Biogeosciences, 9, 79-95, 2012
www.biogeosciences.net/9/79/2012/
doi:10.5194/bg-9-79-2012

© Author(s) 2012. CC Attribution 3.0 License.

@ Biogeosciences

Exploring the ‘“overflow tap” theory: linking forest soil CO, fluxes
and individual mycorrhizosphere components to photosynthesis

A. Heinemeyer', M. Wilkinson?, R. Vargas’, J.-A. Subke®, E. Casella’, J. I. L. Morison?, and P. Ineson'

I'Stockholm Environment Institute (SEI-York centre) and Centre for Terrestrial Carbon Dynamics (CTCD-York centre) at the
Environment Department, University of York, York, YO10 5SDD, UK

2Centre for Forestry & Climate Change, Forest Research, Alice Holt Lodge, Farnham, Surrey, GU10 4LH, UK
3Departamento de Biologia de la Conservacién, Centro de Investigacién Cientifica y de Educacién Superior de Ensenada

(CICESE), Ensenada, BC, Mexico

4School of Natural Sciences, Biological and Environmental Sciences, University of Stirling, Stirling, FK9 4LA, UK

Correspondence to: A. Heinemeyer (andreas.heinemeyer @york.ac.uk)

Received: 9 March 2011 — Published in Biogeosciences Discuss.: 23 March 2011
Revised: 1 November 2011 — Accepted: 15 December 2011 — Published: 6 January 2012

Abstract. Quantifying soil organic carbon stocks (SOC) and
their dynamics accurately is crucial for better predictions of
climate change feedbacks within the atmosphere-vegetation-
soil system. However, the components, environmental re-
sponses and controls of the soil CO; efflux (Ry) are still un-
clear and limited by field data availability. The objectives of
this study were (1) to quantify the contribution of the various
Rs components, specifically its mycorrhizal component, (2)
to determine their temporal variability, and (3) to establish
their environmental responses and dependence on gross pri-
mary productivity (GPP). In a temperate deciduous oak forest
in south east England hourly soil and ecosystem CO» fluxes
over four years were measured using automated soil cham-
bers and eddy covariance techniques. Mesh-bag and steel
collar soil chamber treatments prevented root or both root
and mycorrhizal hyphal in-growth, respectively, to allow sep-
aration of heterotrophic (Ry) and autotrophic (R,) soil CO,
fluxes and the R, components, roots (R;) and mycorrhizal
hyphae (Rp,).

Annual cumulative Ry values were very similar between
years (740+43g Cm~2yr~') with an average flux of
2.0 £+ 0.3 umol CO; m~2s~ ! but R components varied. On
average, annual R;, Ry, and Ry, fluxes contributed 38, 18 and
44 %, respectively, showing a large R, contribution (56 %)
with a considerable Ry, component varying seasonally. Soil
temperature largely explained the daily variation of Ry (R? =
0.81), mostly because of strong responses by Ry, (R? =0.65)
and less so for R, (R2=0.41) and Ry (R%2=0.18). Time
series analysis revealed strong daily periodicities for Ry and
R;, whilst R, was dominated by seasonal (~150 days), and
Ry by annual periodicities. Wavelet coherence analysis re-
vealed that R, and Ry, were related to short-term (daily) GPP

changes, but for Ry, there was a strong relationship with GPP
over much longer (weekly to monthly) periods and notably
during periods of low R;. The need to include individual
Rs components in C flux models is discussed, in particu-
lar, the need to represent the linkage between GPP and R,
components, in addition to temperature responses for each
component. The potential consequences of these findings for
understanding the limitations for long-term forest C seques-
tration are highlighted, as GPP via root-derived C including
Ry seems to function as a C “overflow tap”, with implica-
tions on the turnover of SOC.

1 Introduction

Soils contain the largest terrestrial organic carbon (C) stock
(Bolin et al., 2000), representing two-thirds or more of terres-
trial C (Schimel et al., 1994; Tarnocai et al., 2009). Each year
an amount equivalent to ~10 % of the atmospheric CO; is
respired from soils (Raich and Potter, 1995), and even small
changes in soil CO, efflux (Rs) may have profound feedback
implications on atmospheric CO, concentration (Schlesinger
and Andrews, 2000), and thus global temperatures through
the greenhouse effect (Kirschbaum, 2000; Sulzman et al.,
2005). Quantifying soil organic carbon (SOC) dynamics ac-
curately is therefore crucial for better predictions of climate
change feedbacks within the atmosphere-vegetation-soil sys-
tem (Cox et al., 2000; Smith and Fang, 2010). Our basic
understanding of soil CO, efflux and its components (i.e.
autotrophic, R;, activities of roots and their associated my-
corrhizal fungi, and heterotrophic, Ry, free-living microbes
and soil animals), their controlling factors and environmental
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responses are still under debate and limited by available
field methodologies (Kutsch et al., 2009; Kuzyakov, 2006a,
b). Despite a wide network of field-based Ry measurements
(Bond-Lamberty and Thomson, 2010) and analyses of its
abiotic and biotic drivers, there is still considerable uncer-
tainty regarding the response of the individual flux compo-
nents to changes in climate. In particular, how Ry and its
biological components will respond to rising temperatures in
situ is still uncertain (e.g. Grace and Rayment, 2000) and
might be overestimated globally (Mahecha et al., 2010). It
is becoming clear that models have to treat Ry components
independently, as Ry and R, are influenced differently by
changes in biotic and abiotic conditions, so that predictions
based only on abiotic drivers (e.g. temperature and mois-
ture) are not sufficient (Smith and Fang, 2010; Mahecha et
al., 2010). Further, R, shows linkages to gross primary pro-
ductivity (GPP) through its R, component, yet with time-
lags, apparently due to changes in C allocation patterns be-
tween shoots, roots and mycorrhizas (Mencuccini and Holtt4,
2010; Vargas et al., 2010a), a process still to be understood
and included in models (Kuzyakov and Gavrichkova, 2010).
Recently, Heinemeyer et al. (2007) proposed that the my-
corrhizal component (Rp,) might function as an “overflow
tap” in forest C allocation, allowing the plant to allocate C
to the mycorrhizal partner under either C surplus or nutri-
ent limiting conditions with consequent impacts on ecosys-
tem C turnover and storage. However, this hypothesis was
based on only a short-term seasonal flux separation, and
only indirectly indicated the R, dependence on assimilate
supply. Crucially, the R, components (i.e. roots and myc-
orrhizas) seem to respond differently to short-term temper-
ature and moisture variations than R} (Heinemeyer et al.,
2006, 2007), thus impacting on the overall Ry temperature
responses (Subke and Bahn, 2010). Long-term partitioning
studies of Ry components into soil R, and R} and their tem-
perature responses (Fitter et al., 2004; Kirschbaum, 2006;
Heinemeyer et al., 2007) are increasingly becoming a re-
search focus in order to better understand the measured Rq
responses to key environmental factors and thus model forest
C cycling (Hanson et al., 2000; Bond-Lamberty et al., 2004;
Ekblad et al., 2005).

The desired separation of Rg; components is challenging
yet necessary to understand the link between the canopy and
soil processes and currently no perfect method is available
for accomplishing it (Kuzyakov, 2006b; Subke et al., 2006).
Recently, a mesh-collar methodology was developed to sep-
arate seasonal R;, Ry and Ry components and the results
showed their different environmental responses (Heinemeyer
et al., 2007). In the past R, was considered the main R, com-
ponent, ignoring the central role of mycorrhizal mycelia in
terrestrial C-dynamics and global environmental change (Fit-
ter et al., 2004). Mycorrhizal fungal mycelia have a central
role in C and nutrient translocation between roots and soil or-
ganisms (Coutry et al., 2010), influencing litter decomposi-
tion (Lindahl et al., 2007) and possibly SOC priming (Talbot
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et al., 2008) that could influence C fluxes at the ecosystem
scale (Vargas et al., 2010b). For example, although there
can be 8000 m of ectomycorrhizal (ECM) hyphae per me-
tre of root (Leake et al., 2004) few studies have measured
Ry in-situ (Heinemeyer et al., 2007; Moyano et al., 2008;
Fenn et al., 2010) despite strong evidence of its key role in
soil R, (Soderstrom and Read, 1987; Rygiewicz and Ander-
sen, 1994). Moreover, soil respiration collars are routinely
inserted several centimeters into the soil, inevitably cutting
through considerable amounts of roots (and mycorrhizal hy-
phae), causing a loss of a potentially large proportion of
the autotrophic substrate supply for Ry, leading to altered
Rin/Rg ratios and thus biased environmental flux correlations
(Heinemeyer et al., 2011).

This study addressed four related research questions: (1)
How much of the measured total R derives from het-
erotrophic R} versus autotrophic R, components (R, and
R) and how constant are the proportional contributions over
temporal scales from hours to years? (2) Do these Ry com-
ponents respond similarly to weather variability and key en-
vironmental factors? (3) To what extent do these component
fluxes depend on GPP? (4) Is there continued evidence to
support the concept of mycorrhizal activity to depend on a
plant regulated “overflow tap” for labile C in plants (Heine-
meyer et al., 2007)?

The study aims to provide fundamental insights into the
linkage between canopy and soil carbon fluxes (i.e. temporal
variations and correlations both in the time and frequency
domains among GPP and R; components). Specifically, it
aims to provide additional data to evaluate the concept of
a mycorrhizal “overflow tap” for labile C in plants, and to
explore any plant regulation of this process.

2 Materials and methods
2.1 Site description

The study site was located within the Alice Holt research
forest in SE England (51°10'N; 0°51’ W; 80ma.s.l.). The
30yr (1961-1990) average mean annual air temperature was
9.4°C and precipitation was 780 mm. The site lies within
the Straits Enclosure, a ~90ha block of lowland wood-
land, comprising mainly deciduous oak (Quercus robur L.),
~10% ash (Fraxinus excelsior L.), a mixed understory of
woody shrubs, dominated by hazel (Corylus avellana L.) and
hawthorn (Crataegus monogyna L.). The maximum LAI was
~5 and budburst occurred from March (understory) to May
(trees). The average tree height was about 25 m with an age
of 75-80yr. The soil is a surface water gleysol (England
and Wales soil classification: Wickham series) with a shal-
low O-horizon (~3 cm) and a total depth of 80 cm to the C
horizon of the Cretaceous clay, with a high water table. The
pHwH,0) is 4.6 and 4.8 in the organic and mineral horizons,
respectively.
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2.2 Soil respiration and soil environmental
measurements

A multiplexed (custom-built gas handler unit; Electronics
Workshop, Biology Department, University of York, UK)
closed dynamic soil CO; flux system (Li-Cor 8100, chamber
model: 8100-101; Li-Cor Biosciences, Lincoln, Nebraska,
USA) was used for measuring R in the field. Up to 16
chambers can be sampled within a 10 m radius, individu-
ally closing, measuring and opening all chambers within an
hourly cycle. As our research questions address the peri-
odicity of fluxes and linkages to canopy assimilation over
a wide range of temporal resolutions, rather than the spa-
tially explicit characterisation of R, we used a continuous
sampling method from fixed locations. R was calculated
as the linear CO; increase (2 s measurements) during cham-
ber closure time (less than 2 min), discarding a 45 s mixing
period. Soil surface collars (3.5 cm x 20 cm diameter PVC
drain pipe [Wolseley, UK]) were placed onto the soil surface
and pressed into position by 25 cm long steel rods (2 mm
diameter) attached to the collar rim. This provided an air-
tight collar seal, which was verified during routine mainte-
nance checks, with no disturbance to shallow root and hy-
phal networks (Heinemeyer et al., 2011). The litter layer
was first removed and combined from all collar positions.
After mixing, an equal sub-sample (15 g fresh weight) was
returned to each collar. Further equal litter additions were
performed regularly (weekly to monthly according to sea-
son) from mixed equal area samples from on-site litter traps,
which were air dried, weighed and returned the next week.
To prevent litter loss, uncontrolled additions or disturbance,
litter in soil collars was covered with a circle of coarse plastic
mesh (2 cm grid). To prevent twigs and other falling debris
obstructing chamber closure a coarse (2 cm grid), thin nylon
mesh (1 x 1 m) was fixed at 1 m above each collar. Hourly
soil temperature profiles at 0, 2, 10 and 20 cm depths (n =3)
and soil volumetric moisture content (at 2—7 cm depth; n = 1)
were monitored centrally within the site (DL2e logger, ST4
temperature probes and ML2x Theta moisture probe, Delta-T
Devices, Burwell, Cambridge, UK). This soil moisture probe
was repositioned at about monthly intervals during the exper-
iment. A similar hand-held moisture probe was periodically
(about monthly) used to record soil volumetric moisture con-
tent (SMC) in all collars. In 2010 similar moisture probes
(SM200, also Delta-T Devices) were installed inside treat-
ment collars. Air temperatures inside each chamber were
also recorded during each measurement.

2.3 [Eddy covariance CO; flux measurements

Net ecosystem CO; exchange (NEE) was measured contin-
uously with the eddy covariance (EC) methodology since
1999, after Moncrieff et al. (1997). Measurements and calcu-
lation procedures followed the “Euroflux” project, described
by Aubinet et al. (2000). The equipment consisted of a sonic
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anemometer (Solent R2, Gill Instruments, Lymington, UK)
and a closed path CO, and H;O infrared gas analyser IRGA;
Li-7000, Li-Cor Biosciences, Lincoln, Nebraska, USA).
Sample air was drawn from the top of a 28 m high instrument
mast down a tube (6 mm ID Dekabon) and through two in-
line 1 um PTFE Teflon filters (Gelman Acro 50, Pall Life Sci-
ences, Ann Arbor, Michigan, USA) at a rate of ~61 min~! by
a pump (Capex V2 SE, Charles Austen Pumps, Byfleet, Sur-
rey, UK). Calibration of the IRGA with certified reference
gases was performed weekly. Raw data outputs from the
anemometer and IRGA were logged (Edisol software: http:
/Iwww.geos.ed.ac.uk/abs/research/micromet/edisol/) at a rate
of 20 Hz. For this study, continuous 30 min data were avail-
able from January 2007 to December 2010. An automatic
weather station recorded supplementary meteorological vari-
ables, including air temperature, at both mast height and at
ground level.

In order to account for flux losses mainly caused by
signal damping inside the tube, limited time response,
and sensor separation (e.g. Leuning and Moncrieff, 1990;
Massman, 1991; Aubinet et al., 2000), EC data were re-
processed using the EdiRe software (www.geos.ed.ac.uk/
abs/research/micromet). NEE was calculated from corrected
CO;, fluxes, but no allowance was made for canopy CO» stor-
age, which can be significant for short periods around dawn
and dusk. To calculate hourly, daily and annual NEE, miss-
ing data were substituted based on the standard CarboEu-
rope gap-filling procedure (http://www.bgc-jena.mpg.de/
bgc-mdi/html/eddyproc/index.html; Reichstein et al., 2005).
The on-line tool accounts for temporal auto-correlation of
fluxes, replacing missing data with the average value under
similar meteorological conditions within a 7-day window or
longer if needed. The tool was also used to partition NEE
flux data into GPP and total ecosystem respiration (Reco).
This uses night-time temperature regression models to es-
timate Rec, with linear interpolation between time periods
(Reichstein et al., 2005), and GPP was calculated as the dif-
ference between NEE and R..,. At the instrument mast site,
the fetch over the woodland is up to 800 m in the direction
of the prevailing south-westerly winds, but less in other di-
rections. Typically >70 % of measured fluxes in near-neutral
atmospheric stability conditions are estimated to occur com-
pletely within the woodland (within 350 m of the mast, cal-
culated using the Kormann and Meixner model (2001) in
EdiRe); if the wind is from the south-west, this percentage
is typically >85 %.

2.4 Experimental design

On 22 March 2007 twelve soil collars were randomly in-
stalled within the enclosure around the EC instrument mast.
During the first year (2007) collars were all surface collars
(see Sect. 2.2) which did not cut roots or mycorrhizas. On 18
September 2007 four surface collars were left undisturbed
and under the other two pairs of four collars was installed
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either a mesh-bag (diameter 25 cm x 45 cm deep with 42 um
pore size; Normesh Ltd., Oldham, UK) allowing in-growth
by mycorrhizal hyphae but not roots, or a similar 1 pm mesh-
bag to exclude both. The main fine rooting depth in this pe-
riodically waterlogged clay soil is down to about 40 cm (un-
published data), declining in an expected exponentially pat-
tern similar to other sites (Heinemeyer et al., 2011). There-
fore, more than 95 % of the fine root mass will be captured by
this depth. To enable meaningful flux comparisons between
treatments, we allocated the treatments on ranking the annual
pre-treatment fluxes from the individual collar locations. The
overall variation during the pre-treatment period was quite
large (STDEV of £0.86 umolm~2s~!) and no significant
differences were detected between collar averages (ranging
from 2.64 to 2.71 umolm~2s~! for the three pre-treatment
averages with an SE of between 0.26 to 0.39 umolm—2s~!).
However, the 1 um mesh-bags were replaced in March 2008
by open-ended steel collars (deep collar treatment; same di-
mensions), as it was evident from the considerable hyphal
in-growth that this mesh did not exclude hyphae. For mesh-
bag insertion soil was extracted with the steel collar in 5 cm
horizon layers, and stored on individual trays. Larger roots
were removed (to limit additional CO, from root decomposi-
tion) and soil was then back-filled in horizon order to packing
density. Consequently, measured CO; fluxes were: (a) total
Ry (RMS treatment; surface collars), (b) Ry, and R, (MS
treatment; 42 um mesh-bag), and (c) Ry only (S treatment;
deep steel collar). In March 2008 a fourth treatment was
added, whereby roots and mycorrhizas were cut repeatedly
with a spade to a depth of 45 cm (monthly during the grow-
ing season, otherwise bi-monthly) around four additional soil
surface collars at a 30 cm diameter (S¢y¢). This enabled com-
parison with the S treatment but without the permanent bar-
rier of a steel collar. CO; fluxes from all 12 or 16 collar
locations were monitored at hourly intervals until December
2010. Following Heinemeyer et al. (2007), the contribution
of individual Ry components was calculated as:

1. R =RMS;esp — MSresp
2. Rm=MSresp — Sresp

3. Rh=Seesp

4. Ry=Rn+R,

where RMSep is the mean rate of respiration of the RMS
treatment, and MSyesp, and Syesp are those for the MS and S
treatments, respectively. As the MS, S and Sy treatments
tended to have higher volumetric soil moisture than the RMS
treatment, because there was no root water uptake, remov-
able plastic covers (45 x 45cm clear tilted plastic sheets)
were used to reduce rainfall input to MS, S and S treat-
ments. From March 2009 these were periodically (based on
regular soil moisture readings and aimed at reducing any ob-
served differences) placed at 1 m height together over the
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permanent protection meshes (see Sect. 2.2). The above-
ground respiration rate (R,,) was estimated as the difference
between Reco and Rg from the soil chambers; and net primary
productivity (NPP) calculated as GPP — (Rap + Ry).

2.5 Temperature sensitivity

A Q1o function (Atkin et al., 2000) was applied to annual
and seasonal periods using mean daily values of Ry and its
components, whereby the slope of the logjg of soil CO, ef-
fluxes against soil or air temperature, 8, is used to calculate
the Q0= 10110%A1 The SE of B was used to calculate the
uncertainty of Qjg.

2.6 Time series analysis

Wavelet analysis was used to study the temporal variation
of the time series of each CO; flux component. This tech-
nique has been widely used for climatological applications
(Daubechies, 1990; Torrence and Compo, 1998; Grinsted
et al., 2004) and more recently for R analyses (Vargas et
al., 2010a, 2011). Wavelet analysis has an advantage over
the alternative Fourier analysis because the window size of
the wavelet transform is not fixed giving a better resolution
of the temporal variations. Here continuous wavelet trans-
form (CWT) with the Morlet mother wavelet was used be-
cause of its ability to produce a smooth picture in the time-
scale domain of non-stationary processes (e.g. Rs) and its
suitability for visual interpretation (Torrence and Compo,
1998). Wavelet analysis was applied on the temperature de-
trended time series of hourly GPP, Ry, Rg, Ry, Ry, and Ry
fluxes based on individual exponential temperature correc-
tions (flux = BoeT*B1) for each day according to Vargas et
al. (2011). Therefore, By and B; are constants for individ-
ual fluxes and vary for each day and temperature (7') was
soil temperature at 2 cm depth, which showed maximum di-
urnal fluctuations and highest correlation with R;. Remov-
ing the effect of temperature is important when studying the
periodicity of fluxes in order to isolate the temporal varia-
tion of biological drivers (Vargas et al., 2010a). Tempera-
ture is auto-correlated with GPP and R (and its components)
because the daily oscillations of all those variables respond
to diurnal changes imposed by solar radiation (i.e. day ver-
sus night). Thus a conservative estimate of the influence
of GPP on R, and component fluxes was obtained by this
de-trending method, which can be viewed as an analysis of
residuals. Although different approaches can be applied, we
kept consistency with a recently published protocol by Var-
gas et al. (2011).

Wavelet coherence analysis (WCA; see Grinsted et al.,
2004) was used to determine the temporal correlation be-
tween the two de-trended time series and to quantify the
phase difference or time-lag between them at specific peri-
ods (e.g. 1-day, 8-day). In the figures and tables we only
provide information about variations between days (in terms
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of hourly data for the 1-day time period (i.e. intra daily vari-
ations) for clarity, although high temporal resolution fluxes
(hourly) were used in the actual analysis. The statistical sig-
nificance (5 % probability level) of common power between
two time series (e.g. Ry and GPP) was assessed within the
“cone of influence” of the WCA using Monte Carlo simu-
lations of wavelet coherency (Grinsted et al., 2004). The
cone of influence delimits the region in which the wavelet
transform is not influenced by edge effects because of incom-
plete time-locality across frequencies (Torrence and Compo,
1998), and multiple studies have described in detail this tech-
nique for climatology applications (Grinsted et al., 2004;
Torrence and Compo, 1998) and soil respiration research
(Vargas et al., 2010a).

The phase relationships, or time-lag gives information on
the synchronization between oscillations of the two time se-
ries (Govindan et al., 2005). The delay between two time
series can provide information on the nature and origin of
coupling between the processes, and causality under the as-
sumption that the effect must follow the cause. The mean
phase difference between hourly fluxes of R, R; and Rp
and GPP (as a surrogate for substrate supply) at the 1-day
period was calculated from the WCA to explore the poten-
tial fast control of recent photosynthesis on soil CO; fluxes.
Data analyses were performed using MATLAB R2007a (The
MathWorks Inc.).

2.7 Statistical analysis

Statistical analyses were carried out using SPSS (Version 18,
SPSS Science, Birmingham, UK) and Kolmogorov-Smirnov
and Levene’s tests were used to test for normality and ho-
mogeneity of variances. One-way ANOVAs with a post-hoc
test (Tukey’s) were used to determine significant differences
between treatments for SMC and also annual Ry component
differences. For the Qo values the SE was derived from
the slope of the individual logo regressions. For regression
analysis, the regression coefficients of determination (R?)
between flux and environmental variable are reported.

3 Results
3.1 Annual soil respiration patterns

The multiple soil chamber system provided near contin-
uous hourly soil CO; efflux over four years. Over the
first year (2007) daily R averages varied between 0.5 to
4.5umolm~2s~! (Fig. 1) and showed a general association
with the seasonal pattern of temperature, although there were
marked changes in the responsiveness during active canopy
growth between budburst (spring) and leaf fall (autumn).
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Fig. 1. Mean daily CO; efflux from soil respiration (Rs) measured
from surface collars and soil temperature (7o) at 2cm depth at
the Straits Enclosure, Alice Holt forest from 24 March 2007 to 17
February 2008. Bars indicate £s.d. (n =12 until 18 September
and thereafter n =4), and arrows indicate the approximate onset of
budburst (1 May) and leaf fall (1 November) of the oak canopy.
Gaps were due to system power failure.

3.2 Environmental conditions and treatment effects on
soil moisture

In general, the site temperature is relatively mild (1961—
1990 mean annual air temperature is 9.6 °C), and monthly
rainfall usually quite evenly distributed through the year
(~65 mm month™1), although near-surface volumetric SMC
can be less than 30 % in summer (Tables 1, 2 and Fig. 2).
The first three years (2007-2009) of measurement showed
annual air temperatures 0.6-1.0 °C warmer than the long-
term average, and were much wetter, particularly 2007, but
the final year (2010) was slightly colder than the long-term
average (Table 1), with a pronounced summer dry period and
cold winter (see Fig. 3a). Consequently, average annual near-
surface SMC was high in the first two (~50 % v/v) and lower
(~40 %) in the last two years with summer values reaching
~20 % (Fig. 2).

Air temperatures in the treatment soil chambers closely
matched those measured at the adjacent automatic weather
station (Table 1). However, the root and hyphal exclusion
treatments showed higher SMC than in the RMS collars dur-
ing the manual measurements at all plots in 2008 (Table 2).
Removable rain covers were deployed in 2009 and 2010 over
the MS, S and Sy collars at 1 m height (see Sect. 2.4) to ad-
just the SMC towards the drier RMS treatments. Although
during mid-summer differences were significant (mostly be-
tween RMS and S treatments), the mean volumetric SMC
difference was about less than 10 %, 15 % (Table 2) and 10 %
(Fig. 2) in 2008, 2009 and 2010, respectively. In 2010 hourly
soil moisture within individual treatments showed similar
seasonal trends; although it was lower in the RMS treatment
than others, there was good agreement between the central
location and the RMS treatments and the effect of rain exclu-
sion in the MS and S treatments was evident (Fig. 2).
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Fig. 2. Seasonal changes of soil volumetric moisture content (v/v)
at the Straits Enclosure, Alice Holt forest in 2010 measured hourly
at 6 cm depth for three replicated (n =4) soil collar treatments (sur-
face collar, RMS), mycorrhizal 41 pm mesh bag (MS) and steel col-
lar (S) and in the undisturbed central area (Centre). The average SE
was ~0.02 (v/v) for all treatments (not shown for clarity).

3.3 Separation of soil respiration components

The mesh collar insertion on 18 September 2007 and sub-
sequent replacement with a steel collar for root and mycor-
rhizal exclusion, respectively, resulted in a disturbance pe-
riod lasting around six months (evidently higher CO, flux
rates initially, then subsequent reduction; data not shown).
The CO, fluxes measured from the end of March 2008
onwards showed clear differences between treatments with
daily CO; flux rates in the treatment order RMS > RM >
S (data not shown). Example results for the derived daily
component fluxes in 2010 are shown in Fig. 3c. Overall Ry
showed large seasonal fluctuations which reflected different
periods of high R, and Ry, activity. Generally Ry, was higher
than R, in winter but sometimes lower during the growing
season. Whereas R, increased around budburst of the un-
derstory (March) and tree (May) canopy and declined in late
summer, R, was more sustained and less variable. Moreover,
whereas in spring and summer R; and Ry, showed parallel
patterns, in early autumn daily Ry, tended to show higher in-
creases coinciding with the emergence of ECM fruiting bod-
ies around September to October (Fig. 3c). However, in au-
tumn daily Ry, also showed marked declines during periods
of high or even increasing R;. Fluxes from the S treatments
(i.e. deep collar) compared well to those measured from re-
peatedly cut (Scyt) treatments (see Fig. 3c inset).

3.4 Interannual and seasonal forest and soil C flux
components

The CO, flux components of the forest showed large inter-
annual differences (Table 3) with a range in GPP of 33 % of
the 4-yr mean (declining over the four years and in 2010 was
65 % smaller than in 2007) and for Rec, a range of 30 %.
Overall, net C gain (represented by a negative NEE) during
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Table 1. Monthly and annual average air temperature (7y;;) from
2007 to 2010 measured at 1 m at the eddy covariance measurement
site in the Straits Enclosure, Alice Holt forest, and inside the soil
CO; flux chambers (T¢hamp) together with precipitation sums (Pre-
cip), and soil volumetric moisture content (SMC; v/v) at 6 cm depth
in the mineral layer. The long-term averages are provided for com-
parison; n.a. indicates data not available.

Tar  Techamp Precip  SMC
Month °O) (°C)  (mm) (%)
1 4.7 4.2 104 53
2 5.0 43 77 55
3 6.6 6.3 76 55
4 9.7 9.8 42 50
5 124 124 63 45
6 15.2 14.9 49 41
7 16.2 15.4 90 38
8 15.8 15.1 69 36
9 13.6 12.9 56 31
10 10.4 9.7 73 37
11 7.4 6.7 133 47
12 33 24 71 51
Year
2007 10.6 10.2 995 50
2008 10.2 9.6 943 46
2009 10.2 9.6 938 43
2010 9.2 8.7 747 40
30-yr average (1961-1990) 9.6 n.a. 780 n.a.

the first two years was about twice as high than during the
latter two (Table 3) which following a cold winter (Table 4).
Annual above ground respiration (Rap; see Sect. 2.4) var-
ied considerably and annual NPP declined substantially over
three years (Table 3). In the two years with similar GPP, 2008
and 2009, the ratios of Re.o/GPP and NPP/GPP (carbon use
efficiency, CUE) were different reflecting the varying influ-
ences of the key environmental and biological drivers on the
individual C flux components (Fig. 3a). In contrast, annual
R (range of 9 %) and the ratio Ry/R changed little (~0.44)
between the 3 yr (Table 3).

The four-year time-courses of daily GPP and Ry compo-
nents are shown in Fig. 3b together with the key environ-
mental drivers of air and soil surface temperature, precipita-
tion and soil moisture (Fig. 3a). As expected for a deciduous
temperate forest, average monthly GPP peaked in summer,
with values ranging from 1.2 to 1.8 molm~—2d~! (Fig. 3b)
and monthly values of ~400 g Cm™2 (Table 4). Large varia-
tions in daily Rg in summer usually coincided with changes
in GPP, particularly during summer (Fig. 3b). Importantly, in
2009 and 2010 the oak canopy experienced major defoliation
by moth caterpillars in the spring (mostly Tortrix viridana,
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Table 2. Volumetric SMC (% v/v) measured in each of the four soil collar treatments: surface collar (RMS), mycorrhizal mesh (MS),
steel collar (S) and repeatedly cut (Scyt), during (A) 2008 and 2009 and (B) 2010 with monthly averages from continuous hourly monitoring.
Each treatment was replicated (n =4) and shown are mean = s.d.; significant differences between treatments are indicated by different letters,
based on a one-way ANOVA (n.s. = not significant; * = P < 0.05; ** = P <(0.01; *** = P < 0.001) and a Tukey’s B post-hoc test.

(A)2008 | 22-May \ 15-Tul \ 26-Nov \

Treatment ‘ Mean s.d. (*) ‘ Mean s.d.  (ns.) ‘ Mean s.d. (*) ‘

RMS 039 £ 001 B 043 £+ 0.03 051 £ 0.02 C

MS 041 £ 005 B 048 £ 0.05 059 £ 008 AB

S 050 £ 001 A 0.50 £ 001 062 £ 0.02 A

Scut 042 £ 005 B 047 £ 0.03 060 £ 0.02 AB

2009 ‘ 25-Feb 12-May 7-Jul 3-Nov

Treatment ‘ Mean sd. (%) ‘ Mean s.d. (%) ‘ Mean s.d. (k) ‘ Mean s.d. (n.s.)

RMS 057 £ 002 C 0.50 £ 0.04 B 037 £ 005 B 045 + 0.11

MS 057 £ 005 C 057 £ 005 A 054 £ 0.06 A 058 £ 0.10

S 063 £ 001 A 062 £ 0.02 A 0.60 £ 0.02 A 063 £ 0.02

Scut 061 £ 001 AB | 059 £+ 0.04 A 058 £ 0.03 A 053 £ 0.12
(B) 2010 January February March April May
Treatment Mean s.d. (*) Mean s.d. (*) Mean s.d. (**)  Mean sd.  (**) Mean s.d.  (F*F)
RMS 0.56 £ 0.00 B 058 £ 001 B 057 £ 0.02 B 055 £ 0.02 B 046 £ 0.02 B
MS 0.61 £ 005 AB 061 £ 005 AB 061 £ 0.03 AB 0.59 £ 0.02 A 053 £ 001 A
N 065 £ 003 A 065 £ 004 A 063 <+ 001 A 0.61 £ 0.02 A 0.56 £ 0.02 A
2010 June July August September October
Treatment Mean s.d.  (***)  Mean s.d.  (***) Mean sd.  (***)  Mean sd.  (**) Mean s.d. (*)
RMS 035 £ 003 B 026 £ 0.02 C 024 £ 0.02 B 026 £ 0.03 B 032 £ 0.04 B
MS 046 £ 001 A 034 + 002 B 029 £ 001 A 033 £ 001 A 037 £ 002 AB
S 046 £ 001 A 038 + 0.01 A 032 <+ 001 A 034 £ 0.01 A 039 <+ 0.01 A

but also Operophtera brumata, Pitman et al., 2010) and in
2010 there was a —3 °C air frost period after budburst in mid
May as well as a substantial oak mildew (Erysiphe alphi-
toides) outbreak throughout August and September, notice-
ably reducing forest C flux components during spring and
autumn (Fig. 3b), and causing very low annual (Table 3) and
seasonal (Table 4) GPP totals.

The monthly relative contribution of Rp to total Rq
(Fig. 4b) decreased from a peak in winter (~0.65) to a low in
summer (~0.35) due to increased R, (Fig. 4a). However, the
timing of the seasonal increase and the relative contribution
of R, components (R, Ry) varied between the 3 yr (Fig. 4)
due to varying Ry, contributions in spring and autumn and
R, in summer and autumn. Generally, the annual average R,
R, and Ry, values were quite constant over the 3 yr (Fig. 5),
but the components of R, varied, and in 2009 R; was signif-
icantly higher and Ry, lower (Table 3). The monthly respi-
ration time course also revealed this difference (Fig. 4) and
a sharp decline in R; contributions to R (Fig. 4b) in August
2010 during the dry summer period (Fig. 3b, c), although
Ry and Ry, were much less affected. On average annual R,
Ry and Ry, fluxes contributed 38, 18 and 44 %, respectively
(Fig. 5, Table 3).

In order to relate the component CO, fluxes and any cor-
relations to environmental conditions and vegetation activ-
ity, the data were grouped into seasonal and developmental
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episodes (Table 4). This revealed that the seasonal increase
in R, generally occurred before budburst of the trees, mostly
due to R; but in 2008 also Ry, and was reflected in a pro-
nounced reduction of the heterotrophic contribution to Ry
(Rn/Rs ratio; Fig. 4b). Moreover, in 2010 monthly R, was
about 25 % lower in late spring and summer than in previous
years (Table 4), corresponding to a 66 % reduction in GPP
coinciding with caterpillar and frost damage.

3.5 Environmental responses of autotrophic and
heterotrophic soil CO; fluxes

Daily Ry increased substantially with near-surface (—2 cm)
temperature (Rg = 0.50¢%127) and showed an average ap-
parent Qjo for daily fluxes of ~3.2+1.0 (R?>=0.8; Ta-
ble 5). Relationships between Rs components and deeper
soil temperatures were also examined, and showed similar
although weaker relationships. Although both daily R, and
Ry, rates also showed a strong apparent temperature response
023 %14T: 01p=3.9+1.1, R2=0.7 and 0.27 %107,
Q10=2.7=+1.1, R? = 0.6, respectively), the individual R,
components R; (0.13 ¢%14T) and Ry, (0.05 %147 showed
no meaningful temperature responses over all three years
(Qio=4.1£1.1, R>=0.4 and 4.0+ 1.1, R? =0.2), respec-
tively. The analysis for different developmental periods (Ta-
ble 5) showed a narrow range in apparent Q1o values for
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Table 3. Annual ecosystem C flux sums at the Straits Enclosure, Alice Holt forest, (in gC m~2; calculated from daily values) and C flux
ratios for 2007 to 2010. NEE is net ecosystem CO; exchange with uptake shown as negative values, GPP is gross primary productivity,
Reco is ecosystem respiration, NPP is net primary productivity, and CUE is carbon use efficiency = NPP/GPP. Total soil respiration, Rs,
included replacing missing values due to late start of monitoring or system failure by values from a temperature regression (shown in italics
for yearly sums; n.a. denotes no data available). Separation of Rg components only occurred from 2008: autotrophic (R4, sum of root, Ry and
mycorrhizal hyphal respiration, Ry,) and heterotrophic (Ry,) respiration. The annual NPP was calculated as GPP — (R, + Ry), where Ry, is
above ground respiration (i.e. Reco — Rs); * denotes that averages for soil flux components and respective ratios only reflect 2008—2010 data.

Year NEE GPP CUE Reco Reco/GPP  NPP Rap Rs  Ruy/Rs  Rs/Reco R: Rm R, Ry
2007 —518 2044 na. 1501 0.73 n.a. n.a. 791 n.a. 0.53 n.a. n.a. n.a. n.a.
2008 —621 1751 0.51 1130 0.65 893 450 697 0.42 0.62 233 173 407 290
2009 =300 1716 0.36 1416 0.83 616 658 760 0.42 0.54 371 69 441 320
2010 —228 1345 042 1117 0.83 559 422 713 0.49 0.64 222 142 364 350
Average —417 1714 043* 1291 0.76  690*  498*  723*%  (0.44* 0.60* 276* 128*% 404* 320*
s.d. 184 286 0.08 197 0.09 179 138 33 0.04 0.05 83 53 39 30

Table 4. Monthly ecosystem C fluxes for gross primary productivity (GPP) and soil respiration fluxes (in gC m~2 month~1) averaged over
particular phenological periods at the Straits Enclosure, Alice Holt forest from 2007 to 2010 together with air temperature (7y;;), precipitation
sums (Precip), volumetric soil moisture content (SMC; v/v) and the corresponding C flux ratios. Soil respiration (Rs) component fluxes
included replacements of missing values due to late start of monitoring or system failure by temperature regression (shown in italics; n.a.
denotes no data available). Phenological periods (for the tree canopy) correspond to: Inactive: December—March; pre budburst: April;
budburst: May; active: June—August; senescence: September—October; leaf fall: November. See Table 3 for explanation of additional
abbreviations.

T,iy Precip SMC GPP  Rg/Reco Rs R; Rm R, Ry

Period Phenology °C mm % gC m~2 ratio gC m~2 gC m~2 gC m~2 gC m~2 gC m~2
month™! month™!  month™!  month™! month~!  month~!

2007  Winter Inactive 7.1 95 60 13 0.73 38 n.a. n.a. n.a. n.a.
Spring Pre budburst  11.9 1 44 78 0.52 60 n.a. n.a. n.a. n.a.

Spring Budburst 12.3 110 41 290 0.48 83 n.a. n.a. n.a. n.a.
Summer  Active 15.2 110 51 429 0.39 94 n.a. n.a. n.a. n.a.
Autumn  Senescence 12.0 46 42 167 0.84 83 n.a. n.a. n.a. n.a.
Autumn  Leaf fall 7.3 107 49 15 1.06 54 n.a. n.a. n.a. n.a.

2008  Winter Inactive 6.1 83 54 12 0.62 30 8 7 15 15
Spring Pre budburst 8.0 106 57 36 0.57 43 3 29 32 11

Spring Budburst 14.1 83 51 218 0.72 99 29 38 67 33
Summer  Active 15.6 59 39 364 0.68 93 37 20 56 36
Autumn  Senescence 11.2 79 37 165 0.56 57 24 7 31 27
Autumn  Leaf fall 7.5 97 45 18 0.60 45 13 9 21 23

2009  Winter Inactive 4.6 75 50 11 0.57 29 9 2 12 17
Spring Pre budburst 9.9 40 49 72 0.42 61 27 6 33 29

Spring Budburst 12.2 44 50 210 0.55 102 47 9 57 45
Summer  Active 15.8 53 40 360 0.50 102 57 8 65 37
Autumn  Senescence 12.9 49 26 142 0.68 60 27 8 35 25
Autumn  Leaf fall 9.2 241 45 28 0.62 51 25 7 32 19

2010  Winter Inactive 3.6 90 53 11 0.52 26 10 3 13 13
Spring Pre budburst 9.2 22 50 36 0.67 56 24 8 32 24

Spring Budburst 11.0 17 39 83 0.82 79 35 13 48 32
Summer  Active 16.3 56 24 296 0.56 90 25 19 43 47
Autumn  Senescence 12.0 85 31 143 0.75 76 21 17 38 38
Autumn  Leaf fall 5.7 87 48 17 0.87 56 14 13 27 28
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Table 5. Seasonal and annual average apparent Q¢ values (with =SE and R?) derived from daily total soil respiration, Rs, and its component
fluxes over particular phenological periods at the Straits Enclosure, Alice Holt forest from 2007 to 2010. Q¢ values calculated from the
slopes of linear (best fit) regressions of log;q transformed CO, fluxes (after Atkin et al., 2000), against either the soil temperature at 2 cm
soil depth for Rs and Ry, or soil surface temperature for R,, Ry and Ry. Phenological periods (for tree canopy) are defined in Table 4.

Abbreviations defined in Table 3; blank entries are due to no data.

Period  Phenology  Rs SE R? R SE R? Rn SE R? R, SE R? Ry SE R?
Winter Inactive
Spring Pre budburst 33 £+ 1.1 09
2007 Spring Budburst 34 £+ 12 07
Summer  Active 36 £ 13 02
Autumn  Senescence 29 +£ 1.0 09
Autumn  Leaf fall 28 + 12 06
2007 28 +£ 10 07
Winter Inactive 19 £ 1.1 03 04 £+ 46 00 22 + 14 03 21 £ 14 02 47 £+ 15 05
Spring Prebudburst 29 + 1.1 08 26 £ 20 0.1 2.5 + 12 06 25 +£ 1.1 07 39 £+ 1.1 09
2008 Spring Budburst 34 +£ 12 06 382 £+ 29 03 4.7 + 18 02 42 +£ 12 05 20 £+ 14 0.1
Summer  Active 07 £ 12 00 02 £ 18 0.1 0.8 + 22 00 04 £ 14 01 15 £ 12 0.1
Autumn  Senescence 22 £ 1.1 07 24 £ 1.1 05 7.1 + 19 02 27 +£ 11 05 17 £ 11 04
Autumn  Leaf fall 27 £ 12 05 51 £+ 14 04 222 +£ 18 05 90 £+ 14 06 1.0 =+ 14 00
2008 33 £+ 10 08 92 + 12 04 2.8 + 12 01 37 +£ 11 07 29 £+ 11 05
Winter Inactive 19 £ 11 08 75 £ 11 07 2.8 + 20 00 73 £ 11 07 31 £ 1.1 05
Spring Prebudburst 29 + 1.1 08 49 + 12 07 228 +£ 78 01 55 £+ 12 07 23 + 12 05
2009 Spring Budburst 34 +£ 13 01 78 £+ 13 07 1394 +£ 98 01 92 £+ 14 06 39 + 12 06
Summer  Active 07 £ 1.1 04 06 £+ 12 0.1 0.0 + 45 01 07 £ 12 01 09 £+ 13 00
Autumn  Senescence 22 £ 1.1 06 22 £ 12 02 34 + 1.6 0.1 24 £ 13 02 1.1 £+ 1.1 00
Autumn  Leaf fall 27 £ 1.1 08 15 £+ 12 01 445 +£ 39 02 22 £+ 12 05 28 + 14 02
2009 33 £+ 10 08 46 + 1.0 08 44 + 12 02 45 + 10 08 22 £+ 1.0 05
Winter Inactive 74 +£ 1.1 08 126 £+ 13 05 135 £ 15 03 140 £+ 12 07 36 =+ 11 06
Spring Prebudburst 40 + 1.1 09 42 £ 1.1 038 0.7 + 15 01 27 £ 11 08 68 £+ 12 08
2010 Spring Budburst 41 £ 12 08 47 + 12 07 4.2 + 12 07 46 +£ 12 07 28 £+ 1.1 08
Summer  Active 07 £ 13 00 09 £+ 28 00 0.1 + 19 01 04 £ 17 00 19 £+ 1.1 03
Autumn  Senescence 19 £ 1.1 06 14 £ 12 02 1.9 + 13 0.1 1.7 £ 11 02 21 £+ 10 08
Autumn  Leaf fall 49 £+ 12 06 44 + 13 04 4.8 + 13 04 40 +£ 12 05 52 £+ 1.1 08
2010 35 £+ 10 08 28 + 11 03 4.2 + 1.1 05 33 +£ 11 06 33 £+ 1.0 09

Ry and a mean of approximately 2.7 + 1.1 throughout but
with a peak in 2010. R, and its components, by contrast,
varied considerably. Whereas there was no significant rela-
tionship of R, components with temperature in all summers
(Q10 < 1%£1.5, R> ~0.1), R, showed exceptionally high ap-
parent Q1o values in winter (Q19~7.8£1.3, R%2~0.5), par-
ticularly after the cold 2009/10 winter.

An analysis of monthly Ry and its components during
2010 (with available treatment soil moistures) revealed only
weak responses to soil moisture (Fig. 6). Total Rg and its
components declined at SMC above 0.5 (v/v), but these
monthly values occurred in winter and early spring, when
there were also low temperatures (Fig. 3a). R; and Ry,
showed a slight CO, flux decline with decreasing SMC be-
low 0.3 (v/v).

www.biogeosciences.net/9/79/2012/

3.6 Temporal variation and temporal relationships of
CO; fluxes

To simplify the results of the wavelet analysis, the wavelet
global power spectrum (Fig. 7) was used to summarize the
power contained in the spectral signature of each time series
(note that the Nyquist theorem states that only half the length
of the time series can be interpreted correctly, i.e. only 1.5 yr
for all component fluxes). This analysis revealed strong peri-
odicity at the 1-day time scale across the three growing sea-
sons (2008-2010) for GPP, Ry, Ry, and R; (Fig. 7a-d). In
contrast, R, showed a maximum periodicity at 1 yr and Ry,
a seasonal (~150 days) periodicity (Fig. 7e, f). Larger syn-
optic scale meteorological events (~30-days) strongly influ-
enced R,, and were also present with lower energy for Ry
and Ry,.

The subsequent WCA revealed linkages between canopy
C uptake (GPP) and Ry and its components (Fig. 8). Firstly,
seasonal differences were evident in the temporal correlation
of the temperature de-trended Rg, R, and R, components

Biogeosciences, 9, 79-95, 2012
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Fig. 3. (A) Monthly average air temperature (Tair), soil surface
temperature (Tsurf), precipitation sum (Precip) and soil volumet-
ric moisture content (SM) at the Straits Enclosure, Alice Holt for-
est from 2007 to 2010. (B) Mean daily ecosystem CO, flux com-
ponents (mol CO, m~2d-1h during the same period, comprising
gross primary productivity (GPP) and total soil respiration (Rs), and
contributions from roots (Ry), mycorrhizal hyphae (Ry) and het-
erotrophic soil respiration (Ry). (C) Mean (£ SE) daily soil COp
flux for total respiration (Rs) and its components (i.e. root (Ry),
mycorrhizal (Ry) and heterotrophic (R},) flux) derived from hourly
flux measurements during 2010 from the different treatment plots
(n=4). R, is the sum of R; and Ry,. The inset shows the mean
hourly fluxes of steel collar (S) versus repeatedly cut (Scyt) treat-
ments.

to GPP (Fig. 8). Secondly, the analysis revealed a predomi-
nately fast linkage between total Ry and GPP, mostly at the
1-day period but also at around 8 and 32 days, which was also
evident in the correlation of R with GPP (Fig. 8b). Thirdly,
Ry, also showed evidence of a fast temporal linkage with
GPP, but showed a much more pronounced temporal corre-
lation than R; linkages at 8 to >32 days across the growing
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Fig. 4. (A) Monthly mean CO; efflux from soil respiration (Rs),
and contributions from roots (Ry), mycorrhizal hyphae (Rp), au-
totrophic (R = Ry + Ryn) and heterotrophic soil fluxes (R},) at the
Straits Enclosure, Alice Holt forest from 2007 to 2010. Separated
flux components only available from March 2008. Averages =+s.d.
(n=4). (B) Monthly CO, flux component fractions (e.g. Ry/Rs).
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Fig. 5. Annual average rates of soil respiration (Rs), and contribu-
tions from roots (Ry), mycorrhizal hyphae (Rp), autotrophic (R,
= R+ Rp) and heterotrophic soil fluxes (Ry,) at the Straits Enclo-
sure, Alice Holt forest from 2007 to 2010. Averages + SE (n =4).
Statistically significant differences between years for each compo-
nent are indicated with different letters, calculated from Tukey’s
post-hoc test, with overall ANOVA P-values shown (*P < 0.05;
**P <0.01; ***P <0.001).

seasons (Fig. 8c, Supplement Table 1). The results show that
although Ry, was also influenced at the 1-day time-scale by
GPP, it appeared that this temporal correlation was mostly
evident when R; had no or a less strong temporal correlation
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Fig. 7. Global wavelet power spectrum of individual (temperature
independent) hourly CO, fluxes of GPP (A), Rs (B), R,p (C), Ry
(D), Ry, (E), and Ry, (F) at the Straits Enclosure, Alice Holt forest
from 2007 to 2010. Note that the Nyquist theorem states that only
half the length of the time series can be interpreted correctly, thus
only 1.5 yr are shown.

with GPP at the same time period (i.e. red and dark areas
in Fig. 9). The percentage of days with significant tempo-
ral correlations (red areas in Fig. 8) for several periods (1
to 128 days) revealed an overall (2007-2010) pattern of a
mostly fast 1-day linkage between GPP and R, components,
R: (28 %) and R,,,(31 %), and a longer temporal response of
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Fig. 8. Wavelet coherence analysis (WCA) output showing tem-
poral correlation over four years (2007-2010) between GPP and
the temperature independent soil CO, efflux, Rs (A) and its com-
ponents, Ry (B) and Ry, (C) at the Straits Enclosure, Alice Holt
forest. The shades for power values are from blue (low values) to
red (high values), thick black contour lines represent the 5 % signif-
icance level; the thin black lines indicate the cone of influence that
delimits the region not influenced by edge effects. Dashed lines
separate the four years. See previous figures for abbreviations.

>32 days mostly with Ry, (19 %) but with considerable dif-
ferences between years. Importantly, in 2010, the year of
lowest GPP and NPP (Table 3), there was a substantial re-
duction in the temporal correlation between both R, com-
ponents and GPP for all periods (Supplement Table 1). Fi-
nally, the phase relationships of the temporal correlation be-
tween GPP and the soil CO, flux components for the 1-day
period were used to estimate the synchrony of these fluxes
(see Sect. 2.6). Calculating the phase relationship or syn-
chrony for the 1-day period showed that GPP was mainly
out of phase (i.e. Rs (11+3h), R, (11 +£5h), Ry, (11 £4h)
showed time-lags from GPP) suggesting a strong control of
antecedent GPP on R;.
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Fig. 9. Wavelet coherence analysis (WCA) output showing tempo-
ral correlation between GPP and the temperature independent soil
CO; efflux components: Ry (A) and Ry, (B) for the enlarged 1-day
to 4-day periods as in Fig. 8. See previous figures for abbreviations.

4 Discussion

4.1 Soil respiration component fluxes and the forest
C budget

We have provided multi-year hourly time series of forest CO»
flux separation, fully accounting for both R, components, R,
and Ry,. Importantly, the Ry flux (Fig. 1) revealed seasonal
variability, and showed clear temperature dependence during
winter but less so during the growing season. The separation
of Ry into its components revealed high seasonal variation in
their contributions (Figs. 3 and 4). The annual Ry, contribu-
tion of ~44 % was at the lower end of the range reported by
Subke et al. (2006), which included a wide range of partition-
ing methods. However, many of those forest studies poten-
tially suffered from R, decreases because of collar insertion
(Heinemeyer et al., 2011). Another Ry component sampling
study on clay-rich soils (Moyano et al., 2008) showed similar
Ry (~45 %) but lower Ry, (~5 %), possibly reflecting differ-
ences in seasonal dynamics between forests and methods.
The mean annual C budget (Table 3) of this temperate
deciduous oak forest of ~1700 and ~700gCm~2yr~! for
GPP and NPP, respectively, is similar to other studies in the
UK (Thomas et al., 2011), Europe (Hibbard et al., 2005) and
globally (Melillo et al., 1993; Luyssaert et al., 2007), and for
ECM dominated forests (Vargas et al., 2010b). However, our
data set enabled us to fully account for the R, component of
R (i.e. the respiration by roots and mycorrhizas) to derive
forest NPP based on in situ hourly CO, flux data. Interest-
ingly, the annual CUE varied considerably (0.36-0.51), al-
though within the range observed by DeLucia et al. (2007), as
did the individual components of Rec,. The annual Rs/Reco
of between 0.5-0.6 agreed with estimates for another tem-
perate deciduous forest by Knohl et al. (2008). GPP varied
considerably between years (Table 3; Fig. 3), and 2009 and
2010 had low CUE (~0.4) and large Rec,/GPP ratios (0.83),
possibly attributable to the preceding cold winter, and con-
siderable leaf losses (caterpillar, mildew and frost damage) in
2010. Furthermore, 2010 showed a more typical summer soil
drying period with reduced NEE (~60 % lower than 2008).
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4.2 Environmental responses of the individual soil
respiration flux components

Although temperature near the soil surface explained most
of the annual variability in daily R fluxes (R? =0.8), this
reflected mostly the temporal correlation between summer
temperature and plant activity and consequently higher R,
fluxes (Subke and Bahn, 2010; Phillips et al., 2011). Sea-
sonally, Ry showed a tight coupling to temperature during
winter (Fig. 1) due to the dominance of Ry, in this period, but
during the (warmer) growing season this relationship disap-
peared (Table 5) . Such effects have been reported for conif-
erous forests (Lagergren et al., 2008, Gaumont-Guay et al.,
2008) but not for deciduous systems. Over the year, daily
R, and Ry, variation was much less temperature dependent
(39 % and 20 %, respectively) than Rs. Overall, apparent Q19
values were most robust (i.e. high R?) in winter and showed
considerable seasonal changes and were not always (particu-
larly Ry,) significantly (i.e. considering the SE and R?) differ-
ent from the proposed global average of 1.4 (Mahecha et al.,
2010). However, these large seasonal changes (despite the
absolute values) and low robustness (i.e. high SE and low R?)
of the apparent temperature sensitivity confirms: (1) individ-
ual temperature responses for R, and R, components (Hart-
ley et al., 2007a); (2) R, dependence on seasonal substrate
availability (Davidson et al., 2006; Hartley et al., 2007b);
and (3) responses to above ground phenology as proposed by
Sampson et al. (2007). More importantly, Ry, also showed
high apparent Q¢ values in autumn (Table 5), coinciding
with ECM fruiting body appearance and increased CO, flux
contributions in 2008 and 2010. Such seasonal Ry, activity
has previously been observed by Heinemeyer et al. (2007)
for a coniferous forest and likely reflects substrate availabil-
ity rather than a temperature response.

Overall, Ry showed little response to the range of SMCs
found here (Fig. 6), yet during the 2010 summer dry periods
both R; and R, showed a tendency for lower rates (Fig. 6),
similar to the previously reported Ry, response to moisture in
a pine forest (Heinemeyer et al., 2007).

4.3 Mycorrhizal respiration as an autotrophic
component and regulation of C supply

The decision whether R, is included in R, or R} is inher-
ently difficult (Baggs, 2006; Kuzyakov, 2006a) as ECM are
multifunctional, able to access C sources from both GPP and
litter decomposition (Lindahl et al., 2007). It is thus essen-
tial to understand in situ mycorrhizal C-dynamics and their
dependency on GPP and to quantify their different environ-
mental responses (Fitter et al., 2004). In 2009, a year of high
rates of Reco and Ry, and particularly low CUE there was
high R; but very low Ry, (Table 3). The plants seem to have
reduced the C allocation to the mycorrhizal partners under
C-limitation (i.e. reduced NPP), as shown for arbuscular my-
corrhizal systems (Heinemeyer et al., 2006), preferentially
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allocating C to Ry, and R;. This further supports the con-
cept of a plant regulated mycorrhizal C allocation (Fitter et
al., 1998) and an “overflow tap” regulation under surplus C.
However, this did not occur in 2010 when NPP was even
more reduced than in 2009 (Table 3), when there was a pro-
nounced reduction of R; but not of Ry, (Fig. 4). This could
reflect either mycorrhizal access to stored C and/or C sources
from decomposition or a plant C allocation strategy towards
ECM enabling higher nutrient acquisition for less structural
C cost under NPP limitations (Vargas, 2009). Notably, this
happened after a cold winter which may have caused dam-
age to fine roots and mycorrhizal hyphae through soil freez-
ing. As structural C costs for mycorrhizal hyphae are much
lower per length than for roots albeit with similar mainte-
nance respiration (Fitter, 1991), the plants may have prefer-
entially allocated C to regrow mycorrhizal hyphae to benefit
from more efficient nutrient uptake for less C costs. More-
over, although R, was correlated with GPP at longer tem-
poral scales (Fig. 8) this is unlikely a direct relationship, and
most likely reflects access to stored C either in the plant or the
fungus that is later used to support Ry, as there was no strong
seasonal periodicity evident in the temperature de-trended
GPP (Fig. 7). In fact, both Ry, and R}, showed strong sea-
sonal and annual periodicities, respectively (Fig. 7), which
were not temporally coupled with GPP (Fig. 8), suggesting
other C sources for metabolism such as from litter decompo-
sition. Further, seasonal analysis at shorter temporal scales
indicated differences in the linkage of GPP to either R; or
Rn; although both components showed a strong 1-day GPP
influence, when the link to R, was strong there was less cor-
relation with Ry, (Fig. 9). Furthermore, there were temporal
correlations evident between Ry, and GPP at periods of 2—8
days and at >64-day periods but much less so for R; (Fig. 8,
Supplement Table 1). Although such GPP linkages (Tang et
al., 2005; Liu et al., 2006) and long time lags between R and
GPP have been reported previously (Vargas et al., 2010a),
here they are evident for R and both R, components. More-
over, periods of marked GPP and NPP reductions were ob-
served in 2010 (Tables 3 and 4) through weather (late spring
frosts) and biological (caterpillar herbivory and mildew dis-
ease) events with subsequently reduced or delayed R, and
Rnm, respectively. All these observations support the concept
of a tree regulated C “overflow tap” based on available GPP
(Heinemeyer et al., 2007) by showing that antecedent GPP
influences individual R, components differently. However,
we acknowledge that the “overflow tap” functioning is likely
to be complex as available C as well as C costs for root ver-
sus fungal mycelia growth and nutrient status will have an
influence. For example, although low nutrient status forests
can be expected to generally allocate more available C to the
mycorrhizal fungus (i.e. nutrient demand driven allocation),
this might also occur in nutrient rich forests after damage to
the fine root system (i.e. C cost driven allocation).
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4.4 TImplications for modelling forest C dynamics and
soil respiration

Although Ry was significantly correlated with temperature
this was not the case for R, components during the period
when the tree canopy was photosynthetically active (Table 5).
Overall, these findings confirm that the use of an apparent
Q10 in ecosystem models is a questionable concept (David-
son et al., 2006), because of the strong seasonal GPP influ-
ence on R, components, independent of temperature. The
time series analysis revealed a mostly rapid C connection
within a few days from canopy to Ry components as has
been reported in studies with manual measurements (Moy-
ano et al., 2008). Importantly, both roots and mycorrhizas
showed a fast link to GPP (i.e. at the 1-day period), but Ry,
also revealed much longer (weekly to monthly) periods with
strong temporal correlation (Fig. 8). The time series analysis
also underlined the importance of potential C reserves avail-
able to both roots and mycorrhizas, which are supported by
isotopic studies (Mencuccini and Holttd, 2010) and C allo-
cation and turnover studies (e.g. Hogberg et al., 2008). The
results highlight that the time series analysis can reconcile
the observations from flux measurements and isotope experi-
ments (e.g. Subke et al., 2009; Mencuccini and Holttd, 2010;
Wingate et al., 2010) to link canopy and soil processes (Var-
gas et al., 2011). Both the large estimated R, values found
here (56 % of Rs) and the strong linkage of both R, com-
ponents to GPP (Figs. 8, 9) emphasise that these different
soil CO; flux components need to be considered indepen-
dently with their biotic and abiotic drivers. They also support
the importance of considering the Ry plant-soil-continuum as
proposed by Hogberg and Read (2006). Thus C cycle models
could be improved by treating the individual Ry components
separately and should also allow for internal plant and fungal
C storage pools and mobilization. Moreover, the observed
interannual variation in canopy and soil CO; fluxes indicates
that better model representation of growing conditions and
phenology is required (Lagergren et al., 2008).

Two central questions remain to be explored further: (1)
which is in control of plant C allocation to R; and Ry,: plant
or fungus?, and (2) what are the implications for soil de-
composition? Clearly, more in situ research is needed under
different environmental conditions (e.g. average years versus
disturbance year, Vargas, 2009, or variable NPP due to insect
defoliation, Schifer et al., 2010) and using isotopic research.
Furthermore, the high frequency data revealed that the short-
term, temperature-independent R, component linked to GPP
may lead to uncertain temperature-based night-time R, cor-
rections in EC flux calculations (Aubinet et al., 2002; Reich-
stein et al., 2005) so that correlations of GPP and R, may
need to be reconsidered (Lasslop et al., 2010).

The results here may allow the parameterization of more
realistic soil C turnover models that include decomposition
and plant-derived R, fluxes (e.g. MYCOFON, Meier et al.,
2010) and lag periods of GPP allocation to Ry components
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(Kuzyakov and Gavrichkova, 2010). Such flux component
separation could also be deployed to investigate the poten-
tial priming effect of mycorrhizal C (i.e. exudates) on SOM
decomposition (Talbot et al., 2008; Fontaine et al., 2011).
Model incorporation of these mechanisms will be fundamen-
tal in assessing the stability of future SOC stocks due to cli-
mate change altering SOC dynamics directly and indirectly
through changes in plant productivity (Heath et al., 2005).

4.5 Limitations and future research considerations and
applications

We have assumed that the temporal dynamics of soil cham-
ber CO, fluxes and soil moisture measurements in one small
area are representative of those in the whole eddy covariance
flux footprint, and that there are no larger-scale spatial vari-
ations in the temporal dynamics and relative magnitudes of
CO, flux contributions. However, the chamber CO, fluxes
may not represent Rg across the whole eddy covariance flux
footprint, and ideally we would have sampled R across the
footprint area; but due to technical and practical limitations
it was not possible to have multiple high time-resolution sys-
tems at multiple sites. As others have done recently (e.g.
Thomas et al., 2011), we equated eddy covariance CO; flux
estimates with NEE, as we could not estimate canopy CO»
storage reliably, which may have led to errors in estimates of
NEE at short time scales, particularly at dawn and dusk con-
ditions, although the errors will be smaller for the hourly and
daily averaging periods used here.

Overall, we acknowledge some limitations of using mesh
or collar exclusions. However, Ry from deep collars did
show good agreement with fluxes from the repeatedly cut
treatments and measured R proportions (contributions of R,
versus Ry and Rs versus Rec,) agreed well with those in
the literature. Although these comparisons give confidence,
we cannot ignore the possible errors and emphasise that im-
proved measurement techniques should be developed. Any
physical separation technique requires assessing the issues of
root or mycorrhizal exclusion and disturbance effects. Our
data showed that, firstly, mycorrhizal hyphae penetrated a
1 pm nylon mesh and as such the S treatment needs to con-
sider either finer meshes or solid boundaries and, secondly,
the exclusion treatments caused a disturbance effect lasting
about six months. While severed roots were removed in
this study (limiting increased decomposition), another arte-
fact which would apply to most root exclusion methods such
as trenching is that excluding roots and ECM from the MS
and S treatments prevents the litter additions they normally
contribute, and thus may cause an underestimation of nor-
mal heterotrophic respiration. Moreover, the root exclusion
caused an increase in SMC in the MS and S treatment by
about 15 % (v/v) and mostly during summer (Table 2, Fig. 2)
compared to the RMS treatment (see Ngao et al., 2007),
which was minimized by rainfall exclusion (e.g. Fig. 2). An
alternative approach would have been to add water to the
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RMS treatments, but this would have made the RMS treat-
ment unrepresentative of the rest of the forest, hindering
comparison to NEE derived fluxes.

Our apparent seasonal temperature response analysis (Ta-
ble 5) has obvious problems and limitations (Davidson et
al., 2006; Subke and Bahn, 2010), and was intended to
provide an overview in relation to previous literature, and
background information for the temperature de-trending for
the time series analysis. We acknowledge that different ap-
proaches such as time frequency decomposition would give a
more confident approach; we particularly looked only at sea-
sonal responses in order to exclude the influence of any diel
hysteresis effects (Phillips et al., 2011). However, we intend
to examine our data further in a future temperature-focused
analysis, particularly considering diel hysteresis (Phillips et
al., 2011), seasonality (Subke and Bahn, 2010) and scale de-
pendence (Mahecha et al., 2010) as well as a detailed eddy
covariance footprint analysis.

The temperature de-trending approach for the WCA used
the depth of maximum temperature correlation with total Rq.
Although this is arbitrary, it was the most appropriate temper-
ature depth available to de-trend diurnal CO, flux variations
and remove potential auto-correlations with other variables.
We recognize that this approach could be improved, specif-
ically considering where the production of CO; is done in
the soil at different depths rather than using overall Ry (see
Subke and Bahn, 2010). However, the goal of the current
manuscript was to understand the partitioning of the total Ry
flux and the temporal dynamics and correlations of its flux
components.

5 Conclusions

The research on exploring environmental controls on Ry
fluxes and linkages to canopy CO; uptake revealed:

1. Large (56 %) overall R, contribution (R, 38 %, Rp
18 %) to a relatively constant annual Ry with consider-
able interannual and seasonal variability in the R, com-
ponents.

2. Strong overall apparent temperature responses of R ex-
cept during summer, and the latter was due to negligible
temperature responses by R, components.

3. An overall short-term periodicity in canopy and soil
CO;, fluxes but also longer term periodicities in R, com-
ponents suggesting an internal root and mycorrhizal C
storage pool and additional C supply of Ry, through soil
organic matter and litter decomposition.

4. Significant temporal correlation of R to GPP through
the R, components mainly at a 1-day period indicating
fast C allocation to Rg in this forest.
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5. An overall separation of periods when either high R; or
Ry, are temporally correlated with GPP indicating that
Ry was probably controlled by plant C allocation.

The time series analysis identified periodicities and link-
ages to GPP which have implications for the key question
for climate change research of whether forests will continue
to sequester CO; or whether increased GPP will result in in-
creased respiration (Heath et al., 2005). The results support
previous work suggesting that the mycorrhizal flux compo-
nent may contribute to a C sequestration limitation, func-
tioning as a C “overflow tap” (Heinemeyer et al., 2007) and
potentially priming the turnover of SOC. However, further
research is required on, the processes regulating this “over-
flow tap” and the sources of C available to the fungus which
should help explain the observed interannual variation in
soil flux component contributions and their correlations with
GPP.

Supplementary material related to this
article is available online at:
http://www.biogeosciences.net/9/79/2012/
bg-9-79-2012-supplement.pdf.

Acknowledgements. This work was carried out within the UK
Centre for Terrestrial Carbon Dynamics, funded by the National
Environment Research Council (NERC) funded, grant F14/G6/105.
The Li-Cor LI-8100 soil respiration equipment was purchased
through a NERC special equipment grant NE/C513550/1. Special
thanks go to the Electronics Workshop, Biology Department at
the University of York for building the customized, multiplexed
system. Forest Research kindly provided site access and support
through Edward Eaton for field site maintenance and Dr Rona
Pitman for litter additions. We also thank Theresa Meacham for
access to spatial soil flux data. R. V. was supported by CONACYT
(Repatriacion/Ciencia Basica) grants during the preparation of this
manuscript.

Edited by: M. Carbone

References

Atkin, O. K., Edwards, E. J., and Loveys, B. R.: Response of root
respiration to changes in temperature and its relevance to global
warming, New Phytol., 147, 141-154, 2000.

Aubinet, M. and Heinesch, B.: Estimation of the carbon seques-
tration by a heterogeneous forest: night flux corrections, het-
erogeneity of the site and inter-annual variability, Glob. Change
Biol.,, 8, 1053-1071, 2002.

Aubinet, M., Grelle, A., Ibrom, A., Rannik, U., Moncrieff, J., Fo-
ken, T., Kowalski, A. S., Martin, P. H., Berbigier, P., Bernhofer,
C., Clement, R., Elbers, J., Granier, A., Griinwald, T., Morgen-
stern, K., Pilegaard, K., Rebmann, C., Snijders, W., Valentini,
R., and Vesala, T.: Estimates of the annual net carbon and water
exchange of forests: the EUROFLUX methodology, Adv. Ecol.
Res., 30, 113-175, 2000.

www.biogeosciences.net/9/79/2012/

93

Baggs, E. M.: Partitioning the components of soil respiration: a
research challenge, Plant Soil, 284, 1-5, 2006.

Bolin, B., Sukumar, R., Ciais, P., Cramer, W., Jarvis, P., Kheshgi,
H., Nobre, C., Semenov, S., and Steffen, W.: IPCC, Land Use,
Land-Use Change, and Forestry. A Special Report of the IPCC,
edited by: Watson, R. T., Noble, 1. R., Bolin, B., Ravindranath,
N. H., Verardo, D. J., and Dokken, D. J., 23-51, Cambridge Uni-
versity Press, Cambridge, UK, 2000.

Bond-Lamberty, B. and Thomson, A.: A global database of soil
respiration data, Biogeosciences, 7, 1915-1926, doi:10.5194/bg-
7-1915-2010, 2010.

Bond-Lamberty, B., Wang, C. K., and Gower, S. T.: A global rela-
tionship between the heterotrophic and autotrophic components
of soil respiration?, Glob. Change Biol., 10, 1756-1766, 2004.

Coutry, P.-E., Buée, M., Diedhiou, A. G., Frey-Klett, P., Le Tacon,
F., Rineau, F., Turpault, M.-P., Uroz, S., and Garbaye, J.: The
role of ectomycorrhizal communities in forest ecosystem pro-
cesses: New perspectives and emerging concepts, Soil Biol.
Biochem., 42, 679-698, 2010.

Cox, P. M., Betts, R. A., Jones, C. D., Spall, S. A., and Totterdell,
I. J.: Acceleration of global warming due to carbon-cycle feed-
backs in a coupled climate model, Nature, 408, 184—187, 2000.

Daubechies, I.: The wavelet transform, time-frequency localiza-
tion and signal analysis. IEEE T. Inform. Theory, 36, 961-1005,
1990.

Davidson, E. A., Janssens, I. A, and Luo, Y.: On the variability of
respiration in terrestrial ecosystems moving beyond Q1g, Glob.
Change Biol., 12, 154-64, 2006.

DeLucia, E. H., Drake J. E., Thomas, R. B., and Gonzalez-Meler,
M.: Forest carbon use efficiency: is respiration a constant frac-
tion of gross primary production?, Glob. Change Biol., 13, 1157—
1167, 2007.

Ekblad, A., Bostrom, B., Holm, A., and Comstedt, D.: Forest
soil respiration rate and delta C-13 is regulated by recent above
ground weather conditions, Oecologia, 143, 136-142, 2005.

Fenn, K., Malhi, Y., and Morecroft, M.: Soil CO, efflux in a tem-
perate deciduous forest: Environmental drivers and component
contributions, Soil Biol. Biochem., 42, 1685-1693, 2010.

Fitter, A. H.: Costs and benefits of mycorrhizas: Implications for
functioning under natural conditions, Experientia, 47, 350-355,
1991.

Fitter, A. H., Graves, J. D., Watkins, N. K., Robinson, D., and
Scrimgeour, C.: Carbon transfer between plants and its control in
networks of arbuscular mycorrhizas, Funct. Ecol., 12, 406-412,
1998.

Fitter, A. H., Heinemeyer, A., Husband, R., Olsen, E., Ridgway,
K. P, and Staddon, P. L.: System responses to environmental
change: the mycorrhizal component, Can. J. Bot., 82, 1-7, 2004.

Fontaine, S., Henault, C., Aamor, A., Bdioui, N., Bloor, J. M. G.,
Maire, V., Mary, B., Revaillot, S., and Maron, P. A.: Fungi medi-
ate long term sequestration of carbon and nitrogen in soil through
their priming effect, Soil Biol. Biochem., 43, 86—89, 2011.

Gaumont-Guay, D., Black, T. A., Barr, A. G., Jassal, R. S.,
and Nesic, Z.: Biophysical controls on rhizospheric and het-
erotrophic components of soil respiration in a boreal black spruce
stand, Tree Physiol., 28, 161-171, 2008.

Govindan, R. B., Raethjen, J., Kopper, F., Claussen, J. C., and
Deuschl, G.: Estimation of time delay by coherence analysis,
Physica. A., 350, 277-295, 2005.

Biogeosciences, 9, 79-95, 2012


http://www.biogeosciences.net/9/79/2012/bg-9-79-2012-supplement.pdf
http://www.biogeosciences.net/9/79/2012/bg-9-79-2012-supplement.pdf
http://dx.doi.org/10.5194/bg-7-1915-2010
http://dx.doi.org/10.5194/bg-7-1915-2010

94

Grace, J. and Rayment, M.: Respiration in the balance, Nature, 404,
819-820, 2000.

Grinsted, A., Moore, J. C., and Jevrejeva, S.: Application of
the cross wavelet transform and wavelet coherence to geophys-
ical time series, Nonlin. Processes Geophys., 11, 561-566,
doi:10.5194/npg-11-561-2004, 2004.

Hanson, P. J., Edwards, N. T., Garten, C. T., and Andrews, J. A.:
Separating root and soil microbial contributions to soil respira-
tion from total soil respiration: a review of methods and obser-
vations, Biogeochemistry, 48, 115-146, 2000.

Hartley, I. P., Heinemeyer, A., Evans, S. P., and Ineson, P.: The
effect of soil warming on bulk soil versus rhizosphere respiration,
Glob. Change Biol., 13, 2654-2667, 2007a.

Hartley, I. P, Heinemeyer, A., and Ineson, P.: Effects of three years
of soil warming and shading on the rate of soil respiration: sub-
strate availability and not thermal acclimation mediates observed
response, Glob. Change Biol., 13, 1761-1770, 2007b.

Heath, J., Ayres, E., Possel, M., Bardgett, R. D., Black, H. I. J.,
Grant, H., Ineson, P., and Kerstiens, G.: Rising atmospheric CO,
reduces sequestration of root-derived soil carbon, Science, 309,
1711-1713, 2005.

Heinemeyer, A., Ineson, P., Ostle, N., and Fitter, A. H.: Respiration
of the external mycelium in the arbuscular mycorrhizal symbiosis
shows strong dependence on recent photosynthates and acclima-
tion to temperature, New Phytol., 171, 159-170, 2006.

Heinemeyer, A., Hartley, I. P., Evans, S. P., Carreira de la Fuente,
J. A., and Ineson, P.: Forest soil CO, flux: uncovering the con-
tribution and environmental responses of ectomycorrhizas, Glob.
Change Biol., 13, 1786-1797, 2007.

Heinemeyer, A., Di Bene, C., Lloyd, A. R., Tortorella, D., Baxter,
R., Huntley, B., Gelsomino, A., and Ineson, P.: Soil respiration:
implications of the plant-soil continuum and respiration cham-
ber collar-insertion depth on measurement and modelling of soil
CO, efflux rates in three ecosystems, Eur. J. Soil Sci., 62, 82-94,
2011.

Hibbard, K. A., Law, B. E., Reichstein, M., and Sulzman, J.: An
analysis of soil respiration across Northern Hemisphere temper-
ate ecosystems, Biogeochemistry, 73, 29-70, 2005.

Hogberg, P. and Read, D. J.: Towards a more plant physiological
perspective on soil ecology, TRENDS in Ecol. Evol., 21, 548—
554, 2006.

Hogberg, P., Hogberg, M. N., Gottlicher, S. G., Betson, N. R., Keel,
S. G., Metcalfe, D. B., Campbell, C., Schindlbacher, A., Hurry,
V., Lundmark, T., Linder, S., and Nésholm, T.: High temporal
resolution tracing of photosynthate carbon from the tree canopy
to forest soil microorganisms, New Phytol., 177, 220-228, 2008.

Kirschbaum, M. U. F.: Will changes in soil organic matter act as a
positive or negative feedback on global warming?, Biogeochem-
istry, 48, 21-51, 2000.

Kirschbaum, M. U. F.: The temperature dependence of organic-
matter decomposition — still a topic of debate, Soil Biol.
Biochem., 38, 2510-2518, 2006.

Knohl, A., Sge, A. R. B., Kutsch, W. L., Gockede, M., and Buch-
mann, N.: Representative estimates of soil and ecosystem respi-
ration in an old beech forest, Plant Soil, 302, 189-202, 2008.

Kormann, R. and Meixner, F. X.: An analytical footprint model for
non-neutral stratification, Bound.-Lay. Meteorol., 99, 207-224,
2001.

Kutsch, W., Bahn, M., and Heinemeyer, A.: Soil carbon relations —

Biogeosciences, 9, 79-95, 2012

A. Heinemeyer et al.: Exploring the “overflow tap” theory

an overview, in: Soil Carbon Dynamics: An Integrated Method-
ology, edited by: Kutsch, W., Bahn, M., and Heinemeyer, A.,
Cambridge University Press, ISBN-13: 9780521865616, 2009.

Kuzyakov, Y.: Response: Object- versus method-oriented terminol-
ogy, Soil Biol. Biochem., 38, 2999-3000, 2006a.

Kuzyakov, Y.: Sources of CO, efflux from soil and review of parti-
tioning methods, Soil Biol. Biochem., 38, 425-448, 2006b.

Kuzyakov, Y. and Gavrichkova, O.: Time lag between photosynthe-
sis and carbon dioxide efflux from soil: a review of mechanisms
and controls, Glob. Change Biol., 16, 3386-3406, 2010

Lagergren, F., Lindroth, A., Dellwik, E., Ibrom, A., Lankreijer, H.,
Launiainen, S., Molder, M., Kolari, P., Pilegaard, K., and Vesala,
T.: Biophysical controls on CO, fluxes of three Northern forests
based on long-term eddy covariance data, Tellus B, 60, 143-152,
2008.

Lasslop, G., Reichstein, M., Papale, D., Richardson, A. D., Ar-
neth, A., Barr, A., Stoy, P., and Wohlfahrt, G.: Separation of
net ecosystem exchange into assimilation and respiration using a
light response curve approach: critical issues and global evalua-
tion, Glob. Change Biol., 16, 187-208, 2010.

Leake, J., Johnson, D., Donnelly, D., Muckle, G., Boddy, L., and
Read, D.: Networks of power and influence: the role of myc-
orrhizal mycelium in controlling plant communities and agroe-
cosystem functioning, Can. J. Bot., 82, 1016-1045, 2004.

Leuning, R. and Moncrieff, J.: Eddy-covariance CO, flux measure-
ments using open- and closed-path CO; analysers: corrections
for analyser water vapour sensitivity and damping of fluctuations
in air sampling tubes, Bound.-Lay. Meteorol., 53, 63-76, 1990.

Lindahl, B. D., Ihrmark, K., Boberg, J., Trumbore, S. E., Hogberg,
P, Stenlid, J., and Finlay, R. D.: Spatial separation of litter de-
composition and mycorrhizal nitrogen uptake in a boreal forest,
New Phytol., 173, 611-620, 2007.

Liu, Q., Edwards, N. T., Post, W. M., Gu, L., Ledford, J., and
Lenhart, S.: Temperature-independent diel variation in soil respi-
ration observed from a temperate deciduous forest, Glob. Change
Biol., 12, 1-10, 2006.

Luyssaert, S., Inglima, 1., Jung, M., Richardson, A. D., Reichstein,
M., Papale, D., Paio, S.L., Schulze, E.-D., Wingate, L., Mat-
teucci, G., Aragao, L., Aubinet, M., Beer, C., Bernhofer, C.,
Black, K. G., Bonal, D., Bonnefond, J.-M., Chambers, J., Ciais,
P., Cook, B., Davis, K. J., Dolman, A. J., Gielen, B., Goulden,
M., Grace, J., Granier, A., Grelle, A., Griffis, T., Grunwald,
T., Guidolotti, G., Hanson, P. J., Harding, R., Hollinger, D. Y.,
Hutyra, L. R., Kolari, P., Kruijt, B., Kutsch, W., Lagergren, E,,
Laurila, T., Law, B. E., Maire, G. L., Lindroth, A., Loustau,
D., Malhi, Y., Mateus, J., Migliavacca, M., Misson, L., Mon-
tagnani, L., Moncrieff, J., Moors, E., Munger, J. W., Nikinmaa,
E., Ollinger, S. V., Pita, G., Rebmann, C., Roupsard, O., Sai-
gusa, N., Sanz, M. J., Seufert, G., Sierra, C., Smith, M.-L., Tang,
J., Valentini, R., Vesala, T., and Janssens, I. A.: CO, balance
of boreal, temperate, and tropical forests derived from a global
database, Glob. Change Biol., 13, 2509-2537, 2007.

Mahecha, M. D., Reichstein, M., Carvalhais, N., Lasslop, G.,
Lange, H., Seneviratne, S.I., Vargas, R., Ammann, C., Arain, M.
A., and Cescatti, A.: Global Convergence in the temperature sen-
sitivity of respiration at ecosystem level, Science, 329, 838—840,
2010.

Massman, W. J.: The attenuation of concentration fluctuations in
turbulent flow through a tube, J. Geophys. Res, 96D, 15269-

www.biogeosciences.net/9/79/2012/


http://dx.doi.org/10.5194/npg-11-561-2004

A. Heinemeyer et al.: Exploring the “overflow tap” theory

15273, 1991.

Meier, A., Grote, R., Polle A., and Butterbach-Bahl, K.: Simulating
mycorrhiza contribution to forest C- and N cycling-the MYCO-
FON model, Plant Soil, 327, 493-517, 2010.

Melillo, J. M., McGuire, A. D., Kicklighter, D. W., Moore III, B.,
Corosmarty, C.J., and Schloss, A. L.: Global climate change and
terrestrial net primary productivity, Nature, 363, 234-240, 1993.

Mencuccini, M. and Holttd, T.: The significance of phloem trans-
port for the speed with which canopy photosynthesis and below-
ground respiration are linked, New Phytol. 185, 189-203, 2010.

Moncrieff, J. B., Massheder, J. M., Verhoef, A., Elbers, J, Heut-
sunkveld, B. H., Scott, S., de Bruin, H., Kabat, P. Soegaard, H.,
and Jarvis, P. G.: A system to measure surface fluxes of energy,
momentum and carbon dioxide, J. Hydrology, 188-189, 589—
611, 1997.

Moyano, E. E., Kutsch, W. L., and Rebmann, C.: Soil respiration in
relation to photosynthetic activity in broad-leaf and needle-leaf
forest stands, Agr. Forest Meteorol., 148, 135-143, 2008.

Ngao, J., Longdoz, B., Granier, A., and Epron, D.: Estimation of
autotrophic and heterotrophic components of soil respiration by
trenching is sensitive to corrections for root decomposition and
changes in soil water content, Plant Soil, 301, 99-110, 2007.

Phillips, C. L., Nickerson, N., Risk, D., and Bond, B. J.: Inter-
preting diel hysteresis between soil respiration and temperature,
Glob. Change Biol., 17, 515-527, 2011.

Pitman, R. M., Vanguelova, E. I., and Benham, S. E.: The effects
of phytophagous insects in water and soil nutrient concentrations
and fluxes through forest stands of the Level II monitoring net-
work in the UK, Sci. Total Environ., 409, 169-181, 2010.

Raich, J. W. and Potter, C. S.: Global patterns of carbon dioxide
emissions from soils, Global Biogeochem. Cy., 9, 23-36, 1995.

Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Valentini,
R., Aubinet, M., Berbigier, P., Bernhofer, C., Buchmann, N.,
Gilmanov, T., Granier, A., Griinwald, T., Havrankova, K.,
Janous, D., Knohl, A., Laurela, T., Lohila, A., Loustau, D., Mat-
teucci, G., Meyers, T., Miglietta, F., Ourcival, J.-M., Rambal,
S., Rotenberg, E., Sanz, M., Seufert, G., Vaccari, F., Vesala, T.,
and Yakir, D.: On the separation of net ecosystem exchange into
assimilation and ecosystem respiration: review and improved al-
gorithm, Glob. Change Biol., 11, 1-16, 2005.

Rygiewicz, P. T. and Andersen, C. P.: Mycorrhizae alter quality and
quantity of carbon allocated below ground, Nature, 369, 58-60,
1994.

Sampson, D. A., Janssens, 1. A., Yuste, J. C., and Ceulemans, R.:
Basal rates of soil respiration are correlated with photosynthesis
in a mixed temperate forest, Glob. Change Biol., 13, 2008-2017,
2007.

Schifer, K. V. R., Clark, K. L., Skowronskiw, N., and Hamerlynck,
E. P.: Impact of insect defoliation on forest carbon balance as
assessed with a canopy assimilation model, Glob. Change Biol.,
16, 546-560, 2010.

Schimel, D. S., Braswell, B. H., Holland, E. A., Mckeown, R.,
QOjima, D. S., Painter, T. H., Parton, W. J., and Townsend, A. R.:
Climatic, edaphic, and biotic controls over storage and turnover
of carbon in soils, Global Biogeochem. Cy., 8, 279-293, 1994.

Schlesinger, W. H. and Andrews, J. A.: Soil respiration and the
global carbon cycle, Biogeochemistry, 48, 7-20, 2000.

Smith, P. and Fang, C.: A warm response by soils, Nature, 464,
499-500, 2010.

www.biogeosciences.net/9/79/2012/

95

Soderstrom, B. and Read, D. J.: Respiratory activity of intact and
excised ectomycorrhizal mycelial systems growing in unsteril-
ized soil, Soil Biol. Biochem., 19, 231-236, 1987.

Subke, J.-A. and Bahn, M.: On the “Temperature Sensitivity” of
soil respiration: Can we use the immeasurable to predict the un-
known?, Soil Biol. Biochem., 42, 1653-1656, 2010.

Subke, J.-A., Inglima, I., and Cotrufo, F.: Trends and methodolog-
ical impacts in soil CO, efflux partitioning: A meta-analytical
review, Glob. Change Biol., 12, 1-23, 2006.

Subke J.-A., Vallack H. W., Magnusson T., Keel S. G., Metcalfe D.
B., Hogberg P., and Ineson P.: Short-term dynamics of abiotic
and biotic soil 13 CO,, effluxes after in situ 13C02 pulse labelling
of a boreal pine forest, New Phytol., 183, 349-357, 2009.

Sulzman, E. W, Brant, J. B., Bowden, R. D., and Lajtha, K.: Contri-
bution of aboveground litter, belowground litter, and rhizosphere
respiration to total soil CO; efflux in an old growth coniferous
forest, Biogeochemistry, 73, 231-256, 2005.

Talbot, J. M., Allison, S. D., and Treseder, K. K.: Decomposers
in disguise: mycorrhizal fungi as regulators of soil C dynamics
in ecosystems under global change, Funct. Ecol., 22, 955-963,
2008.

Tang, J., Baldocchi, D., and Xu, L.: Tree photosynthesis modulates
soil respiration on a diurnal time scale, Glob. Change Biol., 11,
1298-1304, 2005.

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhi-
tova, G. and Zimov, S.: Soil organic carbon pools in the north-
ern circumpolar permafrost region, Global Biogeochem. Cy., 23,
GB2023, doi:10.1029/2008gb003327, 2009.

Thomas, M. V., Malhi, Y., Fenn, K. M., Fisher, J. B., More-
croft, M. D., Lloyd, C. R., Taylor, M. E., and McNeil, D. D.:
Carbon dioxide fluxes over an ancient broadleaved deciduous
woodland in southern England, Biogeosciences, 8, 1595-1613,
doi:10.5194/bg-8-1595-2011, 2011.

Torrence, C. and Compo, G. P.: A practical guide to wavelet analy-
sis, B. Am. Meteorol. Soc., 79, 61-78, 1998.

Vargas, R.: On the fate of old stored carbon after large-infrequent
disturbances in plants, Plant Sig. Beh., 4, 617-619, 2009.

Vargas, R., Detto, M., Baldocchi, D. D., and Allen, M. F.: Multi-
scale analysis of temporal variability of soil CO, production as
influenced by weather and vegetation. Glob. Change Biol., 16,
1589-1605, 2010a.

Vargas, R., Baldocchi, D. D. Querejeta, J. L., Curtis, P. S., Has-
selquist, N. J., Janssens, 1. A., Allen, M. F., and Montagnani, L.:
Ecosystem CO; fluxes of arbuscular and ectomycorrhizal domi-
nated vegetation types are differentially influenced by precipita-
tion and temperature, New Phytol., 185, 226-236, 2010b.

Vargas, R., Baldocchi, D. D., Bahn, M., Hanson, P. J., Hosman,
K. P., Kulmala, L., Pumpanen, J., and Yang, B.: On the multi-
temporal correlation between photosynthesis and soil CO, ef-
flux: reconciling lags and observations, New Phytol., 191, 1006—
1017, 2011.

Wingate, L., Ogée, J., Burlett, R., Bosc, A., Devaux, M., Grace,
J., Loustau, D., and Gessler, A.: Photosynthetic carbon isotope
discrimination and its relationship to the carbon isotope signals
of stem, soil and ecosystem respiration, New Phytol., 188, 576—
589, 2010.

Biogeosciences, 9, 79-95, 2012


http://dx.doi.org/10.1029/2008gb003327
http://dx.doi.org/10.5194/bg-8-1595-2011

