 =5 %, p < 0.05)
than it was observed for single factor D and T treatments (average 17 %).
C-fate into actinomycetes was not affected by climate treatments and no
recently assimilated C was detected in roots in A (dayl), T, (day 8),
TCO2 (days 2 and 8), TD (days 1 and 8) and TDCO2 (day 8). C-fate into
fungi in root samples was negatively affected by elevated CO, (CO2,
DCO2, TDCO2) exposure and showed less than 5 % C allocation, with
exception of the TCO2 treatment. The combination of T and CO2
(average 5 %) showed a positive interaction on the fate of C into fungi at
day 1 (12 8 %, p < 0.05) and the combination of T and D (average
18 %) reduced the C allocation into fungi at day 1 (3 £ 2 %, p < 0.05).
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In soil samples, C allocation into fungi in CO, plots was approximately
twice as high as in roots suggesting that the peak of fungal activity in
roots was not detected. As illustration: C-fate into fungal biomarkers in
roots under CO2 and T conditions at day 1 was low (average 5 %)
compared to C allocation in soil at day 2 (average 26 %). In contrast, in
the two factor treatments TD and DCO?2 the C-fate into roots (days 1-8)
was low (average 5 %) without an increased C-fate into the soil (average
12 %). TDCO?2 showed a different fungal allocation pattern of recently
assimilated C than any other treatment since in the full combination
there was no allocation of CO,-derived C into fungal PLFAs at day 1.

C-fate into gram-negative and gram-positive bacteria in soil was little
affected by climate treatments or interactions. However, T had a
significant positive effect on the C allocation into gram negative bacteria
(19 £ 7 %) compared to other single factor treatments (average 14 %).
Besides, C-fate into gram-positive bacteria was significantly negative
affected by the two factor combination D and CO2 (average 19 %) to 4
+ 2 (p < 0.05).
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Discussion

A priori considerations

Variable environmental conditions between the two pulse-chase
campaigns and increased soil water contents (~1.5vol%) in plots
without drought treatments (Figure 1) likely resulted into high spatial
variability and, probably contributed to the high variability observed in
the presented data. Spatial variability in vegetation cover (Kongstad e a/.
2012) and soil nutrient patchiness (Table 2) across the experimental site
are further variables that can result into high data variability. Therefore,
in view of the expected high influence of variable field conditions, we
reported p-values not only at the generally accepted level of significance,

p = 0.05, but also for trends in the data, p <0.1.

To investigate C allocation patterns belowground, we identified the
microbial community composition and activity in soil and root samples.
Soil cores were taken from 0-10 cm soil depth containing up to 90 %
root biomass. Roots were separated from soil samples, but were not
washed. Independent analysis of washed roots resulted in undetectable
low PLFA concentrations (not shown) and we thus assume that our
results reported as samples from roots represent the ‘rhizoplane’
microbial community. Results referring to soil samples might be
considered as a measure of the ‘rhizosphere’ microbial community due
to very high root density and similar PLFA-C concentration patterns
observed in root and soil samples (Figure 2, Figure S1) suggests an
intimate linkage between the two sample types.

Climate effects on carbon allocation patterns

The uptake of “C-carbon during pulse-labeling was successful and green
leaves of D. flexuosa were significantly labeled (Table 3, Table S2) and
provided a good basis for studying further C re-allocation patterns. The
month May was chosen for the tracer study because D. flexuosa at the
current site is in a rapid growth stage and shows increased C assimilation
(personal comm., K. Boesgaard). Generally, about 5-25% of
photosynthetically assimilated C is released by roots into the rhizosphere
(Helal & Sauerbeck 1984). In our study, APE observed in roots was only
0.05 % of the APE observed in leaves in the D treatment but it was 2.7 %
in roots compared to leaf APE in COZ2. These low values for C re-
allocation from aboveground plant parts into belowground plant
structures can have different reasons: firstly, plants invested more C into
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aboveground structures for growth and reduced belowground C
allocation. Secondly, the dilution effect due to mixing of non-enriched
PC root C compounds with recently assimilated C from the pulse-chase
results into lower APE values. Thirdly, C allocated to the roots may have
been released as rhizodeposits and taken up by the microbial community,
this is supported by the observations that MBC is the major sink for
recently assimilated C (Kastovskd & Santrac¢kova 2007). The fast
appearance of recently assimilated C into belowground compartments
shows the high dynamic and linkage between aboveground and
belowground C allocation (Wu e a/. 2009; Briiggemann ez a/. 2011).

Elevated CO, treatments showed a higher excess of assimilated “C-CO,
in D. flexnosa leaves without any change in grass biomass (except for the
single factor D treatment, Table 1) supporting observations that elevated
CO, concentrations increase CO, uptake (Leakey e# a/. 2009; Albert e/ al.
2011). The full factorial combination (TDCO?2) showed a significantly
decreased leaf APE compared to the single factor CO, treatment,
suggesting that the multi-factorial setup, simulating future climatic
conditions, outbalanced the positive influence of elevated CO, on C
assimilation (Albert ef a/. 2011; Dieleman ef al. 2012). APE patterns in
belowground compartments showed the general trend of peak
enrichment two days after labeling in roots, soil and MBC (Table 3). This
pattern might also depend on the speed of C re-allocation under
different climatic conditions and on pool sizes and activities of plants,
roots and MBC. This finding is consistent with other studies showing
observed peak "C entrichments in different plant compartments after
one or two days of pulse labeling (Lu ef a/ 2004; Leake ¢f al. 20006; Jin &
Evans 2010). In general, observed APE patterns were often similar
across climate treatments. This suggests either small effects of climatic
conditions on general C allocation patterns or a large effect of pool
dilution would mask climatic impacts.

Climate effects on soil microbial community composition

Within this study, APE in MBC was relatively similar between treatments
(Table 3, Table S2). This is in accordance with stable microbial biomass
abundances observed in soil and roots on the basis of PLFA-C
abundances (Table 2) and with previous studies on different climate
change effects on the soil microbial community (Zhang ez a/. 2005; Jin &
Evans 2010). The observed microbial community is dominated by gram-
negative bacteria (Figure 2, Table S1), but fungi (arbuscular mycorrhizal
and saprophytic fungi) were underrepresented compared to results from
other grassland studies (Butler ez a/. 2003; Denet ef al. 2007). Comparably,
high abundance of actinomycetes (Figure 2, 10Me17:0) could have been
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antagonistic to fungi as observed by Jayasinghe & Parkinson (2008)
where the abundance of actinomycetes inhibited the abundance of the
fungal decomposer community.

A broader picture of treatment effects on microbial abundances can be
obtained by grouping treatments into ambient vs. elevated CO,, drought
and temperature responses. This approach might result into higher
variation within a group due to grouping of single and combined
treatments, but displays more clearly effects of the single climate
treatments. First, application of this analysis to PLFA-C concentrations
(Figure 2, Table S1) shows that elevated CO, tended to reduce bacterial
PLFA-C abundances, especially in gram-negative bacteria (17:0cy),
decrease gram-positive bacteria abundance (16:01), and slightly reduce in
tungal PLFA-C concentrations (18:3w3). This trend towards a reduction
in the bacterial community combined with a more stable fungal
community is in accordance with hypothesis (i) suggesting that elevated
CO, favours the fungal community. This finding is furthermore in
accordance to other studies simulating increased atmospheric CO,
concentrations. In the Mojave Desert and in a shrub-oak ecosystem, the
soil microbial community shifted towards a fungal dominance after

several years of exposure to elevated CO, (Carney ef a/ 2007; Jin & Evans
2010).

Second, increased temperature in our study had a similar, but dampened
effect as observed under CO, fumigation. This does not agree with our
hypothesis (ii) and is also in conflict with results from a 12 year warming
experiment in the Harvard Forest showing a reduced fungal community
but increased abundance of gram-positive bacteria (Frey ez al. 2008).
However, in a warming and clipping experiment in a tallgrass prairie, the
soil fungal community was favoured under warming conditions probably
due to an indirect positive effect of warming on plant growth (Zhang ez
al. 2005). Moreover, Yuste et al. (2011) observed a drought-resistant
fungal community in response to warming in a shrubland and holm-oak
forest, confirming our results. Finally, we observed that extended
drought periods tended to favour the bacterial community by increasing
the abundance of the gram-negative PLFAs 17:0cy and 19:0cy (Figure 2b)
and decreasing the fungal abundance (18:3w3) compared to ambient
(non drought) plots. A high abundance of cyclic PLFAs (17:0cy, 19:0cy)
can result from drought stress on gram-negative bacteria that produce
stronger membrane lipids to better tolerate drought periods (Bossio &
Scow 1998). Our results suggest that we reject hypothesis iii that a fungal
based community is established under drought conditions to meet
minimal nutrient demands that can be achieved by the exploration of
fungal hyphae into the soil matrix. Hawkes ¢z a/. (2011) reported fungal
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community responses to different precipitation treatments (droughts and
increase precipitation), and also showed that fungal communities are
more stable under drought conditions. Furthermore, gram-negative
bacteria are mainly present in biofilms because they are highly vulnerable
to changing environmental conditions due to their thin cell membranes.
The free- living species Azotobacter sp. is very important in nitrogen
cycling due to its ability to fix atmospheric nitrogen (Strandberg &
Wilson 1968) and Nitrosomonas sp. is an important component of the
nitrogen cycle (Hofman & Lees 1952). Therefore, the maintenance of
gram-negative bacteria community under drought conditions can also
tulfil nutrient demands.

Climate effects on carbon distribution and turnover

C cycling is faster at elevated CO, than under ambient or drought
conditions (Selsted ¢z a/. 2012). Prolonged drought periods at the current
study site have negatively affected plant photosynthesis (Albert ez al.
2011), plant biomass (Kongstad e# a/. 2012) and the microbial community
biomass size (Andresen e al. 2010). Therefore, we assume that C cycling
under ongoing drought conditions was slower in the single factor D
treatment than in the other single factor treatments, whereas C turnover
is assumed to be fastest in single factor CO2 plots. Furthermore, we
could assume that the combination of D and T amplifies the drought
effect by further decreasing soil water availability or, that the
combination of T and CO2 amplifies the positive CO2 effect on C
cycling. However, as it was shown that factor interactions are rarely
additive (Larsen ef a/. 2011; Dieleman e al. 2012) the climate factor
interactions should be experimentally tested to evaluate potential effects
on (short-term) C turnover.

With respect to C allocation patterns in the D treatment (Table 3c),
utilization of recently assimilated C in gram-negative bacteria was high
on day 1 (24 £ 12 %, mean = SE). C allocation was further increased
until day 2 (42 £ 10 %), after which it decreased to 22 = 7 % on day 8,
very likely due to the dilution of the “C-pulse. In CO2 plots (Table 3b),
gram-negative bacteria also utilized a high proportion of recent C from
the labeling-pulse at day 1 (22 £ 11 %), but two days after the pulse, the
percentage of recently assimilated C was significantly lower than in D
plots (14 £ 6 %) and stayed low until day 8 (12 * 7 %). Taking our
assumptions on C turnover times in D and CO2 plots into account, this
observed C utilization patterns suggests our sampling window was too
short to pick the enrichment peak in gram-negative bacteria in the CO2
treatment.
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The gram-positive group in the D treatment utilized on average 19 = 1%
of recently assimilated C, but another C source might be co-utilized
leading to a significantly lower C-fate into gram-positive bacteria at day 2
(9 £ 3 %) maybe due to competition for C with gram-negative bacteria.
At day 8, the amount of recently assimilated C allocated to gram-positive
bacteria had increased again to 17 * 4 %. The C-fate into gram-positive
bacteria under elevated CO, conditions showed the opposite pattern
with a high allocation of recent C at day 2 (23 + 10 %), suggesting that
drought and elevated CO, affected the group of gram-positive bacteria
differently.

Only small amounts of recently assimilated C were utilized by
actinomycetes in roots across treatments. This can result from low
activity in roots or from the use of an alternative C source. However, the
fungal community e.g. in D treatments had utilized about 27 * 12 % of
assimilated C, but the C-fate into fungal PLFAs at day two was only
8 *+ 8 %. This suggests that another microbial functional group (gram-
negative bacteria in D treatments) received more recently assimilated C
via. e.g. plant exudates or that the enriched C was transported via fungal
hyphae.

In CO2 soils measured at day 2, fungi received a high amount of recently
assimilated C (21 £ 12 %) indicating a transport of C from roots into the
soil. Due to discrete temporal sampling, the transformation of C through
the ecosystem, intermediate stages and utilization patterns might have
been missed. Generally, fungi are known to transport C through hyphae
and provides easily available C to rhizosphere bacteria (Olsson &
Johnson 2005). Thus, low recovery of recently assimilated C in roots in
D plots at day 2 can be a result of C transport through hyphae away
from roots and into different microbial groups such as actinomycetes (19
+ 7 %) and gram-positive bacteria (28 £ 10 %). C-fate patterns (Table 3)
display that fungi generally transport recently assimilated C into the soil

matrix where especially actinomycetes profited from the labile C input
(Table 3c,d,e,g).

Microbial community composition and functioning

Bacteria and fungi are the two main groups in ecosystem functioning in
terms of spatial distribution and as shown above, soil C utilization and
allocation. Climate treatments did not affect bacterial-to-total and fungal-
to-total ratios in roots and soil. However, the bacterial-to-total PLFA-C
ratio in roots was higher than in soil, whereas the fungal abundance was
highest in the soil (Figure 3). This agrees with previous findings that

bacteria are closely related to roots and associated rhizo-depositions,
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whereas fungi can expand into the soil matrix via their hyphal system
(Olsson & Johnson 2005; Leake ef a/. 20006). Furthermore, C transport
through hyphae and C exudation as well as hyphal debris can be
substrates for bacterial growth outside the rhizoplane zone around the
roots. Actinomycetes in our study might depend on C re-allocation by
fungi as shown by C-fate patterns in soil samples two days after pulse-
labeling (Table 3c,d,e,f,g). An active actinomycetes community in soil has
turther implication for mineralization of recalcitrant C compounds, since
the availability of recalcitrant substances dominates in the soil matrix.
Actinomyecetes, like fungi, are decomposers of soil organic matter (Lacey
1997). Dependent on the composition, size and activity of the microbial
community, soils can be shifted towards a soil C sink or source under
changing climatic (Carney ef al. 2007; Paterson ef al. 2009; Garcia-Pausas
& Paterson, 2011).

Gram-negative bacteria as indicator of carbon turnover rates

The microbial functional group of gram-negative bacteria was the first to
utilize recently assimilated C (Figure 3) and this is in accordance with
previous observations (Butler ez a/ 2003; Treonis et al 2004).
Furthermore, gram-negative bacteria showed the most consistent
patterns of utilization of recently assimilated C across climate treatments
if delays in C transport due to climatic conditions are allowed for
(discussed above). This observation suggests that C-fate patterns
displayed in the gram-negative group can be used to investigate the
effects of climatic manipulations on the rate of C cycling.

Three out of four CO2 treatments, CO2, DCO2 and TDCO?2, showed a
high C allocation into gram-negative bacteria one day after the pulse-
label (Table 3b,d,h) suggesting an overall positive effect of elevated CO,
on the speed of C transport and C allocation in the microbial community.
In contrast, three out of four non-CO2 plots, A, D and T, showed a
one-day delay in C allocation peak into gram-negative bacteria (Table
3a,c,e) and this supports our hypothesis iv of a faster C turnover under
elevated CO, concentrations and is supported by other studies (Denef e#
al. 2007; Drake et al. 2011; Selsted ez al. 2012). The two-factor treatments
TCO2 and TD were outlier treatments (Table 3f,g) where climate factor
interactions seemed to affect the fate pattern of C cycling differently.
Drought and temperature treatments did not show consistent patterns of
allocation of recent C into gram-negative bacteria suggesting that the two
treatments are not the main determinants of C turnover rates. Warming
and drought are known to affect plant photosynthesis and thus C uptake
indirectly and can have reducing and accelerating effects on C turnover
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depending on plant acclimatization (Ciais ez 2/ 2005; Luo 2007; Albert ez
al. 2011).

Consequences of future climatic conditions on short-term
carbon cycling

Applied climate treatments were chosen to simulate climatic conditions
for Denmark in 2075 (Mikkelsen ez al. 2008) as realized in the full
factorial combination TDCO2 (future). Ambient vs. future climatic
conditions showed only minor differences in the assimilation of APE
into different compartments (grass, roots, soil, MBC; Table 3a,h), which
is in accordance with our hypothesis (v). This implies that the positive
effect of elevated CO, on “C assimilation in green leaves was
counterbalanced by the climatic factors T and D emphasizing that
climatic effects are not necessarily additive but sometimes act

antagonistic in their induced responses as also suggested by others
(Larsen e al. 2011; Dieleman ez al. 2012).

Even though the overall APE patterns were not different between
ambient and future treatments, C turnover did vary as revealed by C
allocation patterns into microbial functional groups (Table 3a,h); this
disagrees with our hypothesis (v). Evaluating C turnover on the basis of
the gram-negative group in roots (as described above), C turnover was
faster under future climatic conditions as also observed for all treatments
with increased CO, concentrations. Generally, under future climatic
conditions the gram-negative bacteria persistently utilized 30 % recently
assimilated C, emphasizing the quantitative importance of this functional
group (Table 3h). C-fate into gram-positive bacteria was similar in
ambient and future treatments. However, C-fate into actinomycetes in
roots was always lower under future conditions (average 2 %) compared
to any other climate treatment. One explanation is that the time
resolution of sampling was too low to pick up an enrichment peak in the
tast C re-allocation. Still, the is rather unlikely because enrichment peaks
in roots and MBC show the same patterns for all other treatments and
therefore our observation rather suggests that the actinomycetes
community was suppressed under future climatic conditions.

The re-allocation of C from roots into the soil via hyphae was similar
under ambient and future climatic conditions but the utilization of re-
distributed C by other microbial functional groups changed. In the full-
factorial treatment most of the recently assimilated C was allocated into
gram-negative bacteria. In contrast, recently assimilated C was evenly
distributed between the functional groups in ambient plots. The changed
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bacterial activity (gram- negative and positive) observed under future
climatic conditions points towards a less active decomposer community
(especially actinomycetes) under future climatic conditions with possibly
repressed mineralization of soil organic matter from soil C stores.

Our results suggest that changing climatic conditions affect the soil
microbial community and C allocation patterns within microbial
functional groups. The same conclusion was drawn on the basis of single
factor treatment manipulations (Carney ef al. 2007; Frey ez al. 2008; Jin &
Evans 2010; Kim e/ a/. 2012) as well as from a climate change experiment
manipulating CO, concentration, precipitation and temperature in an
old-field ecosystem (Gray ez al. 2011). More precisely, we can conclude
that the utilization of recently assimilated C into different microbial
functional groups can potentially turn heath/grassland soils into a C sink
under anticipated future climatic conditions.

Considerations for future studies

With the current experiment, we aimed to investigate the dynamics of
short-term C turnover under different climatic conditions. It is known
that the speed of C turnover is influenced by the tested climate change
tactors (Hungate ¢f al. 1997; Ciais et al. 2005; Heimann & Reichstein 2008;
Selsted ez al. 2012), but we sampled all plots at similar time intervals for
comparison. The sampling strategy, however, only revealed temporal
“snapshots” of the dynamic system, which has to be taken into account
when interpreting the results in terms of a fast or delayed occurrence of
recently assimilated C into different C pools and microbial functional
groups. Different patterns of the fate of recently assimilated C can
additionally be modified by microbial activity as well as water and
nutrient availability in the soil. Generally, responses of the microbial
community to climatic changes are highly variable within and among
ecosystems and are also dependent on plant community composition
(De Deyn ¢ al. 2008). Furthermore, timing (Butler ef 2/ 2003) and scale
of climatic changes affect soil microbial responses rather than the
occurrence of climate change itself (Hawkes e# @/ 2011; Sheik ez a/ 2011).
However, in our study, C turnover was stimulated by elevated CO,
resulting in different C allocation patterns into microbial functional
groups over time. C allocation into microbial functional groups could be
changed under future climatic conditions potentially leading to slower
mineralization of soil organic matter stocks. This study presented a
qualitative assessment on C allocation pattern and the role of microbial
functional groups but, future work is needed to investigate the pulse-
chase "C balance to assess whether observed changes in the speed of C
turnover and changes in C allocation patters into microbial functional
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groups are important on an ecosystem scale. Mycorrhizal lipid
biomarkers (e.g. neutral lipid fatty acid 16:1w5, Olsson & Johnson 2005)
can give further information about C allocation into the microbial
community and should be included in further studies if they can be
detected.
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Abstract

Terrestrial carbon (C) storage and turnover are of major interest under
changing climatic conditions. We present a laboratory microcosm study
investigating the effects of anticipated climatic conditions on the soil
microbial community and related changes in soil organic matter (SOM)
decomposition. Soil samples were taken from a heath-land after six years
of exposure to elevated carbon dioxide (eCO,) in full combination with
summer drought and increased temperature. Soil C-dynamics were
investigated in soils from: (i) ambient, (if) eCO2, and (iii) plots exposed
to the full combination of factors simulating future climatic conditions.
C-13 enriched glucose (3 APE) was added to soil microcosms, soil CO,
efflux was measured and separated into glucose- and SOM-derived C.
Microbial biomass, community composition and activity were assessed
with microbial functional group specific biomarkers (PLFAs). We
observed that glucose additions induced SOM priming in ambient and
eCO, treated soils, but not in soil exposed to future climatic conditions.
Climate treatments and glucose additions did not affect relative
abundances of microbial functional groups but the fate of labile C
through the microbial community was changed by climate treatments as
revealed by the incorporation of C-13 in PLFAs. Soil treated with eCO,
showed a high flow of labile C through gram-positive bacteria whereas in
ambient and future soils utilisation of glucose by actinomycetes and
fungi (putative SOM-decomposers) was greater. Our results suggest that
individual climate change factors may influence pathways of C-flux
through microbial communities and therefore affect soil processes; these
factors may cause opposing effects and act to maintain ecosystem
stability. This highlights the importance of studying climate change
factors in combination to fully assess consequences of environmental
change on plant-soil systems.

Key words:

Priming effects, climate change, microbial community, PLFA,
rhizodeposition, glucose, C-13
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Introduction

Although the turnover of terrestrial soil carbon (C) stocks is relatively
slow, the large size of these stocks (~2200 Pg C) means that the gross flux
of CO, to the atmosphere is very large (~60 Pg Cyr"). For soils in
equilibrium, these losses are balanced by the inputs of plants, but under
expected climate change scenarios this balance may be disrupted and soils
may turn into net CO, sources (Carney ez al. 2007). If this does occut,
depletion of terrestrial C stocks would accelerate climate change.

During recent years, impacts of elevated carbon dioxide (eCO,) on
ecosystem processes have been investigated z-situ with Free-Air Carbon
Enrichment (FACE) experiments (Leakey ez a/ 2009; Larsen ef al. 2011).
eCO, has been found to accelerate C turnover in terrestrial ecosystems
(Martin-Olmedo e# al. 2002; Carney et al. 2007; Carrillo ef al. 2011), ie.
through increased plant CO, uptake (Leakey e 4/ 2009), plant
belowground C exudation (Hagedorn ef a/. 2008; Phillips e 2/ 2011) and
soil C effluxes (Martin-Olmedo e /. 2002; Hagedorn ez a/. 2008). To date
it is of major debate if eCO, will lead to soil C sequestration (Lagomarsino
et al. 2006; Iversen et al. 2012) or net soil C mineralization (Martin-
Olmedo e al. 2002; Carney ez al. 2007; Hagedorn e al. 2008; Phillips ez al.
2011).

Soil C turnover is not only influenced by atmospheric CO, concentration.
Soil temperature (Fierer ez al. 2000), nutrient availability (Martin-Olmedo e#
al. 2002; Cheng & Kuzyakov 2005; Paterson e /. 2008; Phillips ez a/. 2011),
hydrology (Xiang ez a/. 2008) and soil characteristics (Kemmitt ez a/. 2008)
are also important internal and external drivers for soil C decomposition.
Kemmitt ez al. (2008) attempted to describe SOM dynamics solely by
physical and chemical processes considering the soil microbial community
as a constant soil parameter. However, subsequent discussions illustrate
that soil C dynamics are intensely modulated by the soil microbial
community (Kuzyakov e a/. 2009; Garcia-Pausas & Paterson 2011).

Rhizosphere microbes are consumers of plant-derived C released into
the soil matrix by root exudation and litter inputs. Between 5 to 25 % of
photosynthetically fixed CO, is exuded as rhizodeposits (Helal &
Sauerbeck 1984) and strongly impacts the microbial community structure,
activity and SOM mineralization (Phillips ¢ a/. 2011; Fontaine ef al. 2011).
Increased SOM mineralization induced by labile C input to the soil (the
“priming effect”) is increasingly recognized as quantitatively significant
in soil C-dynamics (Fontaine ef a/. 2007; Kuzyakov e al. 2009).
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The mechanisms and controls of SOM priming are still a matter of
debate (Kemmitt ez a/. 2008; Paterson 2009) and impacts of eCO, are
difficult to anticipate (Billings ez a/ 2010). eCOZ2 has been reported to
increase microbial biomass size (Martin-Olmedo ¢ a/. 2002; Paterson ¢f al.
2008) and to support SOM priming (Martin-Olmedo e al. 2002;
Lagomarsino e al. 2006). However, eCO, and facilitated C turnover do
not necessarily lead to net soil C loss because plant-derived C can also be
stabilised within the soil matrix and immobilized within the microbial
community (Lagomarsino ez a/ 2006; Gude ez al 2012). Microbial
community composition is a determinant of the magnitude of priming
(Garcia-Pausas & Paterson 2011), and activities of fungi and
actinomycetes have been implicated in increased rates of priming
compared to those of the bacterial community (Carney e al. 2007,
Garcia-Pausas & Paterson 2011).

Here we present a laboratory incubation experiment to investigate long
term impacts of eCO, in combination with drought and temperature on
the soil microbial community and connected SOM mineralization.
Potential priming was assessed by adding C-13 labelled glucose to soil
samples from a temperate heath that has been exposed to climatic
manipulations for six years. We hypothesize that (H1) microbial C
turnover in soils treated with eCO, show an increased utilization of SOM-
derived C in the presence of labile C (priming) and (H2) that ¢CO,
induces a change in activity of different microbial functional groups
associated with higher SOM mineralization rates.
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Materials and methods

Soil collection and processing

Soil was collected in March 2012 from a temperate heath-land exposed
to climatic manipulation for six consecutive years including elevated
CO2 (eCO2 at 510 ppm) by Free-air carbon enrichment (FACE),
extended summer drought (D, 4 weeks) and increased night time
temperature (I, 1°C) (Mikkelsen et al. 2008). The full factorial
combination simulates the climatic conditions predicted for Denmark in
2075 (Mikkelsen et al. 2008). Each treatment is replicated six times.
Samples were taken from five different treatments (Table 1). Four soil
cores (D 1.5 cm, 10 cm deep) were taken below the grass Deschampsia
flexcnosa L. and bulked together. Soils were transported to the UK (The
James Hutton Institute, Aberdeen) within 24 hours and stored at 4 C
until further processing within one week. Soil was sieved (2 mm) and the
soil gravimetric water content (SWC) was determined by oven drying.

Microcosm incubation and treatments

In each microcosm (0.5 litre glass jar) the soil was divided into 3 separate
compartments (2 x 15g, 1 x 70 g soil) to facilitate sequential sampling
during the experiment, without causing soil disturbance by sampling one
compartment per harvest. Two sets of microcosms (treatment and
control) were prepared from each field treatment sampled. All
microcosm units were packed to a bulk density of 1 g dry soil cm-3
which is close to field bulk density. Samples were adjusted to the same
SWC (16.4 % on dry soil basis), which was maintained throughout the
experiment by addition of deionised water (dH,O). Microcosms were
incubated at 8 C within a controlled-environment room; all
experimental manipulations and sampling were conducted at this
temperature.

An acclimatisation period (addition of water only) of 18 d was imposed,
during which soil CO2 efflux rates stabilised following the disturbance of
microcosm preparation. Following the acclimatisation period, glucose
was applied to half of the microcosms (glucose treatment) at a rate of
200 pg C g-1 dry soil per day (3 atom% excess: APE, uniformly labelled
C-13-glucose dissolved in dH2O, Sigma Aldrich) for 6 consecutive days
where day 1 was the first day of glucose addition. Control microcosms
received dH,O only. Soil harvests took place at days 0, 6 and 14.
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Soil CO, efflux

Measurements of soil CO, efflux rates were conducted at days 1, 2, 3, 4,
6, 7, 9, 11 and 14. For CO, accumulation, microcosms were tightly
sealed (plastic sealing strip, Terostat VII) and microcosm headspace was
flushed with CO, free air for 4 min, reducing CO, concentrations to
= 10 ppm. Then, after 6 hours incubation, CO, concentrations were
immediately measured (EGM-4, PP-Systems, Amesbury, USA) and 8"°C
isotopic values were determined from microcosm head space samples
stored in 12 ml N, flush-filled Exertainer® vials (GasBenchll, Delta™"®
Advantage IRMS, Thermo Finnigan, Bremen, Germany). The EGM-4
was not calibrated for “C but the bias on CO, concentration was
assumed to be negligible.

Analyses

Soil microbial biomass C (MBC) was assessed with chloroform
fumigation. Paired 5g soil samples were either fumigated with
chloroform over night or immediately extracted (1:5 w:vol) with 0.5 M
K2804 (Vance et al. 1987). Fumigated samples were treated the same
way one day later. Total organic C of the extracts was determined (TOC
Analyser, model 700, Corporation College Station, XT). MBC was
calculated from the difference in C between fumigated and non-
fumigated soils using a Kg¢ factor of 0.45 (Joergensen 1996).

Isotopic values of the MBC were determined from K2SO4 extracts as
described in Garcia-Pausas & Paterson (2011) using wet oxidation.
Headspace CO2 was transferred to N2 flush-filled 12 ml Exertainer®
vials in a closed loop via a peristaltic pump (Midwood ez al. 2000).
Samples were measured on the same GasBenchll system as described
above.

Table 1: Overview of climate treatments: soil temperature (5 cm soil depth), soil water content (SWC)
in the field and before the experument and soil C content. Field data are from the day of soil sampling.
Values are means + SE.

Treatments Abbreviations  Soil temp (° C) SWC (vol %) Soil C content (%)
Field Field Experiment Experiment
Ambient ambient 4.4 +01 191+16 11.2+04 1.3+£0.1
Elevated CO: eCO; 45101 184+ 1.7 11.7+09 1.3+£01
Summer droughts * eCO» DCOs 4.6+0.1 204115 125+ 05 1.4+£0.1
Increased temperature *eCQ, TCO; 47 +£0.1 177204 123206 1.4+0.1
Temperature*drought*eCO; future 4.7 £ 0.1 188+1.7 123+1.0 1.4+0.1
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Glucose- and SOM derived C

The proportions of glucose- and SOM-derived C in gas samples were
calculated using a two end-member-mixing model:

13 13
5 Csample_ 5 Ccontrol

13 13
5 Cglucose_ 5 Ccontrol

1:)glucose =

where Pgjycose describes the proportion of glucose-derived CO, of the
microcosm headspace, 813C53mp1e is the measured isotopic value of the
head space gas of microcosms with glucose addition and 813ccontr01
without glucose addition. 813Cglucose is the isotopic value of the added
glucose solution, assuming that no isotopic fractionation takes place
during glucose mineralization. Glucose- and SOM-derived CO, effluxes
were calculated from the proportional contribution of each source,
multiplied by the total soil CO, efflux.

Proportions of C sources (glucose or SOM) in MBC were calculated
using the isotopic values of the MBC. Glucose-derived C in the
microbial biomass was calculated as:

MBC . (Pglucose * C)F - (Pglucose * C)NF
| =
glucose kEC

where MBCgjycose is the amount of glucose that was incorporated into
the microbial biomass, C is the total MBC of fumigated (F) and non-
fumigated (NF) soils with corresponding Pyjycose values for fumigated
and non-fumigated soils. The amount of primed SOM was calculated by
subtraction of SOM-derived CO, in the control treatments from the
SOM-derived CO, in glucose treated soil. The amount of primed SOM
in MBC was calculated the same way.

Phospholipid fatty acid extraction and analysis

Phospholipid fatty acids (PLFAs) were extracted from ~3 g freeze dried
soil of glucose treatments at days O, 6 and 14. A one-phase mixture
(CHCI;:MeOH:buffer) according to a modified Bligh and Dyer protocol
was used (Bligh & Dyer, 1959; Frostegard ez a/. 1991). PLFAs were
eluted with methanol on pre-packed silica columns (Isolute SI-100 mg
10 ml", Biotage, Uppsala, Sweden). Internal standard C17:0 (Sigma-
Aldrich, Munich, Germany) was added to the samples before mild
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alkaline-methanolysis and the separated fatty acid methyl esters (FAMEs
of PLFAs) were solubilised in hexane.

FAMEs were analyzed via gas-chromatography-combustion-isotopic
ratio mass spectrometry (GC-c-IRMS) using a GC HP6890 containing a
fused silica column (Varian FactorFour WCOT, 0.25 mm id x 60 m
coated with VF-23 ms at a thickness of 0.25 pm) with helium as carrier
gas (1 ml min™). The GC was coupled via a GC combustion interface
(Thermo Scientific, Bremen, Germany) in continuous flow mode with a
Finnigan Delta™"® isotope ratio mass spectrometer (Thermo Scientific,
Bremen, Germany). The oxidation reactor on the interface was
maintained at 940 °C, the reduction reactor at 650 °C.

Samples were injected (1 pl) at 240 °C using splitless mode. GC oven
temperature program started at 50°C hold for 2 min, ramped at 15 °C
min™ to 100 °C, then at 2 “C min™ to 220 °C and finally at 15 °C min™' to
240 °C where the final temperature was hold for 5 min. Separated
compounds were measured against a CO, reference gas calibrated against
certified reference material, and reported versus Vienna PeeDee
belemnite (VPDB) reference material. FAMEs were identified by relative
retention time comparing samples with a FAME standard mix (Supelco
37 component FAME mix, 47885-U, Sigma Aldrich). PLFA-C
concentrations were calculated relative to the concentration of the
internal standard C17:0. All 8"°C values were corrected for the additional
C during methanolysis:

[(Npa + 1)85 Crame — 67 Cryeon]
Ngy4

513CCFA =

where Ngy refers to the number (N) of C-atoms of the fatty acid (FA)

component, §13Cryp is the measured 8"°C value of the FAME after

methylation and §*3Cyeop is the 613C value for the methanol used for
methanolysis (-37.7 %o + 3.23 %o).

Soil microbial community composition was investigated using relative
PLFA abundance (mol%) and relative glucose-derived "’C incorporation
into each individual PLFA (%). The following PLFA designations were
used: gram-positive bacteria 15:0a, 15:01, 16:0i, 17:0a, 17:0i, gram-
negative bacteria 17:0cy, 19:0cy, 16:1w7, 18:1w7, actinomycetes
10Me16:0, 10Me17:0, 10Me18:0 and saprotrophic fungi 18:1w9c¢, 18:2w6
and 18:3w3 (Kroppenstedt 1985; Frostegard & Bdath 1996; Zelles 1999).
No PLFAs specific for mycorrhizal fungi were observed with the
described GC-c-IRMS setup. Total amounts of extracted specific PLFAs
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plus the unspecific PLFAs 16:0 and 18:0 were a second measure of total
microbial biomass C (ug PLFA-C g dry soil).

Statistical analyses

Statistical analysis was carried out in R version 12.2.1. Data were tested
for normality (Shapiro-Wilk test of normality) and homogeneity of
variances (Levene test of equality of variances) prior to analysis. If data
showed no homogeneity of variances models were expanded with a
‘weights=varldent’ structure. A linear mixed-effects model ‘lme’ was
used for all repeated measure analyses (‘correlation=corCAR1’ structure)
including random effects (Mikkelsen e 2/ 2008) and climate treatments
as fixed effects (Table 1). Tukey HD test (as part of the general linear
hypotheses ‘glht’) was used to test for differences among means.

The impact of glucose addition on SOM-derived soil CO, efflux was
tested separately for each climate treatment using a paired t-test. Effects
of different field climate treatments on total SOM-derived CO, in
control plots and glucose amended plots, glucose-derived soil CO, efflux,
primed SOM carbon, the ratio of primed SOM carbon to glucose-
derived C, SOM-derived and glucose-derived MBC, total and priming-
derived MBC were tested using the linear mixed-effects model structure.

Principal component analyses (PCA) was performed with the R-package
‘prcomp’ that uses a covariance matrix. Standardized PLFA data on
relative abundance and relative community activity were tested. Scores
(representing the variation within treatments) of each PCA were
extracted and used in the ‘lme’ model as described above. Scores of the
principle components 1 (PC1) and 2 (PC2) were tested individually.

Analyses were performed with all treatments and measurements.
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Results

All measurements were conducted for all the five treatments (Table 1) to
evaluate the impact of imposed future climatic condition in the field on
potential SOM priming under controlled laboratory conditions. Results
from the two-factor treatments DCO, and TCO, have been included in
the statistical analysis to explain possible drought and temperature
interactions within the eCO, environment. However, for a clear
presentation, we will focus only on the results for the three soil
treatments ambient, eCO, and future and results of the two factor
treatments DCO2 and TCO?2 are available as supplementary material.

Microbial biomass C

Total microbial biomass C (MBC) increased from day 0 to day 6 in
response to the glucose treatment (Table 2, Table S2), and entirely in the
form of glucose-derived C (see equation for MBC glucose). Glucose
addition had no effect on SOM-derived MBC. Glucose-derived MBC at
the end of the glucose amendment (day 6) were not significantly
different between treatments, but showed a tendency to be highest in
ambient soil (169 * 69 pg C) and lowest in future soil (83 = 27 pg C).

MBC decreased after stopping glucose additions (p < 0.001) (Table 2):
SOM-derived MBC stayed constant whereas glucose-derived MBC
decreased. Total PLFA abundances suggest that there was no change in
the microbial biomass size over time (Table 2, Table S2).

Soil CO, efflux rates and SOM priming

Glucose amendment increased total CO, efflux from all treatments
(Table 3, Table S1). Glucose-derived CO, showed a steady increase
during the period of glucose addition (Fig. 1). The amount of glucose-
derived CO, decreased gradually after glucose amendment ceased. There
were no differences in glucose-derived CO, between climate treatments
(p = 0.98). Total CO, production was on average lower in eCO, soil than
in ambient and future soils for both, control and glucose amended
microcosms (Table 3).
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Figure 1: Glucose-derived CO, over time.

Total amounts of SOM-derived CO, efflux over the experimental period
were significantly increased in ambient (p = 0.042), eCO, (p = 0.005),
DCO2 (p = 0.024) and TCO2 (p = 0.046) soils when glucose was added,
but not for the future soil (p = 0.61) (Table 3, Table S1). This release of
additional SOM-derived CO, indicates SOM priming due to labile C
addition and constituted up to 0.02 pg CO,-C ¢! h™' (Fig. 2). Negative
values for primed SOM-derived CO, indicate that labile C addition
reduced mineralization of SOM. The ratios of SOM- to glucose-derived
CO, effluxes showed a sharp decrease from day 1 to day 2 for all
treatments (Fig. 3, Table S1) followed by a close to zero constant ratio
until day 9, when the ratio increased to 0.05 or more during the
remaining part of the incubation.

Table 3: Total amounts of accurmulated soil organic matter (SOM)-
dertved and glucose-derved CO, throughout the experimental period (ug
C g dry soil) for ambient, eCO, and future treated soils. P-values (paired
t-test) indicate ditferences in SOM-dertved CO, accumulation between
controls and glucose treated soils. (Values as means = SE).

SOM-derived Glucose-derived
Control Glc add p-valuepiming
Ambient 68+13a 73x12b 0.043 26.0x15¢
eCO2 55+05a 62+06b 0.005 229+24¢
Future 70+0.7a 71+06a 0.61 253+13¢
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Figure 2: Primed SOM-derived CO, (daily measures) for eCO, (open squares) and
tuture (solid circles) soils compared to ambient soils (thin continuous line) over time.
Comparison to the ambient treatment using error propagation.

Microbial community structure and C utilization pathways

Total PLFA concentrations increased with glucose additions (p < 0.001)
independent of climate treatments (p = 0.570) (Table 2, Table S2). The
mol% fractions of specific functional groups were not affected by
glucose additions, treatments or time (Table 2). Gram-negative specific
PLFAs accounted for 23.4 = 0.6 mol% whereas gram-positive bacteria
were only half as abundant (15.1 £ 0.3 mol%). The relative abundance of
actinomycetes was lowest (4.4 * 0.4 mol%) and fungi specific PLFAs
accounted for 25.6 * 0.8 mol%.

Glucose-derived 13C distribution in the PLFA profile showed
significantly different C allocation patterns for the eCO2 soil compared
to ambient and future soils at days 6 (p = 0.03) and 14 (p < 0.0001).
PCA (Fig. 4, Table S3) shows a separation of gram-positive bacteria
(16:01, 15:0a, 15:0i and 17:0i) and decomposers (actinomycetes:
10Me17:0, 10Me18:0; fungi: 18:109, 18:3w3) on PC1 that were assigned
to eCO2 soil on one side and ambient and future soils on the other side.
Activity of gram-negative bacteria (17:0cy, 16:1w7) separate from gram-
positive bacteria and decomposers on PC2
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Figure 3: Ratio of primed SOM-derived and glucose-derived carbon over time.
Arrows indicate start and end of daily glucose additions. Phases of priming above
the graph are related to specific time frames.
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Discussion

Glucose-induced priming

We investigated how 6 years exposure of a temperate heath-land soil to
predicted future environmental conditions affected the extent to which
priming processes affect rates of SOM mineralization. Glucose was
used as the C-substrate to induce priming (De Nobili e a/. 2001;
Mondini ez al. 20006), consistent with many previous studies, as it is
utilized ubiquitously by soil microbes (Paterson ez al 2007,
Blagodatskaya & Kuzyakov 2008; Fontaine ef a/. 2011). As a labile C
compound that stimulates microbial activity, it is a relevant model
substrate for root exudates and to simulate plant-mediated impacts on
SOM mineralization, under tightly controlled experimental conditions
(Kuzyakov 2010). Here, using Cl13-glucose as a model substrate
facilitated quantification of impacts on SOM mineralization and the
determination of C-flux pathways through components of the microbial
community, as functions of previous exposure of the heath-land soil to
future climate conditions.

Basal CO, efflux

Rates of SOM-derived mineralization, over the course of the
experiment (Table 3), were less than in many previous studies (e.g.
Garcia-Pausas & Paterson 2011) suggesting low activity of the microbial
community, but was consistent over treatments (Table 3). Low
microbial activity was likely a result of the low soil temperatures in this
study. The lack of significant treatment effects on basal SOM
mineralization are supported by identical microbial biomass sizes (Table
2, day 0) and community composition (Table 2, day 0).

Glucose utilization

Respiration of glucose-C increased during the period of glucose
additions and declined after glucose amendment was stopped (Fig. 1).
The response shows activation of the microbial community across all
treatments as a response to labile C addition (Table 2). Glucose
amendment affected rates of SOM mineralization in all treatments
(Fig. 2). The magnitude of priming was small (< 15 % increase in SOM
mineralization) relative to many previous studies, some of which have
reported priming effects greater than 300 % (Zhu & Cheng 2011).
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Microbial activity and related substrate mineralization are influenced by
temperature (Kirschbaum 2006; Conant ez a/ 2011). SOM priming
processes are often studied under temperatures higher than is common
for temperate soils (Mondini ez a/. 2006; Fontaine ef al. 2011; Garcia-
Pausas & Paterson, 2011), potentially increasing microbial activity and
sensitivity to labile C input, accelerating SOM decomposition. The
observed lower rates of priming in the current study may be a result of
suppression of glucose mineralization due to low, but more realistic soil
temperature (Table 1).

Priming effect

SOM priming was observed in ambient soil and soil previously exposed
to eCO, (Table 3, Fig. 3) as displayed in increased cumulative SOM-
derived CO, in glucose amended soil (Table 2). The within-treatment
variability of glucose induced priming was reduced when the magnitude
of priming was expressed relative to the rate of glucose mineralization
(Fig. 3). This strongly supports that there is a direct interaction between
the utilisation of labile substrate and the process of microbial
mineralization of SOM. This presentation of results also allows clearer
identification of specific states of SOM mineralization as response to
added glucose. Initially (dayl), a priming response to glucose addition
was seen in all treatments (Fig. 3). Such rapid responses of SOM-
derived CO, efflux are characteristic of ‘apparent priming’ where pool-
substitution of unlabelled C in the microbial biomass with labelled
substrate is quantitatively significant (Blagodatskaya & Kuzyakov 2008).
Apparent priming is followed by a phase of real priming during glucose
additions presumably as a result of increased utilization of the added
labile glucose. After glucose additions were stopped, an extended period
of priming was observed. The last stage shows SOM respiration
approaching initial ratios and the end of glucose-mediated priming.

In previous studies, priming of SOM was discussed to be driven by
eCO, (Carney ef al. 2007; Briones e al. 2009) and the change of soil C
storage was explained by a shift of the microbial community from
bacteria to fungi domination in a scrub-oak ecosystem (Carney ef 4.
2007). In contrast, the current study shows a high fungal activity in
ambient and future soils (Fig. 4) while the latter doesn’t show SOM
priming. However, the overall tendency of ambient and future soils to
respire more SOM-derived (Table 3) suggests that increased fungal
dominance may be mirrored by increased soil CO, efflux. Dependent
on soil dynamics, a decomposer dominating microbial community can

be responsible for decreased SOM storage. Gude ef al. (2012) suggested
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fungal dominance in soils as a general important driver for decreasing
SOM mean residence times.

Pathways of glucose utilisation

Glucose amendments induced a doubling of the microbial biomass
(Table 2, day 6) where 20 — 30 % of the MBC was glucose-derived. No
change in relative abundance within the microbial groups was observed
(Table 2), but principle component analysis of the fate of C revealed
that eCO, soil separated from ambient and future soils by the activity of
gram-positive bacteria vs. the decomposer groups: actinomycetes and
tungi (Fig. 4). eCO, treated soil had a tendency towards smaller soil
CO, efflux rates, probably due to relatively low activity of decomposer
organisms  (fungi and actinomycetes). Potentially, increased
belowground C allocation under eCO, (Drake ez a/ 2011) may not
necessarily lead to a higher SOM mineralization activity, but can also
lead to C sequestration (Lagomarsino ez a/. 2000).

Increased activity of gram-positive bacteria in the eCO, soil could have
caused less soill CO, efflux ie. gram-positive bacteria outcompeted
decomposers for labile whereas active fungi and actinomycetes
observed in ambient and future soils potentially resulted into higher soil
respiration rates (Fig. 4; Carney ez al. 2007). This soil CO, efflux pattern
is in agreement with the observed C turnover in a grassland labelling
study manipulating CO, concentration and nitrogen availability where
they showed increased belowground C allocation but a decreased C
decomposition leading to an overall decrease of C turnover (Loiseau &
Soussana 1999). Additionally, the same study showed a reduced
belowground C allocation but increased SOM mineralization
(potentially SOM priming) when eCO, was combined with increased
temperature. Effects of eCO, on soil microbial activity seem to be
changed when combined with other climate change factors as seen in
our future soil.

Ditferent activities of microbial functional groups between climate
treatments can be a result of water limitation. Adequate soil moisture
conditions allow the microbial community to be abundant and active
(eCO,), but low soil moisture conditions discriminate against the
bacterial part of the community and facilitate fungal activity (ambient
and future). Soil moisture content also modulates nutrient availability,
as high soil moisture results in good nutrient distribution (eCO,),
whereas low soil moisture contents require local nutrient mineralization
processes to maintain the required nutrient supply (ambient and future).
Even though water content was kept constant during the incubations,
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we assume that our climatically treated field soils show a long term
memory (Selsted e a/ 2012). In the presented study, future soil
treatment included long-term manipulations of soil water content
(summer droughts) and is the treatment without observed SOM
priming indicating that the ‘soil-memory’ drives SOM mineralization
processes under labile C input. As shown by Marhan ez 2/ (2010), soil C
loss rather than C sequestration was predicted in eCO, treatments when
soil moisture was included into their model.

Considering our hypothesis (H1), the eCO, only soil showed a
significant increased respiration of SOM-C (priming), but in
combination with summer drought and increased temperature this
increase could not be shown for the future climate scenario. However,
this result can be misleading. Observed basic SOM-derived respiration
rates tend to be slightly (although not significantly) lower in the eCO,
soil probably due to ecosystem acclimatization leading towards a soil C-
storage potential as in agreement with the study of Marhan ez a/. (2010).
Under ambient conditions, plants modulate C allocation as a response
to current climatic conditions but soils showed priming of SOM, too.
The future climate simulation didn’t show priming of SOM presumably
because positive effects of eCO, and negative effects of drought and
increased temperature are counteracting presumably as a function of
water availability.

Observed SOM-priming in ambient and eCO, soils can partly be
assigned to fungal abundance in soil (Table 2) which is in accordance
with previous studies (H2) (Carney ef a/. 2007; Gude et al. 2012) but,
tungal activity in eCO, soil was different than under ambient conditions.
Future soil exhibited an active fungal community but didn’t show
SOM-priming possibly due to climate treatment interactions and
feedback mechanisms affecting rates of SOM-priming not displayed in
the microbial community composition on the basis of PLFA data. Our
data suggest that climatic changes (i.e. elevated CO, concentration,
precipitation, warming) affect the C-flux through the soil microbial
community and therewith soil processes. SOM-mineralization might be
influenced by single climatic factors mediated by soil microbial
community composition and activity but interactive effects of climate
factors on ecosystem processes might have opposing effects on
ecosystem C-turnover (Larsen ez a/. 2011; Dieleman ez al. 2012).
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Table S3: Loadings from the principle component
glucose-dertved C

analysis  (PCA)

of the

distribution at day 6. Supplement to Figure 4.

Functional groups  PLFAs PC1 PC2
Gram-negative 17:0cy 0.276 -0.328
16:1w7 0.416 -0.100
18:1w7 0.300 0.209
Gram-positive 15:0i 0.189 0.391
15:0a 0.239 -0.459
16:0i 0.194 0.216
17:0i 0.328 0.195
17:0a 0.138 -0.486
Actinomycetes 10Me16:0 -0.242 0.176
10Me17:0  -0.085 -0.036
10Me180  -0.273 -0.127
Fungi 18:1w9 -0.460 -0.101
18:2w6 -0.015 -0.168
18:3w3 -0.185 -0.066
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