
Summary We measured responses of leaf respiration to
temperature and leaf characteristics in three deciduous tree
species (Quercus rubra L., Quercus prinus L. and Acer rubrum
L.) at two sites differing in water availability within a single
catchment in the Black Rock Forest, New York. The response
of respiration to temperature differed significantly among the
species. Acer rubrum displayed the smallest increase in respi-
ration with increasing temperature. Corresponding Q10 values
ranged from 1.5 in A. rubrum to 2.1 in Q. prinus. Dark respira-
tion at ambient air temperatures, expressed on a leaf area basis
(Rarea), did not differ significantly between species, but it was
significantly lower (P < 0.01) in trees at the wetter (lower) site
than at the drier (upper) site (Q. rubra: 0.8 versus 1.1 µmol m–2

s–1; Q. prinus: 0.95 versus 1.2 µmol m–2 s–1). In contrast, when
expressed on a leaf mass basis (Rmass), respiration rates were
significantly higher (P < 0.01) in A. rubrum (12.5–14.6 µmol
CO2 kg–1 s–1) than in Q. rubra (8.6–9.9 µmol CO2 kg–1 s–1) and
Q. prinus (9.2–10.6 µmol CO2 kg–1 s–1) at both the lower and
upper sites. Respiration on a nitrogen basis (RN) displayed a
similar response to Rmass. The consistency in Rmass and RN be-
tween sites indicates a strong coupling between factors influ-
encing respiration and those affecting leaf characteristics.
Finally, the relationships between dark respiration and Amax

differed between sites. Trees at the upper site had higher rates
of leaf respiration and lower Amax than trees at the lower site.
This shift in the balance of carbon gain and loss clearly limits
carbon acquisition by trees at sites of low water availability,
particularly in the case of A. rubrum.

Keywords: Acer rubrum, dark respiration, Quercus prinus,
Quercus rubra, soil water content.

Introduction

The carbon balance of forests is defined by the relatively small
difference between two large fluxes: photosynthetic carbon
gain and respiratory carbon loss. Roughly half of daily net

photosynthetic carbon fixation is released through respiration
the following evening (Amthor 1989, Ryan 1991), leaving
only half of the fixed carbon to support plant growth and eco-
system productivity. The processes of photosynthesis and res-
piration respond independently and often differently to envi-
ronmental perturbations or variation, and thus have nonlinear
effects on forest carbon gain (Ryan 1991, Dewar et al. 1999,
Gunderson et al. 2000). In the context of climate change, it is
essential that respiratory responses of forest trees to environ-
mental variables be studied, because at the global scale, plant
respiration releases 60 Gt of carbon annually (Amthor 1997),
80% from forest trees (Hall and Scurlock 1993, Houghton
1993).

There is now widespread agreement that human activities
are leading to global surface warming (Hansen et al. 1999).
Although there is debate concerning our ability to predict fu-
ture temperature change (Visser et al. 2000), models indicate
that global temperatures will be 1.4 to 5.8 °C higher by the
year 2100 (Hansen et al. 1999, IPCC 2001). Warming will be
more pronounced at night (Easterling et al. 1997, Alward et al.
1999). Nighttime warming may have ecologically important
consequences, such as prolongation of the growing season
(Keeling et al. 1996, Myneni et al. 1997, Menzel and Fabian
1999), changes in species’ abundance (Alward et al. 1999),
and alterations in net primary productivity and carbon seques-
tration (Coughenour and Chen 1997, Myneni et al. 1997,
Alward et al. 1999). These effects, alone or in combination,
could have large effects on system-level carbon, nitrogen and
water cycling, and therefore carbon storage (Dewar et al.
1999, Melillo 1999).

Plant respiration comprises a suite of biochemical reactions
that are sensitive to temperature. Typically, for each succes-
sive 10 °C increase in temperature, respiration rates double
(Q10; Ryan 1991). However, the degree to which respiration in
leaves changes with temperature is highly variable, with Q10

values ranging from 1.4 to 4.0 (Azcón-Bieto 1992), depending
on measurement temperature, species (Larigauderie and

Tree Physiology 21, 571–578
© 2001 Heron Publishing—Victoria, Canada

Responses of leaf respiration to temperature and leaf characteristics in
three deciduous tree species vary with site water availability†

M. H. TURNBULL,1 D. WHITEHEAD,2 D. T. TISSUE,3 W. S. F. SCHUSTER,4,5 K. J. BROWN5

and K. L. GRIFFIN5

1 Department of Plant and Microbial Sciences, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
2 Landcare Research, PO Box 69, Lincoln, New Zealand
3 Department of Biology, Texas Tech University, Lubbock, TX 79409-3131, USA
4 The Black Rock Forest Consortium, Cornwall, NY 12518, USA
5 Department of Earth and Environmental Sciences, Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY 10964-8000, USA

Received August 28, 2000

† Tables 2 and 3, and Figure 2 have been revised in accordance with the correction published in Tree Physiology, Volume 21, Issue 11, pages
775–776.

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/21/9/571/1723275 by guest on 20 M

arch 2024



Körner 1995), season (Kajimoto 1990, Criddle et al. 1994,
Stockfors and Linder 1998, Atkin et al. 2000), growth temper-
ature (e.g., Larigauderie and Körner 1995, Atkin et al. 2000)
and leaf metabolic state (Breeze and Elston 1978, Berry and
Raison 1981). Under field conditions, respiration rate is also a
function of a plant's physiological history, and is subject to ac-
climation or adaptation, or both (Amthor 1984, Amthor 1989,
Atkin et al. 2000).

Here we examine the potential for species-level and envi-
ronmentally induced differences in (1) the temperature re-
sponse of foliar dark respiration and (2) the relationships
between respiration and leaf characteristics. Dark respiration
was measured on leaves from detached branches from the up-
per canopy of three dominant tree species, red oak (Quercus
rubra L.), chestnut oak (Quercus prinus L. syn. Quercus
montana Willd.) and red maple (Acer rubrum L.) from a tem-
perate deciduous forest in eastern North America. Two sam-
pling locations with contrasting water availability were
chosen within a single experimental watershed to examine the
relationships among water availabilities, leaf morphological
and chemical characteristics, and dark respiration. Our overall
objective is to establish physiological relationships that under-
pin the population dynamics of these species. The relative per-
formance of A. rubrum is of particular interest, because it is
hypothesized that this species will increase in dominance in
forests of the eastern USA over the next century (Abrams
1998).

Materials and methods

Description of study site

The Black Rock Forest is a 1500-ha scientific preserve within
the Highlands Province of New York that was established in
1927. The forest is located at 41°24′ N and 74°01′ E with ele-
vations ranging from 110 to 450 m above sea level. Mean an-
nual precipitation is 1190 mm. Air temperature is strongly
seasonal, with monthly means ranging from –2.7 °C in Janu-
ary to 23.4 °C in July. Soils are typically shallow, brown forest
soils of medium texture, with granite gneiss bedrock or glacial
till parent material at depths ranging from 250 mm at elevated
sites (Hollis soil) to 1 m at lower sites (Charlton/Paxton soil;
Olsson 1981). The forest contains an average of 734 trees ha–1

with a mean basal area of 21.0 m2 ha–1. Red oak (Quercus
rubra) is the dominant species and, along with chestnut oak
(Quercus prinus), comprises 66% of the basal area. Red maple
(Acer rubrum) accounted for 31% of the stems across all plots,
substantially more than any other species, but accounts for
only 8% of stand basal area. Along elevational gradients, red
maple, chestnut oak and white oak (Quercus alba L.) are the
most common trees on upper slopes and ridge tops, whereas
red maple, red oak and sugar maple (Acer saccharum Marsh.)
are most common in wet areas and on lower slopes (K. Barrin-
ger, Brooklyn Botanic Garden, unpublished data).

Field plots and species

The Cascade Brook watershed comprises 135 ha in the south-

eastern portion of the Black Rock Forest. Elevations within
the watershed range from 210 to 430 m. Two 0.10-ha study
plots were selected, one at the top and one at the bottom of the
watershed (hereafter referred to as the upper site and lower
site, respectively). The lower site is at an elevation of 270 m
and has a slope of less than 5%. The upper site is a gently slop-
ing face below the ridge line with a south–southwest aspect at
an elevation of 350 m. Continuous measurements of volumet-
ric root-zone water content were made during the study. At
each of the sites, four TDR probes (CS615, Campbell Scien-
tific, Logan, UT) were placed in the upper horizon (10–15 cm)
of the soil profile. At 20-min intervals, the probes were auto-
matically activated every 10 s for a total of 5 min. Mean values
over the 5-min measurement interval were recorded with a
data logger (Campbell Scientific CR10X). The two sites dif-
fered significantly with respect to water availability. Mean
soil water content during June when the study was conducted
was 35.1 ± 1.5% (range 32–48%) at the lower site and 12.6 ±
0.7% (range 10–22%) at the upper site.

The upper site has 760 trees ha–1 and a basal area of 23.7 m2

ha–1. Chestnut oak is the most common species, followed by
red oak and red maple. Chestnut, white and red oaks together
comprise 78% of the basal area. Chestnut oak is most numer-
ous in the overstory, whereas red maple is most numerous in
the understory. The majority of the basal area is in trees
20–30 cm in diameter and only one tree on the plot was larger
than 35 cm. Canopy height is 10–16 m.

The lower site has 650 trees ha–1 with a basal area of 24.9 m2

ha–1. Red maple is the most common tree, followed by yellow
birch (Betula alleghaniensis Britt.) and red oak, although red
oak makes the greatest contribution to stand basal area. Chest-
nut oak occurs only on drier microsites. Red oak dominates the
overstory along with red maple, whereas red maple, sugar ma-
ple and yellow birch are most common in the mid-canopy.
Much of the basal area is in trees 30–40 cm in diameter and the
largest tree is nearly 50 cm. Canopy height ranges from 20 to
30 m.

Respiration measurements

Physiological measurements were made during early summer
(June 14–22, 1999). Measurements of leaf dark respiration
were made on fully expanded leaves from the upper canopy.
Sampled leaves were fully sunlit in the case of Q. rubra and
Q. prinus. However, in the case of A. rubrum, they were par-
tially sunlit leaves in the mid-stratum of the forest. Access to
the tree crowns was limited. Sampled trees were representa-
tive in height, crown size and position in the canopy of the
population distributed along a 0.5-km transect within each
catchment area. At least six leaves (from at least two separate
branches on three trees) were measured for each species per
site. Leaf carbohydrate, nitrogen and specific leaf area (SLA)
analyses were performed on the same leaves used for gas ex-
change measurements.

Dark respiration was measured with infra-red gas analysis
systems (LI-6400, Li-Cor, Inc., Lincoln, NE) equipped with
CO2 control modules at nominal temperatures of 10, 17 and
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25 °C, representing a range of approximately ± 7 °C around
the ambient minimum temperature during the study period.
Cuvette temperature was regulated by means of thermoelec-
tric coolers. Responses were modeled according to actual leaf
temperatures achieved (approximately 13, 18 and 22 °C, re-
spectively) at the nominal temperature set points. External
CO2 partial pressure (Ca) was maintained at the ambient atmo-
spheric value (36 Pa). Measurements were made at each tem-
perature set point when respiratory gas exchange had
equilibrated (taken to be when the coefficient of variation
(CV) for the CO2 partial pressure differential between the
sample and reference analyzers was below 1%). This condi-
tion was typically achieved about 10 min after the stable tem-
perature set point had been reached. Measurements were made
at night (after 2200 h) in the dark on individual leaves on large
branches excised under water from trees in the field. Previous
studies had shown no differences in respiration between in situ
leaves and leaves from detached branches of a range of decid-
uous species, including Q. rubra and A. rubrum (Mitchell et al.
1999). Photosynthetic capacity (Amax) was determined at satu-
rating photon flux density (2000 µmol m–2 s–1) and ambient Ca

at 25 °C during the previous daytime period for in situ leaves
adjacent in the canopy to those removed to the laboratory for
respiration determinations.

Temperature response curves were analyzed with a
modified Arrhenius function described by Lloyd and Taylor
(1994):

R R e

E

R T T=
−








0

1 1o

g o a , (1)

where R0 is respiration rate at the base temperature, T0 (15 °C),
Ta is leaf temperature (K), Rg is the gas constant (8.314 J mol–1

K–1) and Eo is a parameter related to the energy of activation.
Mean minimum night air temperatures were determined for
June for each site from on-site measurements so that actual
respiration rates could be calculated from the modeled re-
sponses. Mean minimum air temperatures in June did not dif-
fer significantly between the upper (18.1 ± 0.52 °C) and lower
(17.2 ± 0.53 °C) sites.

Leaf analyses

Leaves harvested for respiratory measurements were analyzed
for specific leaf area (SLA), soluble sugar and starch contents
by a phenol-sulfuric acid technique (Tissue and Wright 1995)
and leaf nitrogen content with a CNS autoanalyzer (Carlo Erba
Na 1500, Milan, Italy).

Statistical analysis

The main effects and interactions of species and forest site on
respiration parameters were evaluated by two-way analysis of
variance (ANOVA) (S-Plus v3.3, MathSoft Inc., Seattle,
WA). A nested model (individual trees nested within species)
was used to account for species versus individual tree varia-
tion in parameters (Underwood 1981). In all cases, be-
tween-tree variation was not significant, and this factor was
subsequently ignored in the presentation of results. Differ-

ences were considered significant if P < 0.05. Treatment
means were compared by least significant difference to deter-
mine whether means of the dependent variable were signifi-
cantly different at P = 0.05 (Sokal and Rohlf 1981).

Results

Temperature response of respiration

The temperature response of respiration differed between spe-
cies (Figure 1). Acer rubrum displayed a shallower increase in
respiration with increasing temperature than Q. rubra or
Q. prinus. Temperature responses of respiration differed be-
tween the upper and lower sites, with a significant effect of site
on respiration at low temperatures but not at high tempera-
tures. Dark respiration at a nominal temperature of 15 °C (R15)
was significantly lower (particularly for Q. rubra and
Q. prinus) at the lower site than at the upper site (P < 0.01, Ta-
ble 1). There were significant differences in respiration be-
tween species at high temperatures (R25, P = 0.012) but not at
lower temperatures. At the upper site, R25 was greater in
Q. rubra and Q. prinus (1.56 µmol m–2 s–1) than in A. rubrum
(1.17 µmol m–2 s–1). A similar species difference in R25 at the
lower site was not significant (Table 1). The effects of site and
species on the temperature response of respiration were also
exemplified in Eo and Q10. Acer rubrum had lower values of
both Eo and Q10 than the other species, and trees at the lower
site had higher Eo and Q10 values than trees at the upper site.
Values of Q10 ranged from 1.46 in A. rubrum to 2.07 in
Q. prinus.

Leaf characteristics

All leaf characteristics (Table 2) displayed significant differ-
ences between species (P < 0.001), but only soluble sugar con-
centration was subject to a significant site effect (P < 0.001).
Values of SLA were significantly higher in A. rubrum
(14.1–15.6 m2 kg–1) than in Q. rubra (9–10.5 m2 kg–1) and
Q. prinus (9.2–9.9 m2 kg–1). Nitrogen concentration on both a
mass and an area basis was significantly lower in A. rubrum
than in Q. rubra and Q. prinus. Leaf soluble sugar concentra-
tions were significantly lower in A. rubrum (2.1–3.1%) than in
Q. rubra and Q. prinus. In the latter species, leaf sugar concen-
tration was significantly lower (P < 0.001) in trees at the lower
site than in trees at the upper site (Q. rubra : 4.6 versus 7.5%;
Q. prinus: 6.1 versus 9.2%). Starch concentration was signifi-
cantly higher (P < 0.001) in Q. rubra and Q. prinus than in
A. rubrum.

Leaf respiration at ambient temperature

Mean minimum temperature for June when the study was con-
ducted was 17.2 ± 0.52 °C at the lower site and 18.2 ± 0.52 °C
at the upper site. Leaf dark respiration rates at the mean mini-
mum nighttime temperature (Table 3) were calculated from
the respiration response characteristics (Figure 1 and Table 1)
to reflect respiration under ambient conditions. Respiration
rates expressed on a leaf area basis (Rarea) were not signifi-
cantly different between species, but were significantly lower
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(P < 0.01) in trees at the lower site compared with trees at the
upper site (Q. rubra: 0.8 versus 1.1 µmol m–2 s–1; Q. prinus:
0.95 versus 1.2 µmol m–2 s–1). On a mass basis, respiration

rate (Rmass) was significantly higher (P < 0.01), in A. rubrum
(12.5–14.6 µmol CO2 kg–1 s–1) than in Q. rubra
(8.6–9.9 µmol CO2 kg–1 s–1) and Q. prinus (9.2–10.6 µmol
CO2 kg–1 s–1). Respiration on a nitrogen basis (RN) displayed a
similar response to Rmass, with significantly higher values in
A. rubrum than in the other 2 species (P < 0.01; Table 3). The
value of Amax differed among species (P < 0.001) and was sig-
nificantly affected by site (P < 0.001). In Q. prinus and
A. rubrum, Amax was significantly greater at the lower site than
at the upper site (P < 0.05).

Relationships between respiration and leaf characteristics

Among species, the relationship between Rarea and Amax dif-
fered at the lower and upper sites (Figure 2a). At both sites,
Q. prinus and Q. rubra displayed the highest Amax/Rarea ratio.
There was a consistent difference between sites in the relation-
ship between Rarea and Amax for Q. prinus and A. rubrum, with
trees at the upper site having higher Rarea and lower Amax values
than trees at the lower site. The relationship between Rarea and
Narea differed between the lower and upper sites for Q. rubra
and Q. prinus (Figure 2b), with trees at the lower site having
significantly lower values of Rarea (P < 0.05) at lower Narea.
Acer rubrum had relatively low values of Narea and Rarea at both
sites. In Q. rubra and Q. prinus at the upper site, an increase in
Rarea was associated with a decrease in SLA (Figure 2c) and an
increase in leaf soluble sugar concentration (Figure 2d). There
was little difference between sites in the relationship between
Rarea and leaf soluble sugar concentration in A. rubrum.
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Figure 1. Response of dark respiration rate, Rd, to temperature in
leaves of Quercus rubrum (Qr), Quercus prinus (Qp) and Acer
rubrum (Ar) from sites differing in root-zone water availability. Data
shown are modeled responses based on the mean parameters from
6–7 replicate response curves at each site (individual curves are fitted
by Equation 1). For statistical comparison of respiration parameters
see Table 2.

Table 1. Dark respiration parameters calculated from fitted temperature response curves (see Figure 1) for leaves of Quercus rubra, Quercus
prinus and Acer rubrum from two sites of differing root zone water availability within a catchment. Parameter R15 is respiration rate at the base
temperature (15 °C) used to fit Equation 1 to actual responses. Values of R20 and R25 denote respiration rates calculated from the fitted responses at
20 and 25 °C, respectively. Parameter Eo is a modeled parameter related to the energy of activation. The Q10 denotes the relative change in respira-
tion rate with a 10 °C increase in temperature (15–25 °C). Values shown are means (± standard error of the mean, SEM) where n = 6–7. Signifi-
cance of treatment effect for species (Sp), site (Site) and the interaction between species and site (Sp × S) are indicated as the P-value or as
nonsignificant (ns). Different letters within rows indicate statistically different values at P < 0.05 based on least significant difference test of treat-
ment means.

Parameter Quercus rubra Quercus prinus Acer rubrum ANOVA

Upper site Lower site Upper site Lower site Upper site Lower site

R15 (µmol CO2 m–2 s–1) 0.92 (0.14) bc 0.71 (0.08) a 1.02 (0.08) c 0.78 (0.05) ab 0.87 (0.19) ab 0.81 (0.07) ab Sp ns
Site P < 0.01
Sp × S ns

R20 (µmol CO2 m–2 s–1) 1.20 (0.15) a 1.00 (0.13) a 1.27 (0.09) a 1.08 (0.10) a 1.01 (0.18) a 0.99 (0.08) a Sp ns
Site ns
Sp × S ns

R25 (µmol CO2 m–2 s–1) 1.56 (0.16) b 1.39 (0.19) ab 1.56 (0.09) b 1.49 (0.22) ab 1.17 (0.18) a 1.22 (0.09) ab Sp P = 0.012
Site ns
Sp × S ns

Eo (J mol–1 K–1) 39670 (3880) bc 46610 (3510) c 30640 (3260) ab 43370 (7090) c 24720 (6580) a 29700 (2160) a Sp P < 0.01
Site P < 0.01
Sp × S ns

Q10 1.76 (0.09) bc 1.93 (0.09) c 1.56 (0.07) ab 2.07 (0.24) c 1.46 (0.13) a 1.53 (0.05) ab Sp P < 0.01
Site P < 0.01
Sp × S ns
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Discussion

Response of respiration to temperature

We found that the response of respiration to temperature and
related leaf characteristics (e.g., Amax and Narea) can differ sig-
nificantly in trees growing at sites with contrasting water

availability. Because leaf respiratory response to temperature
is a function of a plant's physiological history, and is subject to
acclimation or adaptation, or both (Amthor 1984, Amthor
1989, Atkin et al. 2000), there is a need for detailed investiga-
tions of seasonal and site-specific variations in the tempera-
ture responses of tree respiration. Such investigations, and the
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Table 2. Leaf characteristics for Quercus rubra, Quercus prinus and Acer rubrum trees from two sites of differing root zone water availability
within a single watershed. Values shown are means (± SEM) where n = 6–7. Significance of treatment effect for species (Sp), site (Site) and the in-
teraction between species and site (Sp × S) are indicated as the P-value or as nonsignificant (ns). Different letters within rows indicate statistically
different values at P < 0.05 based on the least significant difference test of treatment means.

Characteristic Quercus rubra Quercus prinus Acer rubrum ANOVA

Upper site Lower site Upper site Lower site Upper site Lower site

SLA (m2 kg–1) 8.95 (0.27) a 10.54 (0.65) a 9.20 (0.34) a 9.88 (0.84) a 15.61 (0.53) b 14.09 (0.53) b Sp P < 0.001
Site ns
Sp × S ns

Nmass (mmol N g–1) 1.48 (0.04) b 1.37 (0.03) a 1.59 (0.09) c 1.55 (0.04) c 1.36 (0.05) a 1.36 (0.02) a Sp P < 0.001
Site ns
Sp × S ns

Narea (mmol N m–2) 166 (6.6) c 134 (8.4) b 174 (10.6) c 162 (11.0) c 87.1 (3.1) a 97.9 (4.6) a Sp P < 0.001
Site ns
Sp × S P = 0.04

C:N 27.4 (0.70) ab 29.6 (0.63) bc 25.8 (1.49) a 26.3 (0.78) a 30.1 (1.07) c 29.8 (0.60) c Sp P < 0.001
Site ns
Sp × S ns

Sugars (g m–2) 7.50 (0.44) d 4.62 (0.58) b 9.22 (0.85) e 6.05 (0.52) c 2.50 (0.15) a 3.05 (0.30) a Sp P < 0.001
Site P < 0.001
Sp × S < 0.01

Starch (g m–2) 7.04 (0.71) d 6.33 (0.54) cd 7.27 (0.80) d 5.55 (1.11) bc 2.90 (0.21) a 4.20 (0.33) ab Sp P < 0.001
Site ns
Sp × S P = 0.03

Table 3. Night respiration and photosynthetic capacity for leaves of Quercus rubra, Quercus prinus and Acer rubrum trees from two sites of dif-
fering water availability within a single watershed. Respiration rates are calculated from modeled responses (see Table 1) at the mean minimum
nighttime temperature for each site during June (17.2 °C for the lower site and 18.1 °C for the upper site). Values shown are means (± SEM) where
n = 6–7. Significance of treatment effect for species (Sp), site (Site) and the interaction between species and site (Sp × S) are indicated as the
P-value or as nonsignificant (ns). Different letters within rows indicate statistically different values at P < 0.05 based on least significant differ-
ence test of treatment means.

Parameter Quercus rubra Quercus prinus Acer rubrum ANOVA

Upper site Lower site Upper site Lower site Upper site Lower site

Rarea (µmol CO2 m–2 s–1) 1.08 (0.14) bc 0.82 (0.09) a 1.16 (0.08) c 0.95 (0.06) ab 0.95 (0.17) ab 0.88 (0.07) a Sp ns
Site P < 0.01
Sp × S ns

Rmass (µmol CO2 kg–1 s–1) 9.88 (1.52) ab 8.62 (1.12) a 10.61 (0.51) ab 9.21 (0.59) ab 14.56 (2.32) c 12.46 (1.28) bc Sp P < 0.01
Site ns
Sp × S ns

RN (µmol CO2 mol–1 s–1) 6.66 (1.02) a 6.37 (0.99) a 6.73 (0.25) a 5.94 (0.38) a 10.9 (1.98) b 9.11 (0.88) b Sp P < 0.01
Site ns
Sp × S ns

Amax (µmol CO2 m–2 s–1) 12.3 (0.56) cd 12.0 (0.47) cd 11.0 (1.1) bc 12.8 (1.74) d 7.78 (0.51) a 10.5 (0.35) b Sp P < 0.001
Site P < 0.001
Sp × S P < 0.001
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use of the data obtained to extrapolate from leaf-level to land-
scape-level responses, must take into account that short- and
long-term responses of respiration to temperature may differ
markedly (Dewar et al. 1999).

Although the oak species we studied (Q. rubra and
Q. prinus) showed similar respiration responses to tempera-
ture, respiration in A. rubrum was considerably less tempera-
ture sensitive (i.e., lower Q10). Our Q10 values contrast with
those obtained in recent studies of these and related species
(Bolstad et al. 1999, Amthor 2000), where Q10 rarely differed
among species and never fell below 2.0. We found significant
differences between species in Q10, which ranged from 1.5 to
2.1. These are at the low end of the range of published Q10 val-
ues, which extend from 1.4 to 4, with an average near 2
(Amthor 1984, Azcón-Bieto 1992). Our low Q10 values may
be associated with seasonal effects: our measurements were
made in early summer, when the high metabolic rate of leaves
and higher temperatures may reduce the temperature response
of respiration (Kajimoto 1990, Criddle et al. 1994, Stockfors
and Linder 1998, Atkin et al. 2000). The low Q10 values in
A. rubrum may be best explained by the low soluble sugar con-
centration of the leaves (Breeze and Elston 1978, Berry and
Raison 1981).

In the three species studied, there was a trend toward a
higher Q10 at the lower site than at the upper site, although the
difference was statistically significant only in Q. prinus (Q10

of 1.56 versus 2.07). This trend is of interest because of its im-
plications for the modeling of forest carbon budgets. Studies
to date have investigated the effects of growth temperature
(e.g., Larigauderie and Körner 1995, Atkin et al. 2000), geo-
graphical location (e.g., Gunderson et al. 2000), elevation
(Ledig and Korboro 1983, Mitchell et al. 1999), CO2 concen-
tration (e.g., Amthor 2000) and canopy position (e.g., Bolstad
et al. 1999, Carswell et al. 2000). In our study, trees were not
separated by large distances or differences in altitude
(270–350 m) or temperature (less than 1 °C difference in
nighttime minimum temperature). However, the sites differed
in root-zone water availability. A mechanism to explain our
observations is yet to be elucidated, and we cannot rule out the
potential impacts of the factors mentioned above, or that the
differences displayed reflect short-term responses (Dewar et
al. 1999). However, we contend that differences in tempera-
ture sensitivity of dark respiration may result from impacts of
soil water conditions on leaf metabolic state. Significantly,
these differences may have adaptive value in reducing respira-
tory carbon losses in trees at the upper site during summer,
when temperatures are high and soil water contents are low.

Species and site differences in respiration

Overall rates of respiration presented here are generally con-
sistent with previous studies for these species (e.g., Reich et al.
1998), although relatively high when compared with other
species (e.g., Mitchell et al. 1999, Amthor 2000). This may, in
part, reflect differences in geographical origin of the trees
(e.g., Reich et al. 1996) and in the timing of measurements.
Studies of seasonal patterns of respiration in trees have yielded
equivocal data (Gordon and Larson 1968, Drew and Ledig
1981, Cropper and Gholz 1991). However, detailed seasonal
measurements of respiration in Q. rubra (Wullschleger et al.
1996) and Betula pendula (Oleksyn et al. 2000) are consistent
with the rates of respiration reported here and with the notion
that respiratory rates decline between the period of most active
growth (June) and early autumn (September).

We found no significant differences between species when
respiration rate was calculated on an area basis, but A. rubrum
had significantly higher Rmass and RN values than both oak spe-
cies (Table 3), reflecting the high SLA and low Narea in leaves
of A. rubrum. This finding is in contrast to that of Mitchell et
al. (1999), who measured relatively low rates of dark respira-
tion (on an area, mass and unit N basis) in A. rubrum compared
with Q. rubra and Q. prinus. Similarly, Bolstad et al. (1999)
reported that A. rubrum had significantly lower R20 on a mass
and area basis than Q. rubra and Q. prinus, although no differ-
ences were noted between species when respiration was calcu-
lated on a unit N basis.

We observed site differences in respiration rates on a leaf
area basis, but not when rates were scaled by either SLA or
leaf N concentration. The consistency in Rmass and RN between
sites indicates a strong coupling between factors influencing
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Figure 2. Relationships between night respiration and (a) maximum
assimilation rate, Amax (b) leaf nitrogen concentration, Narea, (c) spe-
cific leaf area and (d) leaf soluble sugar concentration for leaves of
Quercus rubra (�,�), Quercus prinus (�,�) and Acer rubrum
(�,�) from lower (open symbols) and upper (closed symbols) sites in
a single watershed. Respiration rates are given for the mean minimum
temperature at each site for the month during which measurements
were made. Each value plotted is the mean (± SEM) of 6–8 determi-
nations of each parameter. For statistical comparison of leaf charac-
teristics and respiration parameters see Tables 2 and 3, respectively.
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respiration and those affecting leaf characteristics. Because
our upper and lower sites do not differ greatly in elevation (cf.
Mitchell et al. 1999), site differences in dark respiration are
most likely a result of the effects of differences in water avail-
ability on leaf water status or demand for energy associated
with leaf maintenance (Lambers et al. 1998). High respiration
rates in Q. rubra and Q. prinus at the upper site corresponded
with high foliar concentrations of soluble sugars and low SLA
(Table 2 and 3). This is consistent with previous findings (e.g.,
Azcón-Bieto and Osmond 1983), although relationships be-
tween respiration and leaf carbohydrate concentration are of-
ten unclear (Atkin et al. 2000).

Site differences in relationships between respiration and leaf
characteristics

The relationship between Rarea and a range of leaf characteris-
tics differed markedly between the two sites, especially for the
relationship between Rarea and Amax (Figure 2a). Trees at the
drier upper site generally had higher leaf respiration rates and
lower Amax than trees at the lower site. Lower photosynthetic
capacity in trees at the drier, upper site was associated with
higher respiration rates compared with trees at the wetter,
lower site. Although respiration and photosynthetic rates have
been shown to be positively correlated (Azcon-Bieto and Os-
mond 1983, Reich et al. 1998), our results show that this rela-
tionship may differ in trees under different growing condi-
tions. This shift in the balance of carbon gain and loss limits
the carbon acquisition capacity of trees at the upper site. This
was particularly notable for A. rubrum, which at the upper site,
had relatively high respiration rates combined with low Amax.
Thus, the competitive ability of A. rubrum may be limited by
water availability, even though the species is considered a
generalist able to compete successfully across a range of site
conditions (Abrams 1998) and is thought to be expanding its
range in northeastern USA (Lorimer 1984, Burns and Honkala
1990).

Site differences in the relationships between Rarea and Narea,
SLA and soluble sugar concentration were consistent between
the Quercus species. In Q. rubra and Q. prinus, high Rarea at
the upper site was associated with high Narea (Figure 2b) (cf.
Reich et al. 1998, Bolstad et al. 1999, Mitchell et al. 1999), and
probably reflects the close relationship between leaf N con-
centration and maintenance respiration (Amthor 1989, Ryan
1991). In the Quercus species, high Rarea at the upper site was
associated with low SLA and high leaf sugar concentration
(cf. Reich et al. 1998). In contrast, site differences in Narea,
SLA and soluble sugar concentration in A. rubrum were small,
and thus the relationships between these characteristics and
Rarea were insensitive to site conditions. Environmental vari-
ables (e.g., temperature, soil characteristics), leaf characteris-
tics (e.g., N concentration, SLA, carbohydrate concenration)
and respiration co-vary across landscapes and between spe-
cies. This has important implications for accurate modeling of
respiratory carbon fluxes from forests, particularly for for-
est-gap models that assume a single temperature optimum for
all populations across the a species range (e.g., Shugart et al.

1992, Shenck 1996).

Acknowledgments

The authors gratefully acknowledge the A.W. Mellon Foundation for
providing the principal financial support for this research and the
Royal Society of New Zealand (ISAT Linkages Scheme) for travel
support to MHT. We thank the Black Rock Forest Consortium for ac-
cess to the Black Rock Forest field sites and for providing seed fund-
ing, accommodation and logistic support. The excellent technical
assistance of Ardis Thompson is gratefully acknowledged. We also
thank Ray Leuning for providing the modified Arrhenius function for
temperature response analysis.

References

Abrams, M.D. 1998. The red maple paradox: what explains the wide-
spread expansion of red maple in eastern forests? BioScience 48:
355–364.

Alward, R.D., J.K. Detling and D.G. Milchunas. 1999. Grassland
vegetation changes and nocturnal global warming. Science 283:
229–231.

Amthor, J.S. 1984. The role of maintenance respiration in plant
growth. Plant Cell Environ. 7:561–569.

Amthor, J.S. 1989. Respiration and crop productivity. Springer-
Verlag, New York, 215 p.

Amthor, J.S. 1997. Plant respiratory response to elevated CO2 partial
pressure. In Advances in Carbon Dioxide Effects Research. Eds.
L.H. Allen, Jr., M.B. Kirkham, D.M. Olszyk and C.E. Whitman.
Am. Soc. of Agron., Madison, WI, pp 35–77.

Amthor, J.S. 2000. Direct effect of elevated CO2 on nocturnal in situ
leaf respiration in nine temperate deciduous tree species is small.
Tree Physiol. 20:139–144.

Atkin, O.A., C. Holly and M.C. Ball. 2000. Acclimation of snow gum
(Eucalyptus pauciflora) leaf respiration to seasonal and diurnal
variations in temperature: the importance of changes in the capac-
ity and temperature sensitivity of respiration. Plant Cell Environ.
23:15–26.

Azcón-Bieto, J. 1992. Relationships between photosynthesis and res-
piration in the dark in plants. In Trends in Photosynthesis Re-
search. Eds. J. Barber, M.G. Guerrero and H. Medrano. Intercept
Ltd., Anover, Hampshire, U.K., pp 241–253.

Azcón-Bieto, J. and C.B. Osmond. 1983. Relationship between
photosynthesis and respiration. The effect of carbohydrate status
on the rate of CO2 production by respiration in darkened and illu-
minated wheat leaves. Plant Physiol. 71:574–581.

Berry, J.A. and J.K. Raison. 1981. Responses of macrophytes to tem-
perature. In Physiological Plant Ecology I. Responses to the Physi-
cal Environment. Eds. O.L. Lange, P.S. Nobel, C.B. Osmond and
H. Zeigler. Springer-Verlag, Berlin, pp 277–238.

Bolstad, P.V., K. Mitchell and J.M. Vose. 1999. Foliar tempera-
ture–respiration response functions for broad-leaved tree species in
the southern Appalachians. Tree Physiol. 19:871–878.

Breeze, V. and J. Elston. 1978. Some effects of temperature and sub-
strate content upon respiration and the carbon balance of field
beans (Vicia faba L.) Ann. Bot. 42:863–876.

Burns, R.M. and B.H. Honkala. 1990. Silvics of North America. Vol.
2. Hardwoods. USDA Agricultural Handbook, No. 654, Washing-
ton, D.C., 877 p.

Carswell, F.E., P. Meir, E.V. Wandell, L.C.M. Bonates, B. Kruijt,
E.M. Barbosa, A.D. Nobre, J. Grace and P.G. Jarvis. 2000.
Photosynthetic capacity in a central Amazonian rain forest. Tree
Physiol. 20:179–186.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

LEAF RESPIRATION IN DECIDUOUS TREES 577

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/21/9/571/1723275 by guest on 20 M

arch 2024



Coughenour, M.B. and D.-X. Chen. 1997. Assessment of grassland
ecosystem responses to atmospheric change using linked plant–
soil process models. Ecol. Appl. 7:802–827.

Criddle, R.S., M.S. Hopkin, E.D. Mcarthur and L.D. Hansen. 1994.
Plant distribution and the temperature coefficient of metabolism.
Plant Cell Environ. 17:233–243.

Cropper, W.P., Jr. and H.L. Gholz. 1991. In situ needle and fine root
respiration in mature slash pine (Pinus elliottii) trees. Can. J. For.
Res. 21:1589–1595.

Dewar, R.C., B.E. Medlyn and R.E. McMurtrie. 1999. Acclimation of
the respiration photosynthesis ratio to temperature: insights from a
model. Global Change Biol. 5:615–622.

Drew, A.P. and F.T. Ledig. 1981. Seasonal patterns of CO2 exchange
in the shoot and root of loblolly pine seedlings. Bot. Gaz.
142:200–205.

Easterling, D.R., B. Horton, P.D. Jones et al. 1997. Maximum and
minimum temperature trends for the globe. Science 277:364–367.

Gordon, J.C. and P.R. Larson. 1968. Seasonal course of photo-
synthesis, respiration, and distribution of 14C in young Pinus
resinosa trees as related to wood formation. Plant Physiol. 43:
1617–1642.

Gunderson, C.A., R.J. Norby and S.D. Wullschleger. 2000. Acclima-
tion of photosynthesis and respiration to simulated climatic warm-
ing in northern and southern populations of Acer saccharum:
laboratory and field evidence. Tree Physiol. 20:87–96.

Hall, D.O. and J.M.O. Scurlock. 1993. Biomass production and data.
In Photosynthesis and Production in a Changing Environment: A
Field And Laboratory Manual. Ed. D.O. Hall. Chapman and Hall,
London, pp 425–444.

Hansen, J., R. Ruedy, J. Glascoe and M. Sato. 1999. GISS analysis of
surface temperature change. J. Geophys. Res. 104:30,997–31,022.

Houghton, R.A. 1993. The role of the world’s forests in global warm-
ing. In World Forest for the Future: Their Use and Conservation.
Eds. K. Ramakrishna and G.M. Woodwell. Yale Univ. Press, New
Haven, CT, pp 21–58.

IPCC Working Group II. 2001. Summary for Policymakers. Climate
change 2001: Impacts, adaptations, and vulnerability. IPCC, Gen-
eva, Switzerland, http://www.usgcrp.gov/ipcc/wg2spm.pdf, 8 p.

Kajimoto, T. 1990. Photosynthesis and respiration of Pinus pumila
needles in relation to needle age and season. Ecol. Res. 5:333–340.

Keeling, C.D., F.J.S. Chin and T.P. Whorf. 1996. Increased activity of
northern vegetation inferred from atmospheric CO2 measurements.
Nature 382:146–149.

Lambers, H., F.S. Chapin, III and T.L. Pons. 1998. Plant physiologi-
cal ecology. Springer-Verlag Inc., New York, 540 p.

Larigauderie, A. and C. Körner. 1995. Acclimation of leaf dark respi-
ration to temperature in alpine and lowland plant species. Ann. Bot.
76:245–252.

Ledig, F.T. and D.R. Korboro. 1983. Adaptation of sugar maple pop-
ulations along altitudinal gradients: photosynthesis, respiration,
and specific leaf weight. Am. J. Bot. 70:256–265.

Lloyd, J. and J.A. Taylor. 1994. On the temperature dependence of
soil respiration. Funct. Ecol. 8:315–323.

Lorimer, C.G. 1984. Development of the red maple understorey in
northeastern oak forests. For. Sci. 30:3–22.

Melillo, J.M. 1999. Warm, warm on the range. Science 283:183–184.
Menzel, A. and P. Fabian. 1999. Growing season extended in Europe.

Nature 397:659.
Mitchell, K.A., P.V. Bolstad and J.M. Vose. 1999. Interspecific and

environmentally induced variation in foliar dark respiration among
eighteen southeastern deciduous tree species. Tree Physiol. 19:
861–870.

Myneni, R.B., C.D. Keeling, C.J. Tucker, G. Asrar and R.R. Nemani.
1997. Increased plant growth in the northern high latitudes from
1981 to 1991. Nature 386:698–702.

Oleksyn, J., R. Zytkowiak, P.B. Reich, M.G. Tjoelker and P. Karo-
lewski. 2000. Ontogenetic patterns of leaf CO2 exchange, mor-
phology and chemistry in Betula pendula trees. Trees 14:271–281.

Olsson, K.S. 1981. Soil survey of Orange County, New York. USDA
Soil Conservation Service, US Government Printing Office, Wash-
ington, D.C., 192 p.

Reich, P.B., J. Oleksyn and M.G. Tjoelker. 1996. Needle respiration
and nitrogen concentration in Scots pine populations from a broad
latitudinal gradient: a common garden test with field-grown trees.
Funct. Ecol. 10:768–776.

Reich, P.B., M.B. Walters, D.S. Ellsworth, J.M. Vose, J.C. Volin,
C. Gresham and W.D. Bowman. 1998. Relationships of leaf dark
respiration to leaf nitrogen, specific leaf area, and leaf life-span: a
test across biomes and functional groups. Oecologia 114:471–482.

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

Shenk, H.J. 1996. Modeling the effects of temperature on growth and
persistence of tree species: A critical review of tree population
models. Ecol. Model. 92:1–32.

Shugart, H.H., T.M. Smith and W.M. Post. 1992. The potential for ap-
plication of individual-based simulation models for assessing the
effects of global change. Annu. Rev. Ecol. Syst. 23:15–38.

Sokal, R.R. and F.J. Rohlf. 1981. Biometry. Freeman, New York,
859 p.

Stockfors, J. and S. Linder. 1998. The effect of nutrition on the sea-
sonal course of needle respiration in Norway spruce stands. Trees
12:130–138.

Tissue, D.T. and S.J. Wright. 1995. Effect of seasonal water availabil-
ity on phenology and the annual shoot carbohydrate cycle of tropi-
cal forest shrubs. Funct. Ecol. 9:518–527.

Underwood, A.J. 1981. Techniques of analysis of variance in experi-
mental marine biology and ecology. Oceanogr. Mar. Biol. Annu.
Rev. 19:513–605.

Visser, H., R.J.M. Folkert, J. Hoekstra and J.J. De Wolff. 2000. Iden-
tifying key sources of uncertainty in climate change projections.
Climatic Change 45:421–457.

Wullschleger, S.D., P.J. Hansen and G.S. Edwards. 1996. Growth and
maintenance respiration in leaves of northern red oak seedlings and
mature trees after 3 years of ozone exposure. Plant Cell Environ.
19:577–584.

578 TURNBULL, WHITEHEAD, TISSUE, SCHUSTER, BROWN AND GRIFFIN

TREE PHYSIOLOGY VOLUME 21, 2001

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/21/9/571/1723275 by guest on 20 M

arch 2024


