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The rate of metabolic processes demanding energy in tree stems changes in relation with prevailing cli
matic conditions. Tree water availability can affect stem respiration through impacts on growth, phloem 
transport or maintenance of diverse cellular processes, but little is known on this topic. Here we moni
tored seasonal changes in stem CO2 efflux(Fs), radial growth, sap flow and non-structural carbohydrates in 
trees of Quercus ilex in a Mediterranean forest stand subjected since 2003 to either partial (33%) through-
fall exclusion (£) or unchanged throughfall (C). Fs increased exponentially during the day by an effect 
of temperature, although sap flow attenuated the increase in Fs during the day time. Over the year, Fs 

also increased exponentially with increasing temperatures, but Fs computed at a standard temperature 
of 15 °C (Fs

15) varied by almost 4-fold among dates. Fs
15 was the highest after periods of stem growth and 

decreased as tree water availability decreased, similarly in Cand E treatments. The decline in Fs
15 was not 

linked to a depletion of soluble sugars, which increased when water stress was higher. The proportion 
of ecosystem respiration attributed to the stems was highest following stem growth (23.3%) and lowest 
during the peak of drought (6.5%). High within-year variability in Fs

15 makes unadvisable to pool annual 
data of Fs vs. temperature to model Fs at short time scales (hours to months) in Mediterranean-type for
est ecosystems. We demonstrate that water availability is an important factor governing stem C02 efflux 
and suggest that trees in Mediterranean environments acclimate to seasonal drought by reducing stem 
respiration. Stem respiratory rates do not seem to change after a long-term increase in drought intensity, 
however. 

1. Introduction 

Stem respiration (Rs) is an important component of tree and 
ecosystem carbon budgets; above ground woody tissues account
ing for 5-40% of total annual respiration among different forest 
ecosystems (Lavigne et al., 1997; Xu et al, 2001; Damesin et al., 
2002; Bolstad et al., 2004; Zha et al., 2004; Gaumont-Guay et al., 
2006; Acosta et al., 2008; Maseyk et al., 2008; Tang et al., 2008; 
Wieser et al., 2009; Wang et al., 2010; Guidolotti et al, 2013). Rs 

and its contribution to ecosystem respiration may vary over time in 
relation with the sensitivity of stem growth, photosynthesis, carbo
hydrate transport or nitrogen mobilization to climatic factors such 
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as temperature and rainfall. Given that temperature and drought 
are projected to increase in many regions of the world (Giorgi, 
2006), it is crucial to better assess how they will affect Rs at differ
ent temporal scales. Accounting for the influence of temperature 
and water availability on Rs will improve estimates of ecosystem 
respiration and partitioning among ecosystem components, but so 
far the influence of both climatic factors is largely overlooked in 
the parameterization of most vegetation models (Smith and Dukes, 
2013). 

The rate of Rs increases as temperatures rise within a day or 
throughout the year, but it is often ignored that the rate of increase 
is not necessarily the same between the two time scales when mak
ing temporal extrapolations (e.g. Damesin et al, 2002; Tang et al., 
2008; Wang et al., 2010; Guidolotti et al., 2013). Most vegetation 
models make the implicit assumption that maintenance respira
tion of living cells is a constant fraction of gross photosynthesis 
or just vary with instantaneous temperature similarly through the 
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year (Smith and Dukes, 2013). However, the increase in respiration 
following a long-term rise in temperature is generally lower than 
that occurring in a shorter period of time because of the thermal 
acclimation of respiratory metabolism (Atkin and Tjoelker, 2003; 
Atkin et al., 2005). The depletion of soluble sugars can cause respira
tion rates to decline in response to sustained hot temperatures, and 
on the other hand, accumulation of soluble sugars in cold-exposed 
plants can cause respiration rates to increase (Atkin and Tjoelker, 
2003; Atkin et al., 2005; Kruse et al., 2011). This phenomenon of 
thermal acclimation has been observed in many tree species for 
leaves and roots, but it has rarely been examined for stems (but see 
Paembonan et al., 1991; Gansert et al., 2002). 

Some field studies have suggested that Rs declines with 
decreasing soil water content (Levy andjarvis, 1998; Nepstad et al., 
2002; Stahl et al., 2011), but not others (Zach et al., 2010; Maier, 
2001; Guidolottietal., 2013). Discrepancies may arise from the dis
tinct sensitivity of species to water deficit and the lack of studies 
examining the relationship between tree water availability and Rs. 
The cessation of growth seems to be the main effect of drought on 
reducing Rs (Ryan, 1991; Levy andjarvis, 1998; Nepstad et al., 2002), 
but drought could also slow the rate of Rs by reducing phloem 
transport (see Sevanto et al., 2014), the turgor pressure of cells 
(Saveyn et al., 2007a,b), the availability of respiratory substrates 
(Wertin and Teskey, 2008; Maier et al., 2010; Maunoury-Danger 
et al., 2010), or the energy demand of cell maintenance processes if 
drought sets in progressively (Atkin and Macherel, 2009). In the 
long run, coordinated anatomical and functional changes at the 
tree level induced by drought can affect the rates of respiration of 
woody tissues. For example, Rs can be altered if increased drought 
affects wood density (Bowman et al., 2005). Besides, the sapwood 
area to leaf area ratio can increase as trees are exposed to increas
ingly dry conditions through a decline in supported leaf area (e.g. 
Martin-StPaul et al., 2013). Such change in biomass partitioning 
is crucial to reduce the possibility to suffer embolism in the long 
term, but it also modifies the ratio between photosynthetic and 
non-photosynthetic tissues, which could eventually affect Rs. Only 
Nepstad et al. (2002) have investigated how a sustained change in 
throughfall may affect stem respiratory rates. The authors found no 
effect of experimental throughfall reduction on stem C02 efflux in 
a tropical forest. 

Measuring stem CO2 efflux (Fs) is the method most widely used 
to estimate Rs, although there are some difficulties to unequivo
cally link both variables. Fs may not fully represent the metabolic 
activity of stem living tissues, and the diurnal and seasonal vari
ation of different physical and physiological factors may affect Fs, 
but not Rs. Some of the problems that bias estimation of Rs from 
Fs are re-fixation of respiratory CO2 by bark photosynthesis (e.g. 
Cernusak et al., 2006), resistance to radial CO2 diffusion (e.g. Steppe 
et al., 2007) and C02 transport through the xylem stream. Part 
of the CO2 respired locally can dissolve in xylem sap and flow 
upward, reducing radial efflux as sap flow rises (e.g. Teskey et al., 
2008). However, despite the complex regulation of stem CO2 fluxes 
(Trumbore et al., 2013), studies that have measured xylem CO2 con
centration, and axial, radial and storage CO2 fluxes in tree stems 
have estimated that Fs accounts for a high proportion of Rs. McGuire 
and Teskey (2004) estimated that, over 24 h, Fs accounted for 77, 
45 and 83% of Rs in Fagus grandiflora, Platanus occidentalis and 
Liquidambar styraciflua, respectively. Teskey and McGuire (2007) 
later estimated that Fs was approximately 65% of Rs in another 
experiment with P. occidentalis. The highest contribution of Fs to 
Rs (88% on average over 24 h) was suggested by Bowman et al. 
(2005) and Saveyn et al. (2008) for Dacrydium cupressinum and 
Populus deltoides, respectively. Therefore, Fs could be considered 
as a reasonable and practical proxy of Rs. 

In this experiment we sought to explore how variations in 
temperature and plant water availability affected Fs at different 

temporal scales in a mature coppice of Quercus ilex. Specifically, we 
sought to answer the following questions: (1) is the diel pattern of 
Fs governed by temperature? (2) How seasonal variations in tem
perature and soil water availability affect Fs? (3) Does Fs change 
after a long-term increase in drought intensity? To address these 
questions we measured diel changes in Fs during a year in trees of Q, 
ilex equipped to measure sap flux and radial growth continuously. 
Half of the trees were subjected to partial exclusion of throughfall 
since 2003, which allowed comparing the effects of drought at dif
ferent time scales. We measured the concentration of nitrogen and 
non-structural carbohydrates through time as potential causes of 
variation of Fs. Finally, we scaled measurements of Fs to the stand 
level, and compared the importance of considering different tem
perature response curves of Fs across the year vs a single annual 
temperature response curve. 

2. Materials and methods 

2.1. Study area 

This study was conducted in a forest stand in the south of France 
(3°35' E, 43°44' N; 270 m a.s.L). The stand is dominated by Q, ilex, 
which accounts for more than 90% of tree canopy cover. As of 2009, 
stem density and basal area were, respectively, 5100 stems ha - 1 

and 27.4m2ha~1. The high density is related to the full coppic
ing made in 1942. Climate is Mediterranean. Over the period from 
1984 to 2011, mean annual temperature was 13.2°C and mean 
annual rainfall was 913 mm; during the summer months fromjune 
through September mean temperature was 20 °C and rainfall was 
205 mm. The soil is extremely stony, with 75% of stones in the first 
50 cm of soil and 90% below. 

2.2. Experimental design and stem C02 efflux 

Measurements of Fs were made at 1.5 m height in five trees 
of Q, ilex nine times in 2011, at approximately monthly inter
vals from March to November. From May on, we included five 
additional trees that have been subjected to a partial exclusion 
of throughfall since spring 2003. By doing so we aimed at (1) 
enlarging the range of tree water status during summer, under 
the expectation that trees subject to throughfall exclusion (£ trees) 
had lower water potential than control (C) trees; and (2) evaluat
ing a long-term acclimation to increased drought (i.e. differences 
between treatments at a given level of current-year water stress). 
The throughfall exclusion system is detailed elsewhere (Limousin 
et al., 2009; Rodriguez-Calcerrada et al., 2011). Briefly, throughfall 
is intercepted by PVC rain gutters conducing water outside three 
100 m2 plots. The ground area covered by the gutters is 33%. This 
makes for an average reduction in net precipitation to the soil of 
27% compared to the C plots, which are also equipped with gut
ters turned upside down to balance the understory microclimate in 
both treatments. Throughfall exclusion has translated into higher 
cumulative water stress in E than C trees over the first 6 years of 
exclusion. Water stress integral during summer months, a param
eter resulting from the summation of daily predawn leaf water 
potential over this period, was 26% lower in E than C trees (see 
Rodriguez-Calcerrada et al., 2011). Sampled trees were in the mid
dle of one of the three plots. Mean stem diameter (±SE) at breast 
height (DBH) at the beginning of the study was 12.8 ±1.1 cm for E 
trees and 11.5 ± 0.6 cm for C trees. 

Stem CO2 efflux (Fs) was measured in situ using a portable infra
red gas analyser (LI-6400, Li-Cor Inc., Lincoln, NE, USA) coupled to 
a LI-6400-09 soil chamber, following the technique and protocol 
detailed in Xu et al. (2000). Collars of polyvinyl chloride (PVC) were 
made to assemble the chamber to the stem; one end of the collar 
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housing the chamber and the other being shaped as to match the 
curvature of the stem. Loose bark was removed from the surface 
of measurement and then collars were attached onto the stems 
by applying 100% silicone sealant. Measurements were made by 
drawing the C02 concentration inside the chamber down and let
ting it increase from stem CO2 efflux up to an upper concentration 
limit. The lower and upper CO2 concentration limits were changed 
through the day so as to bracket the ambient air CO2 concentration, 
which was on average 380 ppm during the day and 394 ppm dur
ing the night. The rate of change of C02 over time was computed 
at ambient CO2 concentration in three consecutive measurement 
cycles. Measurements were made at ambient air temperature and 
relative humidity. Values of Fs given by the LI-6400 system were 
re-calculated to account for the volume of the stem collar. To mea
sure this volume, the open end of the PVC collar was closed and 
water from a graduated cylinder was added through a hole on the 
top of the collar. A further correction of Fs per unit surface area 
was applied to account for the curvature of the stem by using the 
equation given in Xu et al. (2000). 

Stem CO2 efflux (Fs) was measured at six, occasionally five times 
on each date, typically three times from dusk to dawn and three 
from dawn to afternoon. Stem temperature (Ts) at 2 cm depth was 
measured every 5 min and averaged at 30-min intervals for each 
tree, which allowed us to assess the short-term temperature sen
sitivity of Fs (Q.10) through the relationship of Fs and Ts. To test for 
a possible time-lag between these variables, the natural logarithm 
of Fs was regressed against Ts at the time of measuring and at 30, 
60, 90 and 120 min earlier, and the coefficients of determination 
were compared (Ryan et al., 1995; Acosta et al., 2008). From the 
best regression model, we calculated the rate of Fs at the prevailing 
Ts of each date (i.e. at mean Ts of the week preceding measure
ments; Fs

amb) and at 15°C(FS
15), a temperature commonly reported 

in literature and close to the average annual Ts (14.2°C). Finally, we 
calculated the Q10 by using the equation: 

with k being the slope of the linear regression of the natural loga
rithm of Fs against Ts (Atkin et al., 2005). 

2.3. Sap flow 

Xylem sap velocity (Vs) was estimated in the same trees sam
pled for Fs using two 2-cm-long thermal dissipation probes inserted 
radially into the stem and separated 10 cm along its vertical axis. 
Vs was calculated from the difference in temperature between the 
upper probe, which was constantly heated, and the lower probe 
measuring current wood temperature (Granier, 1985; Granier et al., 
1992). Data were taken at 5 min intervals and the 30-min means 
recorded in CR10X data loggers (Campbell Scientific Ltd.). Both 
probes were shielded from direct sunlight by aluminium reflectors. 

The influence of Vs on Fs was evaluated by examining the rela
tionship of Vs with residuals of Fs, i.e. the ratio of the Fs observed 
and that predicted from the regression against Ts when Vs was neg
ligible (i.e. Vs<0.01 mms"1 ; Maier and Clinton, 2006; Holtta and 
Kolari, 2009). Furthermore, we compared Fs

15 derived from models 
including either all data or just data at Vs <0.01 m m s - 1 . 

2.4. Tree water availability 

Shoot water potential was used as a surrogate of tree water 
availability. One shoot from each tree in which Fs was measured 
was excised before dawn and immediately measured using a pres
sure chamber (PMS Instrument Company, Albany, OR, USA). 

2.5. Stem radial growth 

Stem diameter was continuously monitored with dendrome-
ter bands (ELPA-93, University of Oulu, Finland) in the same trees 
where Fs and Vs were measured. We computed the rate of diame
ter increment at each date as the slope of stem diameter vs. time 
in the one-month period bracketing the measurement of Fs. We 
considered Fs to potentially reflect both growth and maintenance 
respiration in a given date when significant diameter increments 
were registered in that period. The only exception was for the 
date of October, when low Wv^ (?«-4MPa) at the time of Fs mea
surements likely precluded any growth-related activity preceding 
subsequent rains and stem growth. 

2.6. Chemical analyses 

Stem cores were extracted on May, June, late August and October 
from trees belonging to C and E treatments, although not those 
in which Fs was measured to avoid any damage in these trees. 
Samples were taken at midday and brought to the laboratory for 
being oven-dried at 60 °C for three days. Bark was easily separated 
from sapwood. Then outer bark was removed and the concentra
tion of carbon, nitrogen (N) and total non-structural carbohydrates 
were separately analyzed in the inner bark and the outer 0.5 cm 
of sapwood. The concentration of carbon and nitrogen was mea
sured using an elemental analyzer (Flash EA1112 Series, Thermo 
Finnigan, Italy). The concentration of non-structural carbohydrates 
was measured in a gas chromatograph coupled to a mass spec
trometer (GC-MS; Shimadzu QP201 Oplus). Soluble sugars (SS) were 
extracted as described in Gottlicher et al. (2006). The supernatant 
was dried in vacuo (SpeedVac Plus, Savant Instruments, New-York, 
USA), and then sugars were derivatized following Fiehn (2006). 
The extraction of starch was made on the pellet resulting from the 
extraction of sugars. The pellet was washed with 1 ml of 20, 60 and 
96% ethanol solutions, dried in vacuo, and then digested at 60 °C 
with 3U of Amyloglucosidase from Rhizopus sp. in sodium acetate 
buffer. The quantification in the GC-MS was performed relative 
to internal and external standards; phenyl-(3-D-glucopyranoside 
was the internal standard, and starch, D(+)-glucose, fructose and 
D(+)sucrose were the external standards. Sugars were identified 
by their retention times; the identification was further verified 
by comparing their mass spectral data with the mass spectral 
library. 

2.7. Sapwood density 

Sapwood density was measured in 40 trees from each treatment 
in April 2011, excluding those sampled for Fs. The dry weight of 
samples were divided by their volume, which was measured using 
a density determination kit (Sartorius, YDK01, Germany), based on 
the principle of Archimedes. 

2.8. Upscaling stem C02 efflux to the stand level 

Punctual measurements of Fs expressed as a function of sap-
wood volume were upscaled to the stand (three 100 m2 plots) and 
the 24 h of the sampling days using the following equation: 

t X > ^ o ( ? b - 1 5 ) / 1 0 ^ 
*Vstand - T o t a l p l o t a r e a 

where SV means stem sapwood volume (see below), and sub
scripts i andj refer to stems in the plots (i = l n) and half hourly 
temperatures Q' = l 48), respectively. To assess the importance 
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of seasonal shifts in respiratory characteristics (Fs
15 and Qio) in 

modelling Fs_stand> these parameters were either taken from the 
temperature response curves of Fs of each date or the single 
response curve fitted to all annual data. Furthermore, to improve 
the accuracy of the up scaling, we examined the relationship 
between Fs and diameter in 25 extra trees subjected to normal 
rainfall during one night in April and August. Stem temperature 
at measurement time in these trees was calculated by interpolat
ing the 30-min mean of 16 sensors placed in other stems to 1 min 
intervals. We used the mean Qio obtained for the trees measured 
more frequently in the control plot to standardize Fs rates of the 25 
extra trees to a common reference temperature. 

The sapwood volume of each stem in the plot was calcu
lated from allometric relationships derived from trees outside the 
plots. Sapwood area (SA, cm2) was measured in 16 cut trees and 
expressed as a function of DBH (in cm) as: 

3. Results 

3.1. Environmental conditions 

Air and stem temperatures increased from winter to summer 
and reached the maximum annual values of 2011 in August (Fig. 1 a). 
The dry period started late because of a rainy month of July and 
lasted abnormally long due to the absence of significant rainfall 
until late October, when it rained 578 mm (50% of the annual total) 
in one month. This caused a clear seasonality in the soil water avail
able to trees (<ft)d; Fig. lb), and resulted in a lack of correlation 
between temperature and <?pd across measurement dates which 
was useful in untangling temperature and Wv^ effects on seasonal 
shifts of stem CO2 efflux (Fs). Wv^ was significantly lower for trees 
subjected to throughfall exclusion, but only from August through 
October (P-value of date by treatment interaction effect <0.001). 

SA = ftDBHai, 3.2. Diurnal changes in stem C02 efflux 

with ft =0.69 (95% confidence interval = 0.29-1.08), 
«! = 1.89 ±0.10, r2 = 0.97, n = 16. The allometric relationship 
between height (H, cm) and DBH was: 

H = p2DBHa2, 

with ft = 128.7 (95% confidence interval = 121.6-135.8), 
a2 = 0.57 ±0.01, r2 = 0.69, n = 891. Thus, assuming constant sap-
wood depth along the stem, sapwood volume (in cm3) was 
calculated as: 

SV = SA-H = ft ftDBH(ai+a2) = 88.7DBH: 2.465 

On each date of measurement, the proportion of variance in Fs 

explained by stem temperature (Ts) was low when all trees were 
pooled together because of between-tree variability in Fs, but it was 
high when trees were considered individually. Of the 80 individual 
curves of Fs and concurrent Ts fitted across dates and treatments, 
73% showed coefficients of determination (r2) higher than 0.90 and 
only 6% had r2 <0.50. The goodness of fit increased for 38 curves 
when Fs was plotted against the Ts registered 30-120 min earlier, 
with 80% of curves having r2 values higher than 0.90 and only 3% 
(two curves) having r2 < 0.50. As Wv^ decreased over time, there 
was a trend for more trees to have the best r2 with any of the stem 
temperatures previous to rather than concurring with Fs (Fig. 2a). 
Similarly, the average time lag between Fs and stem temperature 

2.9. Ecosystem respiration 

An eddy-covariance flux tower located approximately 100 m 
away from the C plot provided data of CO2 ecosystem exchange. 
Technical details on data acquisition, filtering and partition
ing of net ecosystem exchange into gross primary production 
and ecosystem respiration (Reco) can be found in Allard et al. 
(2008). Briefly, data processing and gap-filling was made based 
on the methodology developed by the FLUXNET global network 
(http://fluxnet.ornl.gov/). Daytime Reco was estimated from night
time data using an algorithm including seasonality in temperature 
sensitivity of respiration (Reichstein et al., 2005). The estimated 
value of stand-scale stem CO2 efflux (Fs_stan(]) was compared with 
ReCo on the nine days of sampling. 

2.10. Statistical analysis 

The main effects of date and treatment and the interaction 
effect between both factors were tested with General Linear Models 
(GLM). The date was included in models as a within-subjects factor 
for analysis of variables that were repeatedly measured on the same 
stem. Means of treatments were further compared by dates when 
the interaction between date and treatment factors was signifi
cant (P< 0.05). Differences between treatments in the relationship 
between independent (temperature, WpA and stem growth rate) 
and dependent (Fs

amb, Fs
15 and Q.10) variables were tested through 

the interaction effect between the independent variable and the 
factor treatment. Some variables were logarithmically transformed 
to make relationships linear. Analyses were made with Statistica 7.1 
(StatSoft, Tulsa, OK, USA). 
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Fig. 1. Seasonal variation of (a) airtemperature (grey line), stem temperature (black 
line) and rainfall (grey line): and (b) predawn shoot water potential in trees sub
jected to throughfall exclusion and normal throughfall (black and white symbols, 
respectively). 

http://fluxnet.ornl.gov/


65 
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Fig. 2. Relationship between mean predawn shoot water potential (tf'pd) at each 
date and (a) percentage of sampled trees (5 in the first two dates and 10 in the rest) 
showing a delayed response of stem C02 efflux (Fs) to temperature and (b) mean 
time lag of Fs in relation to temperature. Regression models were depicted in (a) r2: 
0.40, n = 9, P= 0.068; and (b)r2: 0.27, n = 9, P= 0.156. 

100 100 

0.0 0.4 0.8 1.2 1.6 2.0 2.4 
Fs^dimolm^s-1) 

10 12 14 
DBH (cm) 

Fig. 3. Relationship between (a) mean stem C02 efflux(Fs)atl5°C(Fs
15)and(b)stem 

diameter at breast height (DBH) of each tree with the percentage of dates (7-9) in 
which the tree showed a delayed response of Fs to temperature. Regression models 
were depicted in (a) r2: 0.49, n = 10, P= 0.024; and (b) r2: 0.49, n= 10, P=0.023. 

showed a weak trend to increase with decreasing WpA (r2: 0.27, 
n = 9, P=0.156; Fig. 2b). Concerning variability among individuals, 
there was a negative correlation between the annual average rate 
of Fs of a tree and the number of dates in which it exhibited a 
lagged response of Fs to temperature (Fig. 3a). Further, bigger trees, 
with higher area-based Fs (see below), had less frequently a lagged 
response of Fs to temperature (Fig. 3b). 

In some dates, more noticeably in April, a hysteretic relationship 
was observed between Fs and the concurrent stem temperature, so 
that at a common temperature of 15 °C, Fs was higher at times of 
negligible sap velocity (Vs < 0.01 mm s_1) than at times with appre
ciable sap flow (supplementary Fig. SI). To explore whether Vs 

modified the relationship between Ts and Fs, we calculated the 
residuals between the values of Fs observed and those predicted 
from Ts when Vs<0.01mm s - 1 ; then we plotted the residuals 
against Vs. We found that the residuals varied with Vs, but in a 
different way when concomitant stem temperatures were used in 
the regression models than when the time lag in the response of Fs 

to temperature was taken into account (Table 1): the ratio between 
the observed and predicted values tended to decrease with increas
ing Vs within most and across all dates only when concomitant stem 
temperatures were used in the regression models. 

Supplementary Fig. I related to this article can be found, 
in the online version, at http://dx.doi.Org/10.1016/j.agrformet. 
2014.04.012. 

3.3. Seasonal changes in stem CO2 efflux 

Stem CO2 efflux (Fs) increased with increasing Ts throughout 
the year (Fig. 4). A close look to the annual response curve evi
denced differences in the base rate and temperature sensitivity 

Table 1 
Summary of simple linear regressions between sap velocity (Vs) and the ratio 
between the observed value of stem C02 efflux (Fs) and the value predicted from 
the regression of Fs against stem temperature at Vs<0.01 mms 4 . Regressions are 
derived either from the concomitant stem temperature (Method 1) or the tempera
ture overthe preceding 2 h that gave the best fit (Method 2). Analyses are specified by 
dates for both treatments (control and throughfall exclusion) pooled. Abbreviations: 
r(coefficient of correlation) and P (statistical significance of regression model). 

Date Method 1 Method 2 

9 March 
20 April 
31 May 
29 June 
2 August 
22 August 
23 September 
21 October 
24 November 
All data 

r 

-0.29 
-0.59 
-0.45 
-0.07 

0.28 
-0.53 

0.21 
-0.35 
-0.17 
-0.24 

P 

0.173 
0.003 
0.002 
0.6 
0.032 

<0.001 
0.147 
0.006 
0.267 

<0.001 

r 

-0.14 
-0.24 

0.12 
0.38 
0.51 

-0.03 
-0.04 
-0.01 
-0.1 

0.06 

P 

0.524 
0.264 
0.455 
0.003 

<0.001 
0.828 
0.775 
0.914 
0.48 
0.207 

Significant relationships at P<0.05 are marked in bold characters. 

of Fs between dates. To examine seasonal shifts in respiratory 
features, individual curves for each stem were used to calculate 
Q10. fs

amb a n d ?s5 at each date, with the time lag between Fs and 
Ts being considered for calculations. The results showed that the 
values of Q.10 varied over the year without a clear pattern (Fig. 5a). 
Stem CO2 efflux at the prevailing stem temperature of each date 
(Fs

amb) peaked by the end of June and again, less markedly, by 
the end of November (Fig. 5b). At a common stem temperature 
of 15°C, Fs

15 showed an additional peak in March (Fig. 5c). There 
were no differences in Fs

15 between throughfall exclusion treat
ments, whether it was expressed per unit of stem surface area 
or sapwood volume (see Fig. 5c and d). Similarly, Fs

15 obtained 
from temperature regressions at Vs<0.01 m m s - 1 (Fig. 5d) was 
similar in C and F trees, which suggest differences in Vs between 
treatments (P< 0.001; Fig. 6a) did not affect the comparison of Fs. 
Similar results were found for Q10 a n d F a m b (not shown). 

We examined to what extent seasonal variations in Famb , 
Fs

15 and Q.10 depended on prevailing temperatures, tree water 
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Fig. 4. Scatter plot of stem C02 efflux (Fs) vs. concurrent stem temperature at 2cm 
depth separated by sampling dates: 9 March (white circles), 20 April (grey circles), 
31 May (black circles), 29 June (white squares), 2 August (grey squares), 22 August 
(black squares), 23 September (white triangles), 21 October (grey triangles), and 24 
November (black triangles). 
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availability, and radial growth rates. There were trends for Fs
amb to 

increase (r2: 0.22, n = 16, P = 0.063; not shown) andFs
15 to decrease 

(Fig. 7a) as temperatures increased through the year. Tree water 
availability showed a strong positive relationship with Fs

15 (Fig. 7b) 

0.04 

Fig. 6. Seasonal variation of (a) average sap velocity (Vs) during daytime hours (solar 
radiation >4Wm J ) and (b) cumulative stem diameter increment, in trees subjected 
to either normal rainfall (white symbols and dashed line) or partial throughfall 
exclusion (black symbols and continuous lines). Symbols in (a) referto Vs in days on 
which stem C02 efflux was measured; in (b) they refer to stem C02 efflux atl5 °C 
(Fs

15). Values are means (±SE) of n = 5 stems. 

and was also positively correlated with Fs
amb (r2: 0.28, n = 16, 

P= 0.036; not shown), but not with Qio (not shown). Slopes were 
not significantly different between treatments at P< 0.05 on any of 
those cases. 

Across dates, stem growth rate was not correlated with Fs
15 

(Fig. 7c), nor with Qio or Fs
amb (not shown). Stem diameter growth 

started in the first week of May, by day of year (DOY) 127 ± 5 in 
C and day 126 ± 8 in £; it was negligible in summer and finished 
in the first week of November, by DOY 308 ±2 in C and 311 ±2 
in E (Fig. 6b). Stem diameter growth reached 0.75 ±0.10 mm in 
C and 0.57 ±0.18 mm in E over the year of the experiment. The 
higher rates of growth took place in May and then again in late 
October, but were uncoupled from Fs (Fig. 6b). For example, high 
Fs

15 in March occurred 60 days before stem increment took place, 
and the peak of Fs

15 in late November occurred when stem diam
eter increment was nil. Across trees, however, there were positive 
correlations between stem growth rate and Fs

15 for the dates of 
May and early August (Fig. 8). The relationship between relative 
growth rate and Fs

15 was not significantly different between dates 
or treatments (P-value of interaction effects > 0.10), and the lin
ear regression model for all data pooled indicated Fs

15 at zero 
growth was 0.70 |jimol C02 i r r 2 s_1. Assuming Fs ^Rs, it was esti
mated that 30% of respiratory costs in May and early August (i.e. 
0.35 |jimolC02 i r r 2 s_1) were attributed to growth, after subtrac
ting the value of 0.70 |jimol C02 i r r 2 s_1 to the mean Fs

15 observed 
in these dates. From this relationship, we calculated the growth 
respiration coefficient to be 0.19gC respired g_1 C wood formed. 
Density of sapwood was 0.87gcirr3 and average carbon concen
tration 46.6% in the sapwood and 42.8% in the inner bark, with no 
differences between treatments. These values were used to convert 
rates of stem diameter increment into carbon accumulation rates 
and calculate the growth respiration coefficient. 
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Fig. 7. Relationship between stem C02 efflux at 15 °C (Fs
15) and (a) prevailing stem temperature at each measurement date, (b) shoot predawn water potential (tf'pd), and (c) 
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15 are expressed as a function of stem surface area. Regression models significant at P< 0.10 were depicted for all data pooled: (a) y = 1.66 - 0.04x; 
r2:0.24, n= 16, P= 0.056; and (b)y = 1.52e°-27x;r2: 0.78, n= 16, P<0.001. 

From the relationship between relative growth rate and Fb?
5 

in early May and August we could not obtain positive estima
tions of growth Rs for the rest of dates (assuming Fs ?«RS and total 
Rs = growth Rs + maintenance Rs). Negative estimations of growth 
Rs were also obtained when considering the average Fs

15 in dates 
with no growth as indicative of maintenance Rs, or after modelling 
maintenance Rs as a function of WpA over the same period. Posi
tive estimations of growth Rs were only obtained when the lowest 
annual value of Fs

15 (registered at peak drought) was subtracted 
to total efflux in the rest of dates. This way, the proportion of Rs 

attributed to growth processes showed a clear seasonal pattern, 
being high at the beginning and end of the growing season, and 
decreasing as drought increased (Supplementary Fig. S2). 

Supplementary Fig. II related to this article can be found, 
in the online version, at http://dx.doi.Org/10.1016/j.agrformet. 
2014.04.012. 

3.4. Stem chemical composition 

The decline in Fs
15 through summer and early autumn was not 

related to low concentration of non-structural carbohydrates (TNC) 
(Fig. 9). Actually, the concentration of TNC in the sapwood was 

0.0 0.4 0.8 1.2 1.6 2.0 

Growth rate ( 1 0 2 m m day1 ) 

Fig. 8. Relationship between stem C02 efflux at 15 °C (fs
15) and the rate of stem 

diameter increment. Data points correspond to individual stems in May (circles) 
and early August (triangles) subjected to either normal rainfall (white symbols) 
or partial throughfall exclusion (black symbols). Values of Fs

15 are expressed as a 
function of stem surface area. A regression model was depicted for all data pooled 
(y = 0.70+ 0.52x;r2: 0.51, n = 20, P< 0.001). 

significantly higher in October than in May in both treatments, 
being intermediate in the other dates. The concentration of TNC 
in the inner bark was the highest in October, but only in the case 
of C trees (P-value of date by treatment interaction effect = 0.029). 
The seasonal increase in the concentration of TNC was due to that 
in the concentration of soluble sugars because starch tended to 
decline over time, statistically significantly in the inner bark. To 
some extent, variations in starch and soluble sugars across dates 
were correlated with the water status of trees (Fig. 10a and b). The 
concentration of starch tended to decline and that of soluble sugars 
to increase as water stress increased. The concentration of nitrogen 
(N) in the sapwood, which was half that in the inner bark, was sig
nificantly lower in October than in August (P-value of date main 
effect = 0.037). However, as it occurred for TNC, seasonal changes 
in Fs

15 were not related to variations in N concentration (Fig. 9). 

3.5. Upscaling stem CO2 efflux to the stand level 

We found no correlation between stem diameter and surface-
area-based Fs

15 in April but a positive one in August (Fig. 11). When 
Fs was expressed per unit of sapwood volume, there was a negative 
correlation between stem diameter and Fs

15 in April, but no correla
tion in August. Based on these results, we considered the negative 
relationship between stem diameter and Fs

15 in April for modelling 
stand-scale stem C02 efflux (Fs_stand) in spring. 

Two models of up-scaling were compared: one in which the val
ues of Q.10 and Fs

15 of each date were applied to calculate Fs_stand in 
the respective dates, and another one in which the values of Q.10 and 
Fs

15 resulting from the single annual temperature response curve 
were applied to all dates (Table 2). In the first case, Fs_stand was the 
highest in late June and lower in winter and summer, in a seasonal 
pattern similar to that of Fs

amb. The proportion of ecosystem respira
tion (ReCo) that was ascribed to Fs_stand peaked also in late June and 
declined with increasing water stress (Fig. 10c).The results changed 
when Fs_stand in each date was modelled from one single value of 
Q.10 and Fs

15: compared to estimations from the previous model, 
Fs-stand w a s 0.09-0.13 g C ITT2 soil day -1 higher during the drought 
period (</ /

pd<-l MPa) and 0.03-0.27gCirr2 soil day-1 lower in 
the rest of dates. 

4. Discussion 

4.1. Diurnal changes in stem C02 efflux 

Temperature exerted a strong control on diel shifts of Fs. How
ever, at a given temperature, daytime Fs was lower than the value 
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Fig. 9. Means (±SE) of nonstructural carbohydrates (TNC), nitrogen (N) and sapwood-based stem C02 efflux at 15 °C (Fs
15) in different dates of 2011. Left panels (a, c) refer to 

TNC and N concentrations in the inner bark, and right panels (b, d) to sapwood concentrations. Circles refer to Fs
15. Means are for five trees subjected to either normal rainfall 

(C; white circles) or partial throughfall exclusion (E; black circles). The concentration of TNC is separated into that of soluble sugars (upper bars) and starch (lower bars). 

expected from the relationship of Fs vs. Ts at Vs <0.01 m m s - 1 . 
Increasing Vs caused an increasing depression of daytime Fs in most 
dates and, on average, Fs standardized at 15°C (Fs

15) was 7% lower 
when it was estimated from all data than when it was estimated 
from only data of Fs vs. Ts at Vs < 0.01 mm s_1. Based on similar find
ings, Teskey et al. (2008) stated that part of the C02 respired by the 
cells in the stem is transported dissolved in the sap towards the 
leaves. Here the effect of sap flow in depressing Fs disappeared or 
was reversed when the delay in the response of Fs to tempera
ture was taken into account. The same result was found by Maier 

Table 2 
Daily stem C02 efflux per unit ground area (Fs_stand; g C m~2 day-1), ecosystem respi-
ration(Rec<>; gCm~2 day~')and proportion of Reco attributed to Fs-Stand (Fs-stand/Reco; 
%), at different dates of 2011. 

Date 

9 March 
20 April 
31 May 
29 June 
2 August 
22 August 
23 September 
21 October 
24 November 

Fs-stand 

0.21 
0.38 
0.41 
0.68 
0.46 
0.37 
0.27 
0.10 
0.38 

F > 1 s-stand 

0.18 
0.29 
0.37 
0.42 
0.39 
0.50 
0.36 
0.22 
0.20 

Keco 

1.59 
2.97 
3.06 
2.93 
3.58 
4.82 
2.08 
1.49 
2.68 

^Vstand l^eco 

13.37 
12.92 
13.24 
23.34 
12.88 

7.68 
13.17 
6.54 

14.11 

^Vstand /^eco 

10.98 
9.82 

12.17 
14.26 
11.00 
10.32 
17.51 
14.73 

7.31 

a Values of stem C02 efflux perunit sapwood volume at 15°C (Fs
15) and Fs tem

perature sensitivity (Q10) derived from the specific temperature response curves of 
Fs of each date were used to calculate Fs_sta„d for each date. 

b Values of Fs
15 and Cho derived from the annual response curve of Fs to tempera

ture were used to calculate Fs_sta„d for each date. 

and Clinton (2006). By regressing Fs against preceding stem tem
peratures we could have artefactually removed the effect of Vs in 
transporting respired CO2 upward. But it could well be the case 
that CO2 diffused radially at a slower pace than air and stem tem
peratures increased during the day. Slow CO2 radial diffusion can 
cause a lagged response of Fs to temperature and be responsible for 
its diel hysteresis (Ryan et al, 1995). Low Vs imposed by climatic 
conditions and small-diameter xylem vessels of Q, ilex, particularly 
in this dry region (Villar-Salvador et al., 1997), could make restric
tions in CO2 radial diffusion to be more relevant for diel shifts in Fs 

than Vs itself, as concluded by Cerasoli et al. (2009). 
The lag of Fs relative to stem temperature tended to be longer 

and occur in more trees as drought increased. A similar result was 
observed by Saveyn et al. (2007b) in Quercus robur trees subjected 
to a short cycle of drought. The radial diffusion of CO2 depends on 
the gradient of C02 concentration between the atmosphere and the 
stem, and the barriers to CO2 diffusion imposed by the different 
stem tissues. Increased lignification and thickening of cells could 
have increased the resistance to CO2 diffusion through wood and 
bark at the end of summer (Stockfors and Under, 1998; Teskey et al, 
2008); however, this would not explain why the number of trees 
showing a lagged response of Fs to temperature decreased after 
autumn rains, since anatomical changes are not rapidly reversible. 
Saveyn et al. (2007b) found that the onset of drought brought 
about a decline in the xylem C02 concentration, and Teskey and 
McGuire (2005) found that xylem CO2 concentration was positively 
related with Fs. Based on these results we hypothesize that as a 
consequence of drought, respiration (see next section) and the con
centration of CO2 in the xylem decreased, which slowed down CO2 
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radial diffusion in our study. Similarly, lower sapwood in smaller 
stems could make for lower C02 concentration and radial diffu
sion than in bigger ones, which would explain why smaller trees, 
despite their lower path for CO2 diffusion, showed more often a 
lagged response of Fs to temperature than bigger ones. 

4.2. Seasonal changes in stem CO2 efflux 

Temperature and water availability affected Fs through the 
control they exerted on growth phenology and maintenance Rs. 
Here the estimation of growth and maintenance components of 
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Fig. 11. Relationship between stem C02 efflux at 15 °C (Fs
15) expressed per unit of 

(a) surface area or (b) sapwood volume with diameter at breast height (DBH). Data 
points are individual stems measured in April (triangles) and late August (circles). 
Black symbols depict the five trees subjected to throughfall exclusion. Significant 
regression models were depicted in: (a) y = 0.10 + 0.04x; r2: 0.51, n=35, P<0.001 
both treatments pooled: and (b)y = 76.2 - 2.93x; r2: 0.40, n = 30, P<0.001. 

Rs at each date was problematic. One explanation is that in most 
dates Fs reflected respiratory costs associated to both growth and 
maintenance, even when significant stem diameter increments 
were not observed. Long lasting processes related with growth 
that go undetected by dendrometer bands, such as cell-wall 
lignification (Sprugel and Benecke, 1991; Gindl et al., 2000), could 
complicate the separation of growth and maintenance respiratory 
components (Lavigne et al., 2004). It could also explain why Fs 

(standardized at 15°C) did not peak at the same time than radial 
growth. Several authors have discussed high Fs following periods 
of stem diameter increment reflects the high demand of respi
ratory products during the processes of cell wall thickening and 
lignification (Ryan, 1990; Sprugel and Benecke, 1991; Cannel and 
Thornley, 2000; Edwards and Hanson, 1996; Gaumont-Guay et al., 
2006). By assuming that only the lowest value of E?5 observed 
over the year reflected exclusively maintenance costs, the calcu
lated growth component of Rs showed a clear seasonal pattern. 
However, it indicated growth Rs accounted for 80% of total Fs in 
March, two months before any change in diameter was registered 
by dendrometers. Although cambial reactivation has been adduced 
to explain high Fs before growth is observed (Rambal et al., 2004; 
Gaumont-Guay et al., 2006; Gruber et al, 2009), it is more likely 
that maintenance Rs acclimated to low temperatures and caused 
high rates of Fs in March (Paembonan et al, 1991; Gansert et al., 
2002; Atkin andTjoelker, 2003).Anumberof mechanisms required 
to maintain stem functionality during winter might up regulate 
the respiratory metabolism (Cavender-Bares, 2005). Seasonal 
acclimation of maintenance Rs to temperature and water stress 
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can affect the partitioning of Rs into growth and maintenance in 
climatic regions with ample seasonal variations in temperature 
and soil water availability. 

Thus, the drought-induced decline in Fs was likely caused by 
a progressive reduction in the demand of energy from growth 
and maintenance processes. Low turgor pressure of living cells, 
reflected in the contraction of stem diameter during the drought 
(see Zweifel et al., 2006;Fig. 7), could also be one factor under
pinning low Fs during this period, as adduced by Saveyn et al. 
(2007a,b). On the contrary, drought-induced variations in Vs could 
affect the concentration of oxygen in the stem, but less likely 
Rs because the threshold for oxygen inhibition of mitochondrial 
respiration is very low (Spicer and Holbrook, 2007). Data on non
structural carbohydrates (TNC) suggested that soluble sugars (SS) 
did not limit Rs during the dry period either. As previously found 
by Larcher and Thomaser-Thin (1988) in Q, ilex, SS tended to 
increase in dry dates, to some extent at the cost of starch in the 
inner bark. The rise in the concentration of SS may increase the 
osmoticum in the cells and help to maintaining phloem carbon 
transport during the period of higher water stress (Sevanto et al., 
2014). 

4.3. Does stem respiration acclimate to nine years of 
experimentally increased drought? 

One objective of this work was to assess whether a sustained, 
long-term reduction in rainfall resulted in a change in Fs. Over the 
course of the experiment, Qio and Fs never significantly differed 
between C and E trees, suggesting Rs remained unaffected by the 
throughfall exclusion. A similar result was found for leaves of Q, 
ilex (Rodriguez-Calcerrada et al., 2011), which supports the idea 
that long-term acclimation to drought relies on the adjustment of 
morphological traits at the whole-tree level (Martin-StPaul et al., 
2013). Only one stem from the E treatment showed increasingly 
higher Fs rates than the rest as drought progressed, up to 4 times 
higher at the peak of drought, which made for a non-significant 
trend of higher Fs in E than C trees at low Wp^. Although E trees 
achieved lower growth than C trees over the entire year, stem 
growth rate was similar between treatments around the time of 
Fs measurements. This and the similar growth respiration coef
ficient contributed to explain why Fs was the same in C and E 
trees during the period of stem growth. The similar growth respi
ration coefficient among treatments (0.19gCrespiredg_1 C wood 
formed, see also Rambal et al. (2004)) is consistent with the obser
vation that construction costs are relatively constant among plants 
with contrasted growth conditions (Cannel and Thornley, 2000). 
Furthermore, similar rates of Fs during the period with no radial 
growth point out to similar metabolic costs to maintaining living 
stem tissues, which is consistent with the similar wood density 
and concentrations of non-structural carbohydrates and nitrogen 
in both treatments. 

Two considerations should be borne on mind on the compari
son of Fs between C and E trees. Firstly, differences in Vs between 
treatments were of little relevance forFs, given the low influence 
of Vs onFs. Indeed, the comparison of night-time Fs between treat
ments led to the same suggestion that Rs was not affected by the 
throughfall exclusion. Secondly, stem cores were not taken in the 
trees sampled forFs because of the long-term nature of this experi
ment. Sapwood-based rates ofFs were thus calculated assuming the 
same allometric relationship between stem diameter and sapwood 
area held for both treatments. 

4.4. Stand-level stem C02 efflux 

The average release of CO2 from stems (Fs_stan(]) amounted to 
0.36 g C i r r 2 soil day -1 and was equivalent to 13% of all CO2 released 

from the ecosystem; to the best of our knowledge this is the first 
estimate for a Mediterranean evergreen broadleaf forest. The con
tribution of Fs_stand to ecosystem C02 efflux (Reco) varied from 6.5 
to 23.3% over the year. It was the highest after spring radial growth 
and decreased with increasing water stress, probably because of 
lower sensitivity of Rs to fluctuations in topsoil moisture than the 
rest of ecosystem components. Soil respiration is the most impor
tant source of CO2 in the ecosystem and is very sensitive to rain 
pulses (Joffre et al, 2003; Allard et al., 2008). In fact, in forests where 
trees have access to deep soil water, soil respiration seems more 
sensitive to summer rainfall shortage and small rain events than 
aboveground respiration (Reichstein et al., 2002; Joffre et al., 2003; 
Wieseret al., 2009; Guidolotti et al., 2013). Thus, frequent events of 
rainfall during summer probably boosted soil respiration and thus 
Reco, but had a lower effect on Rs. 

Respiration of ecosystem components at fine time scales (min
utes to days) is in many cases estimated from annual curves of 
respiration vs. temperature. However, the base rate of respiration 
and its temperature sensitivity can change over the year. Here, 
disregarding the seasonal variation of Fs

15 that took place mainly 
in relation to tree water availability led to an overestimation of 
Fs-stand that ranged from 33 to 125% during the drought period, 
and an underestimation of Fs_stan(] from 8 to 48% in the rest of 
dates. The data suggest that Fs_stan(] and its contribution to Reco 

and net carbon exchange should be estimated after accounting 
for seasonal changes in respiratory characteristics, particularly in 
Mediterranean-type forest ecosystems. 

Some assumptions were made on the scaling up that can be fur
ther refined. First, we scaled up rates of Fs at DBH to the entire 
stem, while it has been reported that specific rates of respiration 
vary along the stem (e.g. Damesin et al, 2002; Pruyn et al., 2002). 
Second, in April, sapwood-based Fs rates were negatively correlated 
with stem diameter - suggesting that smaller and perhaps younger 
stems had a higher cambial activity than larger ones (Bosc et al, 
2003). Based on this result, Fs

15 was considered to vary between 
trees as a function of their DBH in spring (i.e. both in April and 
May). Higher surface-area-based Fs of bigger than smaller stems in 
summer disappeared when Fs was expressed per sapwood volume. 
This indicated Fs in summer was mostly dependent on stem sap-
wood volume (Edwards and Hanson, 1996), and that the proportion 
of living cells in the xylem was rather constant across the observed 
range of stem diameter. 

4.5. Conclusions 

Stem C02 efflux varied seasonally, not in relation with sap flow 
or the availability of carbohydrates, but likely in relation with 
a temperature- and drought-induced variation in the demand of 
respiratory products. This calls to be cautious when extrapolat
ing modelled rates of stem CO2 efflux from annual temperature 
response curves to shorter time scales. The strong relationship 
between seasonal changes in tree water availability and stem CO2 
efflux could be useful for modelling purposes in ecosystems with 
no seasonality in stem growth. Nine years of continuous through-
fall exclusion did not affect stem CO2 efflux and its sensitivity to 
environmental factors, which suggest there was no acclimation 
of stem respiration to a long-term increase in drought inten
sity. 

Conflict of interest 

The authors declare no conflict of interest in relation with this 
work. 



71 

Acknowledgements 

We acknowledge David Degueldre and Alain Rocheteau for tech
nical assistance, and Claire Damesin, Julien Ruffault, Yves Caraglio, 
Roberto Salomon, Luis Gil, Unai Lopez de Heredia, Rosana Lopez 
and Alvaro Soto for helpful discussions. We also thank Bruno Bua-
tois and personnel from the platform for chemical analyses of 
the "SFR 119 Montpellier Environnement Biodiversite". This work 
would not have been possible without their help. Doctoral research 
grants were provided by the "Agence de l'Environnement et de la 
MaTtrise de l'Energie" to ML (2011-ID3743) and NKM-S (TEZ 08-40). 
Projects MIND (EVK2-CT-2002-000158) and DROUGHT+ (ANR-06-
VULN-003-01) contributed to setting-up the experimental system, 
and project CARBO-Extreme (FP7-ENV-2008-1-226701) provided 
additional financial support. 

References 

Acosta, M., Pavelka, M., Pokorny, R., Janous, D., Marek, M.V., 2008. Seasonal varia
tion in C02 efflux of stems and branches of Norway spruce trees. Ann. Bot. 101, 
469-477. 

Allard, V., Ourcival, J.M., Rambal, S., Joffre, R., Rocheteau, A., 2008. Seasonal and 
annual variation of carbon exchange in an evergreen Mediterranean forest in 
southern France. Global Change Biol. 14, 714-725. 

Atkin, O.K., Tjoelker, M.G., 2003. Thermal acclimation and the dynamic response of 
plant respiration to temperature. Trends Plant Sci. 8,343-351. 

Atkin, O.K., Bruhn, D., Tjoelker, M.G., 2005. Response of plant respiration to changes 
in temperature: mechanisms and consequences of variations in Q10 values and 
acclimation. In: Lambers, H., Ribas-Carbo, M. (Eds.), Plant Respiration. From Cell 
to Ecosystem. Springer, Dordrecht, The Netherlands, pp. 95-135. 

Atkin, O.K., Macherel, D., 2009. The crucial role of plant mitochondria in orchestrat
ing drought tolerance. Ann. Bot. 103,581-597. 

Bolstad, P.V., Davis, K.J., Martin, J., Cook, B.D., Wang, W., 2004. Component and 
whole-system respiration fluxes in northern deciduous forests. Tree Physiol. 
24, 493-504. 

Bosc, A., Grandcourt, A.D., Loustau, D., 2003. Variability of stem and branch mainte
nance respiration in a Pinus pinaster tree. Tree Physiol. 23, 227-236. 

Bowman, W.P., Barbour, M.M., Turnbull, M.H., Tissue, D.T., Whitehead, D., Griffin, 
K„ 2005. Sap flow rates and sapwood density are critical factors in within- and 
between-tree variation in C02 efflux from stems of mature Daaydium cupress-
inum trees. New Phytol. 167, 815-828. 

Cannel, M.G.R., Thornley, J.H.M., 2000. Modelling the components of plant respira
tion: some guiding principles. Ann. Bot. 85, 45-54. 

Cavender-Bares, J., 2005. Impacts of freezing on long-distance transport in woody 
plants. In: Holbrook, N.M., Zwieniecki, M. (Eds.), Vascular Transport in Plants. 
Elsevier Inc., Oxford, pp. 401-424. 

Cerasoli, S., McGuire, M.A., Faria, J., Mourato, M., Schmidt, M., Pereira, J.S., Chaves, 
M.M., Teskey, R.O., 2009. C02 efflux, C02 concentration and photosynthetic refix-
ation in stems of Eucalyptus globulus (Labill.). J. Exp. Bot. 60, 99-105. 

Cernusak, LA, Hutley, L.B., Beringer, J., Tapper, N.J., 2006. Stem and leaf gas exchange 
and their responses to Are in a north Australian tropical savanna. Plant Cell 
Environ. 29,632-646. 

Damesin, C, Ceschia, E., Le Goff, N., Ottorini, J.M., Dufrene, E., 2002. Stem and branch 
respiration of beech: from tree measurements to estimations at the stand level. 
New Phytol. 153,159-172. 

Edwards, N.T., Hanson, P.J., 1996. Stem respiration in a closed-canopy upland oak 
forest. Tree Physiol. 16,433-439. 

Fiehn, O., 2006. Metabolite profiling in arabidopsis. Methods Mol. Biol. 323,439-447. 
Gansert, D., Backes, It, Ozaki, T., Kakubari, Y., 2002. Seasonal variation of branch 

respiration of a treeline forming (Betula ennanii Cham.) and a montane (Fagus 
crenata Blume) deciduous broad-leaved tree species on Mt. Fuji, Japan. Flora 197, 
186-202. 

Gaumont-Guay, D., Black, T.A., Griffis, T.J., Barr, A.G., Morgenstern, IC, Jassal, R.S., 
Nesic, Z., 2006. Influence of temperature and drought on seasonal and interann-
ual variations of soil, bole and ecosystem respiration in a boreal aspen stand. 
Agric. For. Meteorol. 140, 203-219. 

Gindl, W., Grabner, M., Wimmer, R., 2000. The influence of temperature on latewood 
lignin content in treeline Norway spruce compared with maximum density and 
ring width. Trees-Struct. Funct. 14, 409-414. 

Giorgi, F., 2006. Climate change hot-spots. Geophys. Res. Lett. 33, L08707, 
http://dx.doi.org/10.1029/2006GL025734. 

Gottlicher, S., Knohl, A., Wanek, W., Buchmann, N., Richter, A., 2006. Short-term 
changes in carbon isotope composition of soluble carbohydrates and starch: 
from canopy leaves to the root system. Rapid Commun. Mass Spectrom. 20, 
653-660. 

Granier, A., 1985. Une nouvelle methode pour la mesure du flux de seve brute dans 
le tronc des arbres. Ann. For. Sci. 42,193-200. 

Granier, A., Hue, R., Colin, F., 1992. Transpiration and stomatal conductance of two 
rain forest species growing in plantations (Simarouba amara and Goupia glabra) 
in French Guyana. Ann. For. Sci. 49,17-24. 

Gruber, A., Wieser, G., Oberhuber, W., 2009. Intra-annual dynamics of stem C02 

efflux in relation to cambial activity and xylem development in Pinus cembra. 
Tree Physiol. 29,641-649. 

Guidolotti, G., Rey, A., D'Andrea, E., Matteucci, G., De Angelis, P., 2013. Effect of envi
ronmental variables and stand structure on ecosystem respiration components 
in a Mediterranean beech forest. Tree Physiol. 33,960-972. 

Holtta, T., Kolari, P., 2009. Interpretation of stem C02 efflux measurements. Tree 
Physiol. 29,1447-1456. 

Joffre, R., Ourcival, J-M., Rambal, S., Rocheteau, A., 2003. The key-role oftopsoil mois
ture on C02 efflux from a Mediterranean Quercus ilex forest. Ann. For. Sci. 60, 
519-526. 

Kruse, J., Rennenberg, H., Adams, M.A., 2011. Steps towards a mechanistic under
standing of respiratory temperature responses. New Phytol. 189,659-677. 

Larcher, W., Thomaser-Thin, W., 1988. Seasonal changes in energy content and 
storage patterns of Mediterranean sclerophylls in a northernmost habitat. Acta 
Oecol. 9, 271-283. 

Lavigne, M.B., Ryan, M.G., Anderson, D.E., Baldocchi, D.D., Crill, P.M., Fitzjarrald, 
D.R., Goulden, MX., Gower, J.T., Massheder, J.M., McCaughey, J.M., Rayment, M., 
Striegl, R.G., 1997. Comparing nocturnal eddy covariance measurements to esti
mates of ecosystem respiration made by scaling chamber measurements at six 
coniferous boreal sites. J. Geophys. Res. 102, 28977-28985. 

Lavigne, M.B., Little, C.H.A., Riding, R.T., 2004. Changes in stem respiration rate during 
cambial reactivation can be used to refine estimates of growth and maintenance 
respiration. New Phytol. 162, 81-93. 

Levy, P.E., Jarvis, P.G., 1998. Stem C02 fluxes in two Sahelian shrub species (Guiera 
senegalensis and Combretum micranthum). Funct. Ecol. 12,107-116. 

Limousin, J.M., Rambal, S., Ourcival, J.M., Rocheteau, A., Joffre, R., Rodriguez-
Cortina, R., 2009. Long-term transpiration change with rainfall decline in a 
Mediterranean Quercus ilex forest. Global Change Biol. 15, 2163-2175. 

Maier, C.A., 2001. Stem growth and respiration in loblolly pine plantations differing 
in soil resource availability. Tree Physiol. 21,1183-1193. 

Maier, C.A., Clinton, B.D., 2006. Relationship between stem C02 efflux, stem sap 
velocity and xylem C02 concentration in young loblolly pines trees. Plant Cell 
Environ. 29,1471-1483. 

Maier, C.A., Johnsen, K.H., Clinton, B.D., Ludovici, K.H., 2010. Relationships between 
stem C02 efflux, substrate supply, and growth in young loblolly pine trees. New 
Phytol. 185,502-513. 

Martin-StPaul, NX, Limousin, J.M., Vogt-Schlib, H., Rodriguez-Calcerrada, J., Ram
bal, S., Longepierre, D., Misson, L., 2013. The temporal response to drought in a 
Mediterranean tree: comparing a regional precipitation gradient and a through-
fall exclusion experiment. Global Change Biol. 19, 2413-2426. 

Maseyk, IC, Griinzweig, J.M., Rotenberg, E., Yakir, D., 2008. Respiration acclimation 
contributes to high carbon use efficiency in a seasonally dry pine forest. Global 
Change Biol. 14,1553-1567. 

Maunoury-Danger, F., Fresneau, C, Eglin, T., Berveiller, D., Francois, C, Lelarge-
Trouverie, C, Damesin, C, 2010. Impact of carbohydrate supply on stem growth, 
wood and respired C02 8

13C: assessment by experimental girdling. Tree Physiol. 
30,818-830. 

McGuire, M.A., Teskey, R.O., 2004. Estimating stem respiration in trees by a mass 
balance approach that accounts for internal and external fluxes of C02. Tree 
Physiol. 24,571-578. 

Nepstad, D.C., Moutinho, P., Dias-Filho, M.B., Davidson, E., Cardinot, G., Markewitz, 
D., Figueiredo, R., Vianna, N., Chambers, J., Ray, D., Guerreiros, J.B., Lefebvre, 
P., Sternberg, L., Moreira, M., Barros, L., Ishida, F.Y., Tohlver, I., Belk, E., Kalif, 
K., Schwalbe, K., 2002. The effects of partial throughfall exclusion on canopy 
processes, aboveground production, and biogeochemistry of an Amazon forest. 
J. Geophys. Res. 107, http://dx.doi.org/10.1029/2001JD000360. 

Paembonan, S.A., Hagihara, A., Hozumi, It, 1991. Long-term measurement of C02 

release from the aboveground parts of a hinoki forest tree in relation to air 
temperature. Tree Physiol. 8,399-405. 

Pruyn, M.L., Gartner, B.L., Harmon, M.E., 2002. Within-stem variation of respiration 
in Pseudotsuga menziesii (Douglas-fir) trees. New Phytol. 154,359-372. 

Rambal, S., Joffre, R., Ourcival, J.M., Cavender-Bares, J., Rocheteau, A., 2004. The 
growth respiration component in eddy C02 flux from a Quercus ilex mediter
ranean forest. Global Change Biol. 10,1460-1469. 

Reichstein, M., Tenhunen, J.D., Roupsard, O., Ourcival, J-M., Rambal, S., Miglietta, 
F., Peressotti, A., Pecchiari, M., Tirone, G., Valentini, R., 2002. Severe drought 
effects on ecosystem C02 and H20 fluxes at three Mediterranean evergreen sites: 
revision of current hypotheses? Global Change Biol. 8,999-1017. 

Reichstein, M., Falge, E., Baldocchi, D.D., Papale, D., et al., 2005. On the separation 
of net ecosystem exchange into assimilation and ecosystem respiration: review 
and improved algorithm. Global Change Biol. 11,1424-1439. 

Rodriguez-Calcerrada, J., Jaeger, C, Limousin, J-M., Ourcival, J-M., Joffre, R., Rambal, 
S., 2011. LeafC02 efflux is attenuated by acclimation of respiration to heat and 
drought in a Mediterranean tree. Funct. Ecol. 25, 983-995. 

Ryan, M.G., 1990. Growth and maintenance respiration in stems of Pinus contorta 
and Picea engeimannii. Can. J. For. Res. 20,48-57. 

Ryan, M.G., 1991. Effects of climate change on plant respiration. Ecol. Appl. 1, 
157-167. 

Ryan, M.G., Gower, S.T., Hubbard, R.M., Waring, R.H., Gholz, H.L, Cropper Jr., W.P., 
Running, S.W., 1995. Woody tissue maintenance respiration of four conifers in 
contrasting climate. Oecologia 101,133-140. 

Saveyn, A., Steppe, IC, McGuire, M.A., Lemeur, R., Teskey, R.O., 2008. Stem respi
ration and carbon dioxide efflux of young Populus deltoides trees in relation 
to temperature and xylem carbon dioxide concentration. Oecologia 154, 
637-649. 

http://dx.doi.org/10.1029/2006GL025734
http://dx.doi.org/10.1029/2001JD000360


72 

Saveyn, A., Steppe, It, Lemeur, R., 2007a. Daytime depression in tree stem C02 efflux 
rates: is it caused by low stem turgor pressure? Ann. Bot. 99, 477-485. 

Saveyn, A., Steppe, It, Lemeur, R., 2007b. Drought and the diurnal patterns of stem 
C02 efflux and xylem C02 concentration in young oak (Quercus robur). Tree 
Physiol. 27, 365-374. 

Sevanto, S., McDowell, N.G., Dickman, T„ Pangle, R., Pockman, W.T., 2014. How do 
trees die? A test of the hydraulic failure and carbon starvation hypotheses. Plant 
Cell Environ. 37,153-161. 

Smith, N.G., Dukes, J.S., 2013. Plant respiration and photosynthesis in global-scale 
models: incorporating acclimation to temperature and C02. Global Change Biol. 
19,45-63. 

Spicer, R., Holbrook, N.M., 2007. Effects of carbon dioxide and oxygen on sapwood 
respiration in five temperate tree species. J. Exp. Bot. 58,1313-1320. 

Sprugel, D.G., Benecke, U., 1991. Measuring woody-tissue respiration and photo
synthesis. In: Lassoie, J.P., Hinckley, T.M. (Eds.), Techniques and Approaches in 
Forest Tree Ecophysiology. CRC Press, Boca Raton, FL, pp. 329-355. 

Stahl, C, Burban, B., Goret, J-Y., Bonal, D., 2011. Seasonal variations in stem C02 efflux 
in the Neotropical rainforest of French Guiana. Ann. For. Sci. 68, 771-782. 

Steppe, It, Saveyn, A., McGuire, M.A., Lemeur, R., Teskey, R.O., 2007. Resistance to 
radial C02 diffusion contributes to between-tree variation in C02 efflux rates of 
Populus deltoides stems. Funct. Plant Biol. 34, 785-792. 

Stockfors, J., Linder, S., 1998. Effect of nitrogen on the seasonal course of growth 
and maintenance respiration in stems of Norway spruce trees. Tree Physiol. 18, 
155-166. 

Tang, J., Bolstad, P.V., Desai, A.K, Martin, J.G., Cook, B.D., Davis, K.J., Carey, E.V., 
2008. Ecosystem respiration and its components in an old-growth forest 
in the Great Lakes region of the United States. Agric. For. Meteorol. 148, 
171-185. 

Teskey, R.O., McGuire, M.A., 2005. C02 transported in xylem sap affects C02 

efflux from Liquidambar styraciflua and Platanus occidentalis stems, and con
tributes to observed wound respiration phenomena. Trees-Struct. Funct. 19, 
357-362. 

Teskey, R.O., McGuire, M.A., 2007. Measurement of stem respiration of sycamore 
(Platanus occidentalis L.) trees involves internal and external fluxes of C02 and 
possible transport of C02 from roots. Plant Cell Environ. 30, 570-579. 

Teskey, R.O., Saveyn, A., Steppe, It, McGuire, M.A., 2008. Origin, fate and significance 
ofC02 in tree stems. New Phytol. 177,17-32. 

Trumbore, S.E., Angert, A., Kunert, N., Muhr, J., Chambers, J.Q, 2013. What's the 
flux? Unraveling how C02 fluxes from trees reflect underlying physiological 
processes. New Phytol. 197,353-355. 

Villar-Salvador, P., Castro-Diez, P., Perez-Rontome, C, Montserrat-Marti, G., 1997. 
Stem xylem features in three Quercus (Fagaceae) species along a climatic gradi
ent in NE Spain. Trees-Struct. Funct. 12, 90-96. 

Wang, M., Guan, D.-X., Han, S.-J., Wu, J.-L, 2010. Comparison of eddy covariance and 
chamber-based methods for measuring C02 flux in a temperate mixed forest. 
Tree Physiol. 30,149-163. 

Wertin, T.M., Teskey, R.O., 2008. Close coupling of whole-plant respiration to net 
photosynthesis and carbohydrates. Tree Physiol. 21,1831-1840. 

Wieser, G., Gruber, A., Bahn, M., Catala, E., Carrillo, E., Jimenez, M.S., Morales, D., 2009. 
Respiratory fluxes in a Canary Islands pine forest. Tree Physiol. 29, 457-466. 

Xu, M., DeBiase, T.A., Qi, Y., 2000. A simple technique to measure stem respiration 
using a horizontally oriented soil chamber. Can. J. For. Res. 30,1555-1560. 

Xu, M., DeBiase, T.A., Qi, Y., Goldstein, A., Liu, Z., 2001. Ecosystem respiration in a 
Young ponderosa pine plantation in the Sierra Nevada mountains, California. 
Tree Physiol. 21,309-318. 

Zach, A., Homa, V., Leuschner, C, 2010. Diverging temperature response of tree stem 
C02 release under dry and wet season conditions in a tropical montane moist 
forest. Trees-Struct. Funct. 24, 285-296. 

Zha, T., Kellomaki, S., Wang, K.Y., Ryyppo, A., Niinisto, S., 2004. Seasonal and annual 
stem respiration of Scots pine trees under boreal conditions. Ann. Bot. 94, 
889-896. 

Zweifel, R., Zimmermann, L, Zeugin, F., Newbery, D.M., 2006. Intra-annual radial 
growth and water relations of trees: implications towards agrowth mechanism. 
J. Exp. Bot. 6,1445-1459. 


