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Summary

� Given the contrasting short-term temperature dependences of gross primary production

(GPP) and autotrophic respiration, the fraction of GPP respired by trees is predicted to

increase with warming, providing a positive feedback to climate change. However, physiolog-

ical acclimation may dampen or eliminate this response.
� We measured the fluxes of aboveground respiration (Ra), GPP and their ratio (Ra/GPP) in

large, field-grown Eucalyptus tereticornis trees exposed to ambient or warmed air tempera-

tures (+3°C). We report continuous measurements of whole-canopy CO2 exchange, direct

temperature response curves of leaf and canopy respiration, leaf and branch wood respiration,

and diurnal photosynthetic measurements.
� Warming reduced photosynthesis, whereas physiological acclimation prevented a coinci-

dent increase in Ra. Ambient and warmed trees had a common nonlinear relationship between

the fraction of GPP that was respired above ground (Ra/GPP) and the mean daily tempera-

ture. Thus, warming significantly increased Ra/GPP by moving plants to higher positions on

the shared Ra/GPP vs daily temperature relationship, but this effect was modest and only

notable during hot conditions.
� Despite the physiological acclimation of autotrophic respiration to warming, increases in

temperature and the frequency of heat waves may modestly increase tree Ra/GPP, contribut-

ing to a positive feedback between climate warming and atmospheric CO2 accumulation.

Introduction

Trees exchange large quantities of carbon (C) with the atmosphere
and are a major driver of the global C cycle (Bonan, 2008; Pan
et al., 2011). Terrestrial C uptake via gross primary production
(GPP) is the largest flux in the C cycle at ~120 Gt C yr�1, approx-
imately half of which is returned to the atmosphere by the
metabolism of autotrophic respiration (R; Piao et al., 2013; Sch-
lesinger & Bernhardt, 2013). Projections of future climate depend
on how these large C fluxes are influenced by climate change
(Friedlingstein et al., 2006, 2014). Of particular concern is that
warming of the Earth’s surface may increase R relative to GPP,
providing a positive feedback to climate warming (Cox et al.,
2000; Frank et al., 2010; Wang et al., 2013; Zhang et al., 2014).

Photosynthesis (or ‘A’ for assimilation) and R have contrasting
temperature sensitivities, such that the ratio of R/A is predicted to
increase with temperature; we illustrate this with a leaf-scale
model (Fig. 1; see the Materials and Methods section). In the
short term, A increases with temperature to an optimum (Topt)
and subsequently declines at higher temperatures. The biochemi-
cal basis for this temperature response is complex, but relatively
well understood (see reviews; Berry & Bj€orkman, 1980;

McMurtrie & Wang, 1993; Sage & Kubien, 2007; Way & Oren,
2010; Yamori et al., 2014). In addition, increasing air tempera-
ture is typically associated with increasing vapor pressure deficit
(VPD); stomatal closure with increasing VPD alters the realized
temperature response of photosynthesis and reduces Topt (Lin
et al., 2012). In contrast with photosynthesis, R increases approx-
imately exponentially with increasing temperature up to a maxi-
mum (50–60°C), beyond which irreversible damage to the
respiratory apparatus occurs (Huve et al., 2011; O’Sullivan et al.,
2013). Given these contrasting temperature dependences, the
ratio of R/A is predicted to increase with temperature, such that
climate warming would increase R/A (solid curve and red arrow
in Fig. 1b).

However, the shapes of the short-term temperature responses
of photosynthesis and respiration are not static, as plants have the
capacity to adjust to a changing environment via physiological
acclimation. Here, we use the term ‘acclimation’ to describe the
alteration of the temperature response of photosynthesis and/or
respiration, regardless of whether this change is perceived as bene-
ficial (Way & Yamori, 2014). Following an increase in tempera-
ture of several days or longer, respiration at a given temperature
tends to be reduced, such that the rate of respiration in the new
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thermal environment is similar to the rate of respiration in the
previous thermal environment (i.e. homeostatic acclimation;
Atkin & Tjoelker, 2003; Atkin et al., 2005a; Lee et al., 2005;
Tjoelker et al., 2009; Slot & Kitajima, 2015; Reich et al., 2016).
Such acclimation to warming often manifests as a downwards shift
in the temperature response curve of respiration (dashed relative
to solid line in Fig. 1a). Photosynthetic acclimation to warming is
variable in nature and magnitude (Way & Yamori, 2014; Yamori
et al., 2014). However, a common acclimation response to long-
term warming is an increase in Topt of photosynthesis (dashed rel-
ative to solid line in Fig. 1a; Kattge & Knorr, 2007; Gunderson
et al., 2010). Such shifts in the temperature response of photosyn-
thesis and respiration via physiological acclimation can dampen
the increase in R/A at high temperatures, such that climate warm-
ing would not increase R/A (dashed curve and orange arrow,
Fig. 1b). Some authors have even suggested R/A to be constant
across variation in temperature, if respiratory acclimation

follows directly from photosynthetic acclimation via substrate
limitation of respiration (Dewar et al., 1999; Gifford, 2003).

Although considerable research has demonstrated the impor-
tance of physiological acclimation for R/A ratios at the leaf scale
(e.g. Gunderson et al., 2000; Atkin et al., 2006; Reich et al.,
2016), the response at the canopy scale of large trees remains
largely unstudied. In part, this is because A and R are challenging
to measure at the scale of entire trees, particularly with experi-
mental warming. We are aware of only one study of whole-plant
R/A response to experimental warming within a woody species.
Tjoelker et al. (1999) measured whole-plant respiration as a pro-
portion of daily photosynthesis in a growth cabinet experiment
with five boreal tree species grown at three temperature condi-
tions. R/A increased at the highest temperature, but the extent of
this increase was ameliorated by the physiological acclimation of
R. Two other studies of whole-plant R/A response to warming
found similar results in potted wheat (Gifford, 1995) and
Plantago (Atkin et al., 2007). However, acclimation of A and R to
experimental warming has not been investigated at the canopy
scale in large field-grown trees.

The purpose of this study was to measure the response of
whole-canopy GPP, aboveground autotrophic respiration (Ra)
and their ratio (Ra/GPP) in field-grown trees under naturally vari-
able environmental conditions with and without experimental
warming of +3°C using the unique infrastructure of 12 whole-
tree chambers (WTCs). Whole-canopy measurements in the field
are particularly useful because they capture the complexities of
real canopies, including all foliage types, the contribution of wood
respiration, a variable light environment, and substantial diurnal
and seasonal variation in temperature. We complement these
whole-canopy measurements with leaf-scale measurements of
photosynthesis and respiration. We hypothesize that physiological
acclimation of photosynthesis and respiration to experimental
warming will prevent a warming-induced increase in Ra/GPP at
the canopy scale. We specifically predict that: Ra will acclimate
approximately homeostatically, resulting in a downwards shift in
the temperature response curve of Ra and no difference in in-situ
respiration rates per unit leaf area between ambient and warmed
treatments; and leaf-level photosynthetic rates will increase with
warming, possibly as an acclimation response (e.g. increase in
Topt) or simply by moving up the temperature response curve if
temperatures are below Topt. These effects will combine such that
the temperature response of Ra/GPP will be moderated with
warming, so that Ra/GPP will not increase with experimental
warming (orange arrow in Fig. 1b).

Materials and Methods

Illustrative modeling of the temperature dependences of A
and R

The temperature dependences of leaf photosynthesis and respira-
tion (A and R, Fig. 1) were illustrated with a leaf-scale model of
photosynthesis (Farquhar et al., 1980) coupled to an optimal
stomatal conductance model (Medlyn et al., 2011) as imple-
mented in the ‘PLANTECOPHYS’ R package (Duursma et al., 2014;
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Fig. 1 Demonstration of the temperature dependence of gross leaf
photosynthesis and respiration (A and R, respectively; a) and the fraction
of leaf respiration to photosynthesis (R/A; b). Solid lines reflect the case of
static temperature response curves, whereas dashed lines reflect how
temperature response curves may change with physiological acclimation
to warmed temperatures. In the absence of acclimation, warming
increases R/A (red arrow). With acclimation, warming may not increase
R/A (orange arrow).
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Duursma, 2015). The temperature dependence of A at saturating
light arises from the temperature dependence of the maximum
velocity of Rubisco carboxylation (Vc,max) and electron transport
(Jmax), which follow peaked Arrhenius equations (Medlyn et al.,
2002), and stomatal closure in response to increasing VPD. The
temperature dependence of R follows a simple Arrhenius equa-
tion. These represent the temperature dependences of A and R
used in many ecosystem and Earth system models (Smith &
Dukes, 2013).

Model simulations were performed under constant environmen-
tal conditions apart from leaf temperature (Tleaf); the dew point
was 10°C, the atmospheric CO2 concentration was
400 lmol mol�1 and the photosynthetic photon flux density
(PPFD) was 1500 lmolm�2 s�1. Vc,max and Jmax were 100 and
150 lmol CO2m

�2 s�1 at 25°C, respectively, and the stomatal
parameter (g1) was set to 4.0 (Lin et al., 2013; Gimeno et al.,
2015). Physiological acclimation (dashed lines, Fig. 1) was illus-
trated by increasing Topt of photosynthesis, reducing Vc,max and
Jmax at 25°C and reducing the pre-exponential coefficient for respi-
ration. These adjustments qualitatively reflect observations of leaf-
level temperature acclimation to warming (Smith &Dukes, 2013).

Site and experimental design

We implemented a warming experiment using 12 WTCs in
Richmond, New South Wales (Australia) at 25 m above sea level
(33°36ʹ40ʺS, 150°44ʹ26.5ʺE). The WTCs are large, approxi-
mately cylindrical structures topped with a cone that enclose a
single tree rooted in soil (3.25 m in diameter, 9 m in height, vol-
ume of ~53 m3; photographs in Supporting Information
Fig. S1). The WTCs control Tair, relative humidity (RH) and
atmospheric CO2 concentration, while measuring the net fluxes
of CO2 and H2O exchange between the entire canopy and the
atmosphere (Barton et al., 2010, 2012; Crous et al., 2013;
Duursma et al., 2014). A suspended plastic floor was sealed
around the stem of each tree at ~45 cm in height, isolating the
canopy gas exchange from CO2 and H2O evolved from the soil.

Soils at the site are an alluvial formation of low-fertility sandy
loam (Clarendon sand). A cemented layer of manganese nodules
and clay is present below 70–100 cm depth. Soil was collected
from an adjacent paddock and placed in the chambers in two lay-
ers (0–25 cm and from 25 cm to the depth of the hard layer) on
10 July 2012. A root exclusion barrier of heavy duty polyethylene
(300 lm thick) extends vertically into the hard soil layer, isolat-
ing the soil volume of each chamber.

Six chambers tracked ambient Tair and six chambers tracked
ambient Tair + 3°C warming (n = 6; ‘ambient’ and ‘warmed’);
treatments started on 12 December 2012. The average daily
mean temperature difference between treatments was
2.9� 0.3°C (standard deviation (SD)). As recommended for
realistic warming manipulations (Amthor et al., 2010; Lin et al.,
2012), RH in the warmed treatment was controlled to match the
RH observed in the ambient treatment using a custom air condi-
tioning system, as described previously by Barton et al. (2010).
During daylight hours, RH averaged 62.5� 20% and
62.4� 20% (SD) in the ambient and warmed treatments,

respectively. Given the difference in Tair, the VPD was lower in
the ambient relative to the warmed treatment (1.27� 1.1 and
1.50� 1.2 kPa (SD), respectively). The [CO2] within all cham-
bers was controlled at 10 lmol mol�1 above the ambient atmo-
spheric concentration; the mean [CO2] within the chambers
during daylight hours was 417� 40 lmol mol�1 (SD).

Nursery seedlings of a local provenance of Eucalyptus
tereticornis Sm. were established in 25-l pots inside the WTCs
using the same surface soil as used to fill the WTCs. Eucalyptus
tereticornis was chosen because it is a widespread and abundant
tree across eastern Australia from �38.5° latitude in southern
Victoria to �14° latitude in northern Queensland (Drake et al.,
2015). Six potted trees were placed in each chamber on 5 Decem-
ber 2012; a single tree was selected based on size similarity within
each treatment and planted in the chamber centre on 12 March
2013. Trees were irrigated regularly and equally every 15 d with
half the mean monthly rainfall. This irrigation schedule resulted
in ‘well-watered’ trees, as monthly leaf water potential measure-
ments with a Scholander pressure chamber (PMS Corp., Corval-
lis, OR, USA) indicated that the trees were not water stressed;
pre-dawn and mid-day leaf water potentials were moderate and
did not differ between treatments (mean and standard error (SE):
pre-dawn values of �0.26� 0.02 and �0.24� 0.02MPa and
mid-day values of �1.2� 0.3 and �1.2� 0.3 MPa in ambient
and warmed treatments, respectively). A water exclusion treat-
ment was added to half of the trees on 12 February 2014; we
report results from the well-watered trees only (n = 6 until 12
February 2014, n = 3 thereafter).

Tree size was quantified every 14 d with measurements of
height and stem diameter at 65 cm above the soil surface. Trees
were equivalent in size when the treatments began on 12 Decem-
ber 2012 (diameters of 0.24� 0.01 and 0.26� 0.01 cm and
heights of 0.41� 0.01 and 0.40� 0.02 m in ambient and
warmed treatments, respectively). The warmed trees were larger
than the ambient-grown trees when the floors were installed and
flux measurements began, and tree size was equivalent across
treatments at the end of the measurement period (Table 1).

Temperature response of leaf and whole-canopy
respiration

We measured the direct response of leaf and whole-canopy respi-
ration (Rleaf and Rcanopy) to short-term temperature variation for

Table 1 Mean (SE) tree size and total canopy leaf area at the beginning
and end of the flux measurement period

Date Treatment
Diameter
(cm)c

Height
(m)

Total canopy
leaf area (m2)

13 September 2013a Ambient 2.4 (0.1) 3.0 (0.1) 3.3 (0.4)
13 September 2013a Warmed 2.9 (0.2) 3.6 (0.2) 5.0 (0.6)
26 May 2014b Ambient 6.7 (0.3) 8.9 (0.4) 19.1 (3.8)
26 May 2014b Warmed 7.0 (0.5) 8.8 (0.4) 21.1 (4.6)

aPlastic floor installed in each chamber – flux measurements begin.
bTree harvest began – flux measurements end.
cMeasured at 65 cm height.

New Phytologist (2016) 211: 850–863 � 2016 The Authors

New Phytologist� 2016 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist852



two purposes: these data directly related to the hypothesis (pre-
diction 1), and were used to inform the partitioning of whole-
canopy CO2 exchange (see later). We express these gas exchange
fluxes per unit leaf area, although the ratio of particular interest
(Ra/GPP) does not depend on the normalizing unit.

We measured the temperature response curves of Rleaf via an
established protocol (O’Sullivan et al., 2013) using a large gas
exchange chamber (3010-GWK1, Heinz Walz GmbH, Effel-
trich, Germany) connected to an infrared gas analyser (IRGA; LI
6400-XT, LiCor, Lincoln, NE, USA), which continuously
recorded Rleaf as Tleaf increased at 1°Cmin�1 from 18 to 40°C.
Measurements were made on one mature leaf per chamber, sam-
pled from the upper third of the canopy on 7 February 2014. We
explored many functions to describe the temperature sensitivity
of Rleaf (Eqns 1–5 in O’Sullivan et al., 2013). We selected the
Arrhenius equation as the most parsimonious description of the
relationship between Rleaf and temperature, as the relationship
between ln(Rleaf) and the inverse of Tleaf was linear.

We directly measured the temperature response of whole-
canopy respiration on one night (10 February 2014) using the
WTC environmental controls to generate five Tair setpoints (18,
22.5, 25, 28.5 and 32°C). The setpoint order was randomized
across chambers such that temperature and time of night were
not confounded; trees were allowed to adjust to each temperature
setpoint for 30 min before a measurement interval of 1 h per set-
point. Each WTC was transformed into a closed system by seal-
ing the air inlets and outlets, such that the rate of CO2

accumulation inside the canopy airspace could be used as a mea-
sure of canopy respiration. Chambers were vented at the begin-
ning of each setpoint to return the chamber [CO2] to the
atmospheric concentration. Chamber [CO2] was measured every
minute with a local IRGA mounted on each WTC (Model
SBA1, PP-systems, Amesbury, MA, USA). Canopy respiration
was estimated via mass balance as in Perez-Priego et al. (2010):

dCi

dt
¼ �hðCi � CaÞ þ F

V
Eqn 1

where h is a chamber-specific leak coefficient (m3 s�1), Ci is the
[CO2] inside the chamber (lmol mol�1), Ca is the [CO2] in the
atmosphere outside the chamber (lmol mol�1), F is the flux of
CO2 from canopy respiration (lmol CO2 mol�1 m3 s�1) and V
is the chamber volume (52.8 m3). The leak rate was quantified
for each chamber after harvest when the chambers were empty; a
CO2 cylinder was used to increase Ci to ~1000 lmol mol�1, the
chambers were closed and measurements over the next 2 h were
employed to estimate h using Eqn (2) assuming F = 0. Whole-
canopy respiration was calculated by multiplying F by the molar
volume of air (mol m�3); differences in tree size were accounted
for by expressing the flux per total leaf area (see later).

Given the clearly exponential relationship between Rleaf and
temperature, the whole-canopy respiration vs Tair relationships
were also fitted as exponential relationships, although we recog-
nize that linear models also fit well. An exponential fit between
respiration and temperature has several advantages over linear fits.
First, exponential relationships are supported by extensive

research and are more mechanistically sound relative to linear
relationships (Atkin & Tjoelker, 2003; Atkin et al., 2005b; Slot
& Kitajima, 2015). Second, exponential fits have the advantage
of parsimony, as only three parameters are required (Ea is equiva-
lent across treatments), whereas four parameters are required for
the linear fits. Finally, exponential fits enable robust treatment of
type II acclimation of respiration via adjustment of the pre-
exponential coefficient (Atkin et al., 2005b), whereas the slope
and intercept of linear models would have to be adjusted simulta-
neously to accomplish the same result.

Leaf and branch wood respiration

We measured leaf and branch wood respiration at a constant tem-
perature of 15°C to investigate thermal acclimation via the set
temperature method (Atkin et al., 2005b). Two random primary
branches were sampled at the end of the study from each tree 2 h
after dusk by cutting the branch flush at the stem insertion point.
These branches had an average diameter of 6.7 mm, were >1 m in
length and held an average of 76 leaves. All leaves were detached
and respiration was measured separately for a pooled sample of
three randomly selected leaves from each branch (Li-6400-22L;
LiCor). The cuvette temperature was maintained at 15°C with a
flow rate of 350 lmol s�1. Branches were cut into 10-cm-long
segments and entirely enclosed in a large gas exchange chamber
(3010-GWK1, Walz) connected to an IRGA (LI 6400-XT,
LiCor). The chamber temperature was maintained at 15°C with a
flow rate of 600 lmol s�1. Branch and leaf mass were measured
directly after drying at 70°C. To compare rates across leaves and
branches, these respiration rates were expressed per unit dry mass.
We recognize that cut branches could have released CO2 dis-
solved in the xylem (e.g. Bloemen et al., 2013), but we expect this
systematic error to affect both treatments equally.

Continuous whole-canopy CO2 exchange measurements

An automated system measured the net exchange of CO2

between the canopy and the atmosphere within each chamber at
15 min resolution; see Barton et al. (2010) for a thorough
description. We report hourly averages, following Duursma et al.
(2014). Measurements began on 13 September 2013 when plas-
tic floors were installed in each chamber and sealed around the
stem of each tree at ~45 cm height, when the trees were ~3 m tall.
Flux measurements finished on 26 May 2014 when the canopy
harvest began and the trees were nearly 9 m tall (Table 1). We
report >70 000 hourly flux observations aggregated into >3000
daily sums across 12 trees.

Investigator entry into chambers and sensor failures created
gaps in the flux record (~6% missing data). Missing data were
gapfilled using neural networks (Riedmiller & Braun, 1993;
Moffat et al., 2007) with two layers of two neurons each,
informed by PPFD, Tair, tree size (square of diameter at 65 cm
multiplied by height), VPD and the hour of the day. Neural net-
works were fitted for each chamber using the ‘NEURALNET’ R
package (R Development Core Team, 2012). Ten per cent of the
data were withheld for validation (~7000 observations);
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measured and gapfilled CO2 fluxes were strongly correlated with
a slope that approached unity (measured flux = 0.002 +
0.9139 gapfilled flux, P < 0.001, r2 = 0.88), suggesting that the
gapfilling procedure was robust.

The measured net exchange of CO2 between the canopy and
the atmosphere reflects the balance between GPP and above-
ground respiration (Ra). During the night, we used the direct
measurements of CO2 evolution as a measure of Ra. For daytime
periods, we partitioned the measured net flux into GPP and Ra by
estimating Ra as a function of temperature, as is widely performed
in eddy covariance (Reichstein et al., 2005). We used the directly
measured temperature sensitivity (Ea, activation energy) of
whole-canopy respiration; we assumed that Ea was constant across
time, but that the basal respiration rate of whole-canopy respira-
tion could have acclimated seasonally or in response to treatment.
Thus, Ra was estimated as a function of temperature as:

RT ¼ RT ref � e
Ea

rT refð Þ� 1�T ref
Tð Þ½ � Eqn 2

where RT is the estimated whole-tree respiration rate at tempera-
ture T, RTref is the basal respiration rate at a reference tempera-
ture Tref, Ea is the measured whole-canopy respiration activation
energy, r is the universal gas constant, Tref is the reference tem-
perature (K) and T is the measured hourly temperature (K). Daily
chamber-specific Tref and RTref values were estimated from the
measured nightly flux data as the mean Tair and net CO2 flux
measured over the preceding three nights. This produced hourly
estimates of GPP and Ra (e.g. Fig. S2), which were summed for
each chamber by 24-h blocks of time that began at dawn and
ended at the following dawn.

This flux partitioning approach (Eqn 2) ignores the inhibition
of leaf mitochondrial respiration in the light (e.g. Brooks & Far-
quhar, 1985; Tcherkez et al., 2009; Crous et al., 2012; Atkin
et al., 2013). We explored the implications of accounting for this
effect, as described in detail in Notes S1. Accounting for the light
inhibition of Ra modestly affected the daily estimates of GPP, Ra
and Ra/GPP (Figs S3, S4), but this did not alter our conclusions
regarding the temperature dependence of Ra/GPP (Fig. S5). For
the sake of simplicity, we present the results using the flux parti-
tioning method with no light inhibition (i.e. Eqn 2).

Estimation of leaf area

Canopy leaf area was estimated to express GPP and Ra on a leaf
area basis using methods applied in a previous experiment at this
site (Barton et al., 2012). Leaf area was measured for each tree on
two occasions by counting all leaves and multiplying by a tree-
specific mean leaf size measured across the canopy of each tree
with a handheld leaf area meter (LI-3000; LiCor; 86–102 leaves
per tree). These measurements were performed in the spring (9
September 2013) and summer (10 February 2014); in total
86 431 leaves were counted. A third direct measurement of leaf
area was calculated from the final harvest in the autumn (26 May
2014). The canopy of each tree was divided into three equal
heights, all branches were cut flush to the stem, grouped by layer
and all leaves were separated from the branches. After mixing the

leaves within each canopy layer, a random subsample of 100
leaves was measured for total leaf area (LI-3100C; LiCor), dry
mass and specific leaf area (SLA). Total canopy leaf area was cal-
culated by multiplying the total leaf dry mass by SLA, weighted
by the leaf dry mass in each canopy layer. Litterfall was collected,
dried and weighed fortnightly for each tree. The standing leaf
area for each tree was estimated from these data as in Barton et al.
(2012):

Lðt Þ ¼ aðH ðt ÞÞb �
Z t

s¼0

Z ðsÞds Eqn 3

where L(t) is the standing leaf area at time t, H(t) is the height of
the tree at time t, a and b are tree-specific components fitted to
the three direct measurements of leaf area and Z(t) reflects the rate
at which leaf area was removed by litterfall at time t. Total
canopy leaf area was higher in the warmed relative to the ambient
treatment at the beginning of the flux measurement period, but
this difference was reduced over time, such that the treatments
had equivalent total canopy leaf area at the end of the measure-
ment period (Table 1).

Leaf-scale photosynthetic measurements

We complemented the whole-canopy flux measurements with
diurnal measurements of leaf net photosynthesis (Anet) on five
dates. Measurements began 30 min after dawn and commenced
every 2–3 h until dusk with four gas exchange systems operating
concurrently (Li-6400 with Li-6400-02B LED light source;
LiCor). On each date, a fully expanded leaf in the top third of
the canopy was marked and used for all measurements. Immedi-
ately before each measurement time point, the light sources of
the gas exchange systems were set to the incident PPFD mea-
sured by a handheld sensor in an adjacent open field (Li-210;
LiCor). Thus, Anet was measured at approximately in-situ PPFD,
but PPFD was held constant across all trees within each time
point. We did not control Tleaf or chamber RH, but the observed
VPD within the leaf and WTCs were strongly correlated during
measurements with no treatment differences (VPDleaf = 0.3 +
1.199 VPDWTC, P < 0.001, r2 = 0.81, n = 192 observations).
The sample cell [CO2] was controlled to 400� 5 lmol mol�1.

Data analysis

Data were analysed following a completely randomized design
with the single treatment of warming (n = 6 for 6 months, then
n = 3 for the final 3 months when water was withheld from half
of the chambers). Many analyses consist of longitudinal measure-
ments over time; these were performed using the ‘lme’ function
within the ‘NLME’ R package, and treatment means were esti-
mated after adjustment for other terms in the model (i.e. least-
square means, or LS means) with the ‘LSMEANS’ package in R
v.3.2.2 (R Development Core Team, 2012; Pinheiro et al.,
2013). Analyses were evaluated to test assumptions of residual
normality and variance homoscedasticity; transformations were
often necessary. Analyses followed a repeated-measures ANOVA
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with an autoregressive temporal autocorrelation structure; cham-
ber was included as a random effect, temperature treatment was a
whole-plot factor and time was a subplot factor. Daily measure-
ments provided strong statistical power to detect the effects of
date and date9 warming, even if these effects were small (e.g.
254 numerator and 1753 denominator degrees of freedom,
Table 2). Thus, we also inferred the relative importance of model
terms by calculating the explanatory power (marginal r2 value;
the variance explained by fixed effects) for models with and with-
out each model term and its interactions using the methodology
of Nakagawa & Schielzeth (2013). This provided an assessment
of whether statistically significant date and date9 warming inter-
actions were quantitatively important.

We visualized the relationships between daily flux measure-
ments (GPP, Ra and Ra/GPP) and daily integrated PPFD and 24-
h average Tair. Recognizing the non-independence of these data
(e.g. >3000 daily data points, but n = 12 chambers), we used gen-
eralized additive models (GAMs) with a random chamber effect
to summarize the relationship between fluxes and environmental
drivers without pseudoreplication (Duursma et al., 2014). We
used the ‘MGCV’ package in R v.3.2.2 to fit the GAMs (Wood,
2011). This data-driven approach makes no assumptions regard-
ing the functional relationship between variables; 95% confidence
intervals were used to infer whether the nature of these relation-
ships was altered by experimental warming. We emphasize that
VPD and Tair at this location strongly and positively co-varied
(Fig. S6; Duursma et al., 2014), such that it was not possible to
separate their effects. The patterns related to Tair discussed here
were probably influenced by the natural coincident variation in
VPD. The data and source code are freely available; the data are
published on Figshare (doi: https://dx.doi.org/10.6084/m9.-
figshare.3122104.v1) and the R analysis is published as a Git
repository (https://github.com/jedrake/wtc3_flux_share/; doi:
http://dx.doi.org/10.5281/zenodo.48156).

Results

Acclimation of respiration

Experimental warming resulted in acclimation of respiration at
the leaf and canopy scales. The rate of leaf and whole-canopy

respiration increased exponentially over the short term (minutes
to hours) with increasing temperature (Fig. 2). Arrhenius analyses
of these data indicated acclimation, as experimental warming sig-
nificantly reduced the pre-exponential coefficient of these rela-
tionships, including the respiration of individual leaves (17%
decline, P < 0.001; Fig. 2a), canopy respiration expressed as the
raw flux (17% decline, P < 0.01; Fig. 2b) and canopy respiration
per unit canopy leaf area (43% decline, P < 0.001; Fig. 2c). The
activation energy (Ea) was not altered by warming in any case and
was estimated to be 62.0� 1.4 kJ mol�1 for leaf respiration and
57.7� 1 kJ mol�1 for both expressions of whole-canopy respira-
tion, reflecting Q10 values of 2.3 and 2.2, respectively, at 25°C.

Acclimation to warming was also apparent for tissue-specific
rates of leaf and branch wood respiration (Fig. 3). The rate of leaf
respiration at 15°C was reduced by ~30% with warming (Fig. 3a,
P = 0.07), whereas branch wood respiration at 15°C was reduced
by ~23% with warming (Fig. 3b, P = 0.03).

Ra, GPP and Ra/GPP time series

Across time, there were neutral or modest reductions in in-situ Ra
in response to the warming treatment, coupled with a more con-
sistent and larger decrease in in-situ GPP per unit leaf area. The
net impact of these changes was to maintain Ra/GPP at similar or
slightly higher levels in the warmed relative to ambient trees.

The acclimation of respiration to experimental warming
observed in the temperature response curves (Fig. 2) and tissue-
specific rates (Fig. 3) was also apparent in the time series of daily
Ra sums. Despite the consistent ~3°C increase in air temperature
(Fig. 4a), Ra per unit leaf area was approximately equivalent in
the warmed relative to the ambient treatment (Fig. 4b; Table 2).
Although there was a significant warming9 date interaction indi-
cating lower Ra in the warmed relative to ambient treatment on a
few dates, this interaction was of modest importance: it had a
small F value and removing it did not affect the explanatory
power of the model (Table 2). Similarly, removing the warming
effect and its interaction with date had little effect on the explana-
tory power of the model (Table 2). Thus, Ra varied strongly over
time in a manner that was mostly equivalent across treatments,
suggesting that acclimation of Ra to warming was approximately
homeostatic.

Table 2 Statistical results of repeated-measures ANOVAs for the daily time series data

Model term dfa

Ra
b GPPc Ra/GPP

d

F P Dr2e F P Dr2 F P Dr2

Warming 1, 10 0.0 0.97 0.02 0.5 0.49 0.10 0.2 0.65 0.01
Date 254, 1753 61.4 <0.001 0.50 62.9 <0.001 0.80 54.1 <0.001 0.79
Warming9 date 254, 1753 2.3 <0.001 0.00 2.2 <0.001 0.01 1.8 <0.001 0.0

aDegrees of freedom (numerator, denominator).
bAboveground autotrophic respiration.
cGross primary production.
dThe fraction of GPP respired above ground.
eDr2 reflects the reduction in marginal r2 when a term and its interactions were removed from the model. Full model marginal r2 values were 0.5, 0.9 and
0.8 for Ra, GPP and Ra/GPP, respectively.
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GPP per unit leaf area was significantly affected by experimen-
tal warming in a manner that varied in time (Fig. 4c; Table 2,
warming by date interaction, P < 0.001). Warming reduced GPP
per unit leaf area on most days by an average of ~20%, except for
some low-light days where GPP was equivalently low across the
treatments (Fig. 4c). This warming9 date interaction was of
modest importance, but removing the interaction resulted in a
strong and negative main effect of warming (not shown). Remov-
ing warming from the model substantially reduced its explana-
tory power (Table 2). Thus, experimental warming reduced GPP
per unit leaf area on many, but not all, days in the dataset.

The fraction of daily GPP that was returned to the atmosphere
via aboveground autotrophic respiration (that is, Ra/GPP) was
highly variable across days from ~0.18 to 0.8 (Fig. 4d; Table 2,
date main effect, P < 0.001). Experimental warming affected
Ra/GPP in a time-dependent manner (Fig. 4c; Table 2, warming

by date interaction, P < 0.001), as Ra/GPP was higher in the
warmed relative to ambient treatment on some days (Fig. 4d).
However, as with Ra, the main effect of warming and the warm-
ing9 date interaction were of modest quantitative importance
for Ra/GPP, as these terms could be removed from the model
without affecting its explanatory power (Table 2). Thus, Ra/GPP
was highly variable over time in a manner that was generally
equivalent across treatments, but warming increased Ra/GPP on
some dates. Averaged across the experiment, Ra consumed
27� 2% (SE) of GPP in the ambient treatment and 29� 2% of
GPP in the warmed treatment (LS means).

Climate drivers of daily Ra, GPP and Ra/GPP

The dynamic temporal patterns of Ra, GPP and Ra/GPP largely
reflected the climate drivers of daily integrated PPFD and average
Tair (Fig. 5). Daily GPP increased strongly and asymptotically
with PPFD, but daily GPP sums were reduced by warming at
any given level of PPFD exceeding 10 mol d�1 (Fig. 5a). On days
when incident light was high (PPFD > 35 mol d�1), GPP
declined with increasing Tair in a sigmoidal fashion (Fig. 5b).
Daily Ra also increased with PPFD (Fig. 5c) and Tair (Fig. 5d),
but the magnitude of change was smaller for Ra relative to GPP.
As such, the proportion of daily GPP that was respired above
ground (Ra/GPP) decreased with increasing PPFD up to
~25 mol d�1 (Fig. 5e). The effect of low light on Ra/GPP was also
evident as spikes in the daily time series (Fig. 4d). Again consider-
ing only high-light days (PPFD > 35 mol d�1), Ra/GPP increased
with Tair in a nonlinear manner (Fig. 5f). At any given
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temperature exceeding ~25°C, GPP and Ra were reduced in the
warmed treatment relative to the ambient treatment (95% confi-
dence intervals do not overlap; Fig. 5b,d). This correlated reduc-
tion in GPP and Ra with warming at any given temperature
resulted in a relationship between Ra/GPP and Tair that did not
differ between the treatments (Fig. 5f). Thus, Ra/GPP had a
strong temperature dependence that was equivalent across treat-
ments; experimental warming of +3°C did not alter Ra/GPP at
any given temperature because the reduction in GPP and Ra with
warming were correlated and of a similar magnitude.

Although we focused on daily Ra/GPP, we also investigated
simpler and less-derived metrics, including daily net C uptake
and the ratio of night-time C loss to daytime C gain (Figs S7,
S8). These metrics supported the inferences regarding the effects
of experimental warming on daily GPP and Ra/GPP (Fig. 5).

The nonlinear temperature dependence of Ra/GPP (Fig. 5f)
suggests that warming may have a larger impact on Ra/GPP dur-
ing hot conditions; we thus evaluated whether experimental
warming affected Ra/GPP during the warmest days in the dataset.
There were 12 exceptionally hot days on record when the maxi-
mum air temperature exceeded 37 and 40°C in the ambient and
warmed treatments, respectively. On this particular subset of hot
days, experimental warming significantly increased Ra/GPP by
14% from 0.43� 0.02 to 0.49� 0.02 (LS means and SE,
ANOVA, main effect of warming, P = 0.03). Similar increases in
Ra/GPP with experimental warming were also observed in other
subsets of warm days (e.g. 15% increase on the 68 d exceeding
22°C mean 24-h temperature, P = 0.06). These warm days com-
prised ~25% of the flux record (68 of 255 d); a 15% increase in
Ra/GPP over 25% of the flux record translates to a modest 4%

increase in Ra/GPP because of experimental warming over the
course of the experiment.

Temperature response of photosynthesis

We examined the dataset of canopy GPP per unit leaf area at
higher temporal resolution (hourly) in an attempt to resolve the
temperature dependence of photosynthesis (Fig. 6). There was
strong positive covariance between PPFD and Tair, such that con-
ditions with high light and low temperature did not occur. GPP
per unit leaf area increased with PPFD, as expected. At any given
level of PPFD, rates of leaf-level GPP were highest at the lowest
observed Tair and declined with increasing Tair (Fig. 6a,b). For
example, leaf-level GPP declined with increasing Tair for time
periods when PPFD was between 1200 and 1500 lmol m�2 s�1

(Fig. 6c). Thus, the trees in this experiment were frequently oper-
ating above the photosynthetic Topt, which prevented the estima-
tion of Topt directly from these data. At any given combination
of PPFD and Tair, leaf-level GPP tended to be modestly lower in
the warmed relative to the ambient treatment (e.g. Fig. 6c), but
the 95% confidence intervals often overlapped across treatments.
Thus, experimental warming may have induced an acclimation
response that shifted the temperature response of photosynthesis
downwards by a small amount at the hourly scale (Fig. 6c), and
this was evident in the daily sums (Fig. 5b). However, warming
also directly reduced leaf-level photosynthesis by simply increas-
ing the observed Tair (i.e. values were shifted towards the right
along a similar temperature response curve; Fig. 6c).

The reduction in leaf-level GPP as measured by the whole-
canopy fluxes (Figs 4c, 5a,b, 6) was confirmed by direct leaf-level
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observations across five diurnal measurements (Fig. 7). Observed
in-situ rates of net photosynthesis (Anet) tended to be lower in the
warmed relative to the ambient treatment, particularly in the
afternoon (Fig. 7). These leaf-scale measurements were compara-
ble with the canopy-scale measurements (e.g. Fig. S9), emphasiz-
ing the high quality of both measurement approaches. Anet was
similar across treatments in July 2013 on a day with low Tair and
VPD (Fig. 7a,k). However, Anet was consistently reduced by
warming on warm days with moderate to high VPD (Fig. 7b–e,
P < 0.05 on 17 October 2013, 4 December 2014 and 20 Febru-
ary 2014). Stomatal conductance (gs) was also lower in the
warmed relative to ambient treatment across all days excluding
the mild day in July (Fig. 7f–j, P < 0.05 on all days except 10 July

2013). Also, gs and Anet tended to be highest during the
mid-morning (~10:00 h) and decline during the warm afternoon
periods, despite abundant PPFD.

Discussion

We hypothesized that acclimation of photosynthesis and respira-
tion to experimental warming would change the temperature
dependence of Ra/GPP, such that experimental warming would
not increase Ra/GPP at the canopy scale (orange arrow in
Fig. 1b). Our measurements provide mixed support for this
hypothesis. The temperature dependence of Ra/GPP was not
altered with experimental warming (Fig. 5f). The nonlinear
nature of this relationship was such that experimental warming
had no effect on Ra/GPP on most days, but experimental warm-
ing increased Ra/GPP on exceptionally hot days. Photosynthetic
acclimation did not increase the photosynthetic temperature
optimum, as hypothesized, and experimental warming consis-
tently reduced photosynthetic rates by increasing in-situ tempera-
tures beyond the photosynthetic optimum. These results are not
consistent with our hypothesis concerning GPP. By contrast, res-
piration acclimated in a homeostatic manner to experimental
warming, as hypothesized. The common Ra/GPP vs temperature
relationship across treatments was largely the result of physiologi-
cal acclimation of Ra to warming. The nonlinear temperature
dependence of Ra/GPP and the significant stimulation of Ra/GPP
by warming on hot days are consistent with a positive feedback
between climate warming and atmospheric CO2 accumulation
via a stimulation of Ra relative to GPP, particularly as the fre-
quency of hot days is predicted to increase in the future (Yao
et al., 2013).

Physiological acclimation of leaf and branch wood respiration
rates to experimental warming was substantial and moderated the
response of Ra/GPP to warming. The downward adjustment in
respiratory rates at any given temperature in response to warming
is consistent with a large body of literature demonstrating
dynamic acclimation of respiration to long-term changes in tem-
perature (see reviews; Atkin & Tjoelker, 2003; Atkin et al.,
2005a; Smith & Dukes, 2013; Slot & Kitajima, 2015). Our
results showed a stronger acclimation response relative to a review
of prior studies (Slot & Kitajima, 2015), such that in-situ respira-
tion tended towards a homeostatic rate. Similarly strong acclima-
tion has been reported recently in a multi-year warming
experiment with woody juveniles (Reich et al., 2016). This tem-
perature acclimation of respiration moderated the warming
effects on Ra/GPP, particularly as warming reduced GPP. We did
not measure root respiration; given that fine root respiration can
be ~40% of total autotrophic respiration in some mature forests
(e.g. Hamilton et al., 2002), our measures of Ra are underesti-
mates of whole-tree autotrophic respiration. Root respiration also
increases with temperature (e.g. Drake et al., 2008), and so
accounting for root respiration would probably steepen the
temperature dependence of R/GPP.

GPP per unit leaf area declined with increasing temperature at
the hourly and daily scales, in contrast with our hypothesis. The
negative temperature dependence of GPP observed at high light
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(Fig. 6c) contrasts with the classic peaked relationship between
photosynthesis and temperature (Sage & Kubien, 2007; Way &
Yamori, 2014). This disparity may be related to light availability;
the peaked relationship between photosynthesis and temperature
assumes high light incident on the leaf surface (e.g. PPFD of
1500 lmol m�2 s�1 in Fig. 1a). Because of self-shading, much of
the canopy may have been operating at relatively low light, even
with high PPFD incident at the top of the canopy (e.g. Ellsworth
& Reich, 1993; Sch€afer et al., 2003). If the majority of canopy-
scale C uptake was fixed under light-limited conditions, the tem-
perature dependence of photosynthesis would be dominated by
the negative effect of photorespiration at higher temperatures,
resulting in monotonically declining photosynthesis with increas-
ing temperature (McMurtrie & Wang, 1993; Haxeltine & Pren-
tice, 1996). Alternatively or additionally, the observed response
(Fig. 6c) may be explained by a low Topt of photosynthesis, such
that the trees were operating at temperatures exceeding Topt. A
low Topt of photosynthesis may arise from non-stomatal limita-
tions such as Rubisco activase lability (Salvucci & Crafts-
Brandner, 2004; Sage & Kubien, 2007), or stomatal limitation
of photosynthesis with increasing VPD, which lowers Topt by
reducing the CO2 concentration within leaf air spaces at a given
temperature (Lin et al., 2012). A low Topt of GPP at the canopy
scale could also be related to a divergence of Tleaf relative to Tair,
particularly at high levels of solar irradiance (Doughty &
Goulden, 2008). We were unable to extract Topt estimates of
GPP to test whether Topt increased with warming, as hypothe-
sized. However, GPP per unit leaf area was reduced by warming
across most common temperatures, particularly at the daily
timescale. This suggests that any physiological change in response
to warming led to reduced, rather than increased, photosynthetic
rates.

Canopy Ra and GPP were variable and responsive to the envi-
ronment, such that the fraction of daily GPP respired above
ground was also highly variable and responsive to PPFD and Tair.
Light availability was a strong driver of Ra/GPP at the daily scale;
cloudy days had high Ra/GPP, as GPP was strongly reduced

relative to Ra. Air temperature was also an important driver; hot
days had high Ra/GPP as GPP was reduced and Ra increased, and
experimental warming exacerbated these responses. The dynamic
Ra/GPP observed here runs counter to some literature suggesting
that autotrophic respiration may be a fixed fraction of GPP, given
the physiological link between photosynthesis and respiration
(Waring et al., 1998; Dewar et al., 1999; Gifford, 2003),
although these studies were largely concerned with longer
timescales. Given the daily timescale of the measurements
reported here, we were able to confirm the expected environmen-
tal responses of Ra/GPP. Some studies found leaf respiration rates
to be positively correlated with the rate of photosynthesis on the
preceding day, presumably via a substrate effect on respiratory
metabolism (Whitehead et al., 2004; Hartley et al., 2006; Wertin
& Teskey, 2008); this effect would tend to stabilize or constrain
Ra/GPP. We found limited evidence of this effect in the current
experiment, as nightly sums of C loss to Ra increased only mod-
estly with GPP on the preceding day (Fig. S10; y = 0.24 + 0.02x,
r2 = 0.07, P < 0.05). This suggests that Ra was not strongly sub-
strate limited in this experiment, and the photosynthate acquired
on days with high GPP was retained, rather than immediately
respired. This quasi-independence of GPP and Ra resulted in a
nonlinear temperature dependence of Ra/GPP, as predicted by
physiological models that simulate photosynthesis and respiration
as independent processes.

These results provide some support for a positive feedback
between surface warming and atmospheric CO2 concentrations
as simulated by Earth system models. Such models predict a posi-
tive feedback between surface warming and atmospheric CO2

accumulation (Dufresne et al., 2002; Friedlingstein et al., 2014),
in accordance with empirical data correlating historical patterns
of surface temperatures and atmospheric [CO2] (Frank et al.,
2010; Wang et al., 2013). Much of this positive feedback has
been attributed to enhanced mineralization of soil organic matter
with increased temperatures (Kirschbaum, 2000; Wieder et al.,
2013; Karhu et al., 2014), but autotrophic respiration also con-
tributes to the positive feedback (e.g. Atkin et al., 2008;
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Lombardozzi et al., 2015). This study suggests that acclimation
of Ra to warming may prevent an increase in tree Ra/GPP at a
constant temperature, mitigating a portion of this positive feed-
back. However, given the nonlinear temperature dependence of
Ra/GPP, experimental warming increased Ra/GPP on hot days,

suggesting that Ra/GPP may increase together with the predicted
increase in frequency and intensity of heat waves (Yao et al.,
2013; Teskey et al., 2014). This positive feedback may be rela-
tively modest, however, as warming only increased Ra/GPP by a
small amount and only during uncommonly hot conditions.
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