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Summary

� Leaf dark respiration (Rdark) is an important yet poorly quantified component of the global

carbon cycle. Given this, we analyzed a new global database of Rdark and associated leaf

traits.
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� Data for 899 species were compiled from 100 sites (from the Arctic to the tropics). Several

woody and nonwoody plant functional types (PFTs) were represented. Mixed-effects models

were used to disentangle sources of variation in Rdark.
� Area-based Rdark at the prevailing average daily growth temperature (T) of each

site increased only twofold from the Arctic to the tropics, despite a 20°C increase in growing T

(8–28°C). By contrast, Rdark at a standard T (25°C, Rdark
25) was threefold higher in the Arctic

than in the tropics, and twofold higher at arid than at mesic sites. Species and PFTs at cold

sites exhibited higher Rdark
25 at a given photosynthetic capacity (Vcmax

25) or leaf nitrogen con-

centration ([N]) than species at warmer sites. Rdark
25 values at any given Vcmax

25 or [N] were

higher in herbs than in woody plants.
� The results highlight variation in Rdark among species and across global gradients in T and

aridity. In addition to their ecological significance, the results provide a framework for improv-

ing representation of Rdark in terrestrial biosphere models (TBMs) and associated land-surface

components of Earth system models (ESMs).

Introduction

A challenge for the development of terrestrial biosphere models
(TBMs) and associated land surface components of Earth system
models (ESMs) is improving representation of carbon (C)
exchange between terrestrial plants and the atmosphere, and
incorporating biological variation arising from diversity in plant
functional types (PFTs) and climate (Sitch et al., 2008; Booth
et al., 2012; Prentice & Cowling, 2013; Fisher et al., 2014).
Accounting for patterns in leaf respiratory CO2 release in dark-
ness (Rdark) in TBMs and ESMs is crucial (King et al., 2006;
Huntingford et al., 2013; Wythers et al., 2013), as plant respira-
tion – roughly half of which comes from leaves (Atkin et al.,
2007) – releases c. 60 Pg C yr�1 (Prentice et al., 2001; Canadell
et al., 2007; IPCC, 2013). Fractional changes in leaf Rdark as a
consequence of climate change can, therefore, have large impacts
on simulated net C exchange and C storage for individual ecosys-
tems (Piao et al., 2010) and, by influencing the CO2 concentra-
tion of the atmosphere, potentially feedback so as to alter the
extent of future global warming (Cox et al., 2000; Huntingford
et al., 2013). There is growing acceptance, however, that leaf
Rdark is not adequately represented in TBMs and ESMs (Hun-
tingford et al., 2013; Smith & Dukes, 2013), resulting in
substantial uncertainty in future climate predictions (Leuzinger
& Thomas, 2011); consequently, there is a need to improve rep-
resentation of leaf Rdark in predictions of future vegetation–cli-
mate interactions for a range of possible fossil fuel-burning
scenarios (Atkin et al., 2014). Achieving this requires an analysis
of variation in leaf Rdark along global climate gradients and
among taxa within ecosystems; and establishing whether relation-
ships between leaf Rdark and associated leaf traits vary predictably
among environments and PFTs (Wright et al., 2004, 2006; Reich
et al., 2006; Atkin et al., 2008). PFTs enable a balance to be
struck between the computational requirements of TBMs to
minimize the number of plant groups and availability of suffi-
cient data to fully characterize functional types, and the reality
that plant species differ widely in trait values. Most TBMs con-
tain at least five PFTs, with species being organized on the basis
of canopy characteristics such as leaf size and life span, physiol-
ogy, leaf mass-to-area ratio, canopy height and phenology (Fisher

et al., 2014). Although classifications that are directly trait-based
are emerging (Kattge et al., 2011), PFT classifications are still
widely used in TBMs and land surface components of ESMs. As
such, discerning the role of PFTs in modulating relationships
between leaf Rdark and associated leaf traits will provide critical
insights.

Although our understanding of global variation in leaf Rdark
remains inadequate, it is known that, in natural ecosystems, rates
vary markedly within and among species, and among PFTs. Sur-
veys of leaf Rdark at a common temperature (T) of 25°C (Rdark

25)
allow standardized comparisons of respiratory capacity (and asso-
ciated investment in mitochondrial protein) to be made among
contrasting sites and species. In a survey of 20 sites around the
world, Wright et al. (2006) reported a 16-fold variation in mass-
based leaf Rdark

25. Importantly, much of the variation in rates of
Rdark

25 is present within sites among co-occurring species and
PFTs, reflecting strong genetic (as opposed to environmental)
control of respiratory flux, as demonstrated by interspecific
comparisons in controlled environments (Reich et al., 1998b;
Loveys et al., 2003; Xiang et al., 2013) and field conditions (Bols-
tad et al., 2003; Tjoelker et al., 2005; Turnbull et al., 2005; Slot
et al., 2013). Differences in demand for respiratory products (e.g.
ATP, reducing equivalents and/or C skeletons) from metabolic
processes (such as photosynthesis (A), phloem loading, nitrogen
(N) assimilation and protein turnover) underpin genotype varia-
tions in leaf Rdark (Lambers, 1985; Bouma et al., 1994, 1995;
Noguchi & Yoshida, 2008). Consequently, interspecific varia-
tions in leaf Rdark often scale with photosynthesis (Gifford, 2003;
Wright et al., 2004; Campbell et al., 2007) and leaf [N] (Ryan,
1995; Reich et al., 1998a). Importantly, Rdark↔[N] relationships
differ among PFTs, with Rdark at a given [N] being higher in for-
bs than in woody angiosperms and gymnosperms (Reich et al.,
2008).

Any analysis of global patterns of leaf Rdark must consider the
impacts of the environment on respiratory metabolism; here, the
impact of T on Rdark is of particular interest. Leaf Rdark is sensitive
to short-term (scale of minutes) changes in T (Wager, 1941;
Atkin & Tjoelker, 2003; Kruse et al., 2011), with the sensitivity
declining as leaf T increases (Tjoelker et al., 2001). With sus-
tained changes in the prevailing ambient growth T, leaf Rdark
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often acclimates to the new conditions (Tjoelker et al., 2009; Ow
et al., 2010; Dillaway & Kruger, 2011; Slot et al., 2014a), result-
ing in higher rates of Rdark

25 in cold-acclimated plants (Larigau-
derie & K€orner, 1995; Atkin & Tjoelker, 2003). Such
acclimation can occur as quickly as within one to a few days
(Atkin et al., 2000) and can result in leaf Rdark measured at the
prevailing ambient T (Rdark

amb) being nearly identical (i.e. near-
homeostatic) in thermally contrasting environments (Zaragoza-
Castells et al., 2008). Another factor that can influence leaf Rdark
is drought, with rates declining following the onset of drought
(Flexas et al., 2005; Ayub et al., 2011; Crous et al., 2011). How-
ever, the response to drought can vary, with other studies report-
ing no change (Gimeno et al., 2010) or an increase in Rdark

25

with increasing drought (Bartoli et al., 2005; Slot et al., 2008;
Metcalfe et al., 2010). Thus, while exposure to hot growth condi-
tions is invariably associated with a decline in Rdark

25, there is as
yet no clear consensus on how differences in water availability
across sites impact on Rdark

25.
As noted earlier, an overview of global variations in Rdark is

needed to provide benchmarking data to constrain and test alter-
native representations of autotrophic respiratory CO2 release in
TBMs and the land surface components of ESMs. The data
reported by Wright et al. (2006) represent the largest compilation
to date, having compared mass-based rates of leaf Rdark in 208
woody and 60 herb/grass species from 20 contrasting sites,
mostly in temperate regions. However, no data were available for
plants growing in upland tropical or Arctic ecosystems. Neverthe-
less, several interesting phenomena were identified, including the
fact that rates of Rdark

25 (and Rdark
25↔[N] relationships) were

similar at sites that differ in growth T; a similar result was
reported in an earlier analysis by Reich et al. (1998a). This obser-
vation contrasts with earlier studies that reported higher Rdark at a
standard measurement T in plants growing at colder sites
(Stocker, 1935; Wager, 1941; Semikhatova et al., 2007), consis-
tent with thermal acclimation responses of respiratory metabo-
lism (Atkin & Tjoelker, 2003). A new global database not only
requires rates of Rdark

25 and Rdark
amb, but also values of other leaf

traits currently used in TBMs to predict respiration.
While there is no single approach to estimating leaf Rdark in

TBMs – Schwalm et al. (2010) reported 15 unique approaches
from 21 TBMs – it is common for Rdark to be related to gross
primary productivity (GPP), either directly as a fraction of GPP
or indirectly as a fraction of maximum carboxylation capacity,
with GPP estimated from enzyme kinetic or stomatal conduc-
tance (gs) models. Other models estimate leaf Rdark from other
traits, including [N] (e.g. Biome-BGC; Thornton et al., 2002)
and/or vegetation C (Lund–Postdam–Jena model (LPJ); Sitch
et al., 2003). In the UK Hadley Centre model JULES (Joint UK
Land Environment Simulator; Clark et al., 2011), Rdark

25 is
assumed to be proportional to photosynthetic carboxylation
capacity at 25°C (Vcmax

25), with Vcmax
25 predicted from PFT-

dependent values of leaf [N] according to a single Vcmax
25↔[N]

relationship (Schulze et al., 1994; Cox et al., 1998); JULES also
provides the opportunity to link terrestrial C cycling to climate
prediction. However, as with other models linking Rdark

25 to
GPP, JULES does not account for climate or PFT-dependent

variations in Rdark
25↔Vcmax

25 ↔[N] relationships. A new global
database will enable assessment of Rdark

25↔Vcmax
25↔[N] (and

phosphorus concentrations, [P]) relationships, both among PFTs
and along climate gradients.

Here, using published and unpublished data (Supporting
Information Tables S1, S2), we report on a newly compiled
global leaf Rdark and associated traits (GlobResp) database. The
GlobResp database increases biogeographical and phylogenetic
coverage compared with earlier data sets, and contains informa-
tion on leaf Rdark and associated leaf traits for 899 species from
100 sites. We used the GlobResp database to address the follow-
ing questions. First, do rates of Rdark at prevailing ambient T
(Rdark

amb) and at a standardized reference T of 25°C (Rdark
25)

vary with climate across sites in relation to T (i.e. thermal envi-
ronment) and aridity. Secondly, are the observed patterns consis-
tent with hypotheses concerning thermal acclimation and
adaptation (i.e. evolutionary response resulting from genetic
changes in populations and taxa) of Rdark? And thirdly, does scal-
ing between leaf Rdark and associated leaf traits vary among envi-
ronments and PFTs? Finally, a key aim of our study was to
predict global variability in Rdark

25 from a group of independent
input variables, using data on corresponding leaf traits, climate or
a combination of traits and climate; here our aim was to provide
equations that would facilitate improved representation of leaf
Rdark in TBMs and associated land surface components of ESMs.

Materials and Methods

Compilation of a global database

To create a global leaf respiration and associated leaf traits (Glo-
bResp) database, we combined data from recent field campaigns
(Table S1) with previously published data (Table S2). Data were
obtained from recent publications (Atkin et al., 2013; Slot et al.,
2013, 2014b; Weerasinghe et al., 2014) and the TRY trait data-
base (Kattge et al., 2011) that included published studies (Moo-
ney et al., 1983; Oberbauer & Strain, 1985, 1986; Chazdon &
Kaufmann, 1993; Kamaluddin & Grace, 1993; Kloeppel et al.,
1993; Garc�ıa-N�u~nez et al., 1995; Kloeppel & Abrams, 1995;
Zotz & Winter, 1996; Grueters, 1998; Miyazawa et al., 1998;
Reich et al., 1998a; Bolstad et al., 1999; Craine et al., 1999;
Mitchell et al., 1999; Niinemets, 1999; Wright et al., 2001,
2004, 2006; Meir et al., 2002, 2007; Wright & Westoby, 2002;
Veneklaas & Poot, 2003; Tjoelker et al., 2005; Machado &
Reich, 2006; Poorter & Bongers, 2006; Swaine, 2007; Sendall &
Reich, 2013). The combined database contains data from 100
thermally contrasting sites (899 species representing 136 families,
and c. 1200 species–site combinations) from biomes ranging
from 69°N to 43°S and from sea level to 3450 m above sea level
(asl) (Fig. 1a; Tables 1, 2).

A wide range of terrestrial biomes is represented in the new
combined GlobResp database (Table 1) along with most of the
PFTs categorized in JULES – a land surface component of an
ESM framework (Clark et al., 2011) – and in LPJ, representing a
model with a greater diversity of PFTs from the wider TBM
community (Sitch et al., 2003) (Table 2). Users who would like
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to use GlobResp (to be available via the TRY trait database) will
also be provided with species classified according to other PFT
schemes (including the Sheffield dynamic global vegetation
model; Woodward et al., 1998). Several PFTs, however, remain
poorly represented in GlobResp: plants that use the C4 photosyn-
thetic pathway, boreal deciduous needle-leaved trees (BorDcNl)
and tropical herbs/grasses (TrpH – which in the database
includes a mixture of species that use either C3 or C4 pathways of
photosynthesis). Lianas are not yet included in PFT classifica-
tions of global TBMs, and are also absent from GlobResp,
although some data are now emerging for a limited number of
sites (Slot et al., 2013). The GlobResp database was limited to
field-collected data from sites where climate data could be attrib-
uted. We excluded data from controlled-environment experi-
ments (e.g. growth cabinets and glasshouses), as well as
experiments where atmospheric CO2, temperature, irradiance,

nutrient supply and/or water supply were manipulated. For each
site, long-term climate data were obtained from the WorldClim
climate database for the years 1960–1990, at a resolution of
30 arc s, or 1 km at the equator (Hijmans et al., 2005). Aridity
indices (AIs, ratio of mean annual precipitation (MAP) to
potential evapotranspiration (PET), and hence a lower value of
AI indicates more arid conditions) at each site were estimated
according to Zomer et al. (2008) using the CGIAR-CSI Global-
PET database (http://www.cgiar-csi.org).

Mean temperature of the warmest quarter (i.e. warmest
3-month period yr�1; TWQ) and measuring month (MMT,
mean temperature of the month when respiration data were
recorded) were used to characterize the growth T at each site.
Records of the actual measuring month, required to estimate
MMT, were only available for half the sites. Consequently, we
used TWQ as a measure of the growth T, as most temperate and

(a)

(b)

Fig. 1 Location and climate envelope of the sites at which leaf dark respiration (Rdark) and associated traits were measured. (a) Site locations on a global
map showing spatial variability in mean annual temperature (MAT); (b) plot of mean annual precipitation (MAP) vs MAT for each site (shown in biome
classes). See Table 1 for summary of site information, and Tables S1 and S2 for details on the latitude, longitude, altitude (height above sea level; asl),
MAT, mean temperature of the warmest quarter (i.e. warmest 3-month period yr�1; TWQ), MAP, mean precipitation of the warmest quarter (PWQ), and
aridity index (AI, ratio of MAP to mean annual potential evapotranspiration, PET). In (b), biome categorization of each site is shown: Tu, tundra; BF, boreal
forest; TeDF, temperate deciduous forest; TeRF, temperate rainforest; TeW, temperate woodland; Sa, savanna; TrRF_up, upland tropical rainforest
(> 1500m asl); TrRF_low, lowland tropical rainforest (< 1500m asl). In (b), note the unusually high MAP at the Franz Josef TeRF site on the South Island of
New Zealand (NZ).
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Arctic sites were sampled in summer, which corresponded with
the warmest quarter. For tropical sites we also used TWQ,
although seasonal T variation is comparatively low in tropical
regions (Archibold, 1995).

Data were collected using similar protocols described herein
(Methods S1) and in published works (Table S2). Outer canopy
leaves were sampled early to mid-morning, kept in moist, dark
conditions, with Rdark measured using infrared gas analyzers

following a period of dark adjustment – typically 30–45 min
(Azc�on-Bieto et al., 1983; Atkin et al., 1998). Only data from
mature, fully expanded leaves were included; as such, Rdark did
not reflect the metabolic demands of biosynthesis associated with
localized cell division/expansions processes. Rather, the measured
rates of Rdark probably reflected demands for respiratory products
associated with cellular maintenance, and potentially phloem
loading (Amthor, 2000). We note that the daytime measured

Table 1 Sample sites and climate conditions at which leaf dark respiration (Rdark) was measured

Country-region Biomes Altitude (m asl) MAT (°C) TWQ (°C) MAP (mm) PWQ (mm) AI No. of species PFTs present (JULES)

USA-AK Tu 720 �11.3 8.2 225 113 0.61 37 BlT, C3H, S
Russia-Siberia BF 217 �10.8 15.4 254 122 0.46 3 BlT, NlT
USA-CO Tu 3360 �2.6 7.5 811 203 1.20 10 BlT, C3H, NlT, S
USA-MN BF, TeDF, TeG 365 4.4 18.4 735 303 0.87 53 BlT, C3H, C4H, NlT, S
USA-IA TeDF 385 7.1 20.2 865 315 0.83 11 BlT, NlT
USA-WI TeDF, TeG 293 7.7 20.6 880 315 0.93 15 BlT, C3H, NlT
USA-MI TeDF 200 8.6 19.9 944 268 0.98 1 NlT
Germany TeDF 60 9.1 17.2 704 190 0.92 9 BlT, NlT
USA-NY TeDF 225 9.4 20.8 1173 308 1.20 3 BlT
USA-PA TeDF 355 9.5 19.9 915 262 0.91 3 BlT
Spain TeW 1017 10.7 19.2 487 99 0.48 1 BlT
Australia-TAS TeRF 144 11.0 14.7 1325 211 1.58 14 BlT, S
Chile TeRF 434 11.1 15.4 1467 103 1.40 18 BlT, NlT
USA-TN TeDF 775 11.2 20.1 1554 389 1.34 13 BlT, C3H, NlT, S
New Zealand TeRF 202 11.3 15.9 4014 1011 4.50 16 BlT, NlT, S
USA-NC TeDF 850 11.4 20.0 1852 444 1.52 15 BlT, NlT
USA-NM Sa 1620 12.5 22.2 275 127 0.19 9 BlT, NlT, S
Australia-ACT TeW 572 13.0 20.7 722 271 0.58 6 BlT, NlT, S
Japan TeDF 20 14.9 23.7 1619 433 1.92 4 BlT
South Africa TeW 600 16.6 21.0 754 67 0.57 5 BlT, S
Peru-Andes TrRF_up 2380 16.7 17.7 1297 373 0.79 82 BlT, C3H
Australia-SA TeW 35 17.3 23.6 255 52 0.17 10 BlT, C3H, S
Australia-NSW TeW 140 17.3 23.2 820 215 0.29 70 BlT, C3H, C4H, NlT, S
USA-SC TeDF 3 17.7 25.8 1339 469 1.02 10 BlT, C3H, NlT, S
Australia-WA TeW 204 18.7 24.5 463 47 0.32 55 BlT, C3H, S
Australia-FNQ TrRF_lw 513 22.4 25.1 1990 934 1.35 45 BlT, S
Cameroon TrRF_lw 550 24.0 24.8 1729 417 1.13 6 BlT, C3H
Venezuela TrRF_lw 492 24.4 24.7 3092 693 1.61 10 BlT, S
Bolivia TrRF_lw 400 25.3 27.0 1020 436 0.57 50 BlT
Suriname TrRF_lw 215 25.4 26.3 2224 165 1.37 25 BlT, C3H, C4H, S
Peru-Amazon TrRF_lw 164 25.4 26.2 2567 828 1.50 214 BlT, S
Bangladesh TrRF_lw 21 25.5 28.5 1970 736 1.34 1 BlT
Costa Rica TrRF_lw 135 25.7 26.7 4141 747 2.64 2 BlT, S
French Guiana TrRF_lw 21 25.8 26.2 2824 222 1.88 70 BlT
Malaysia-Borneo TrRF_lw 20 26.7 27.1 2471 501 1.64 29 BlT, S
Brazil-Amazon TrRF_lw 115 27.0 27.6 2232 401 1.39 9 BlT
Panama TrRF_lw 98 27.0 27.7 1822 300 1.19 18 BlT
Niger Sa 280 28.2 31.4 618 55 0.30 3 BlT, S

Sites are shown in order of increasing mean annual temperature (MAT). Where multiple sites were found within a region, values represent the mean values
of all sites, weighted for the number of species at each site (see Tables S1 and S2 for further details). Data on climate are from the WorldClim database
(Hijmans et al., 2005). The number of species measured at each site is shown, as is the number of observational rows of data contained in the GlobResp
database. For the latter, an observational row represents individual measurements for all unpublished data (see Table S1), while for published data (Table
S2) observational rows in many cases represent mean values of species–site combinations. Joint UK Land Environment Simulator (JULES; Clark et al., 2011)
plant functional types (PFTs) at each site shown, according to: BlT, broadleaved tree; C3H, C3 metabolism herb/grass; C4H, C4 metabolism herb/grass; NlT,
needle-leaved tree; S, shrub. Biome classes: BF, boreal forests; TeDF, temperate deciduous forest; TeG, temperate grassland; TeRF, temperate rainforest;
TeW, temperate woodland; TrRF_lw, lowland tropical rainforest (< 1500m above sea level; asl); TrRF_up, upland tropical rainforest (>1500m asl); Tu, tun-
dra. TWQ, mean temperature of the warmest quarter (i.e. warmest 3-month period yr�1); MAP, mean annual precipitation; PWQ, mean precipitation of
the warmest quarter; AI, aridity index, calculated as the ratio of MAP to mean annual potential evapotranspiration (UNEP, 1997; Zomer et al., 2008). Aus-
tralia/ACT, Australian Capital Territory; Australia/FNQ, Far North Queensland; Australia-NSW, New South Wales; Australia-TAS, Tasmania; Australia-WA,
Western Australia; USA-AK, Alaska; USA-CO, Colorado; USA-MN, Minnesota; USA-IA, Iowa; USA-WI, Wisconsin; USA-MI, Michigan; USA-PA, Pennsyl-
vania; USA-NY, New York; USA-NC, North Carolina; USA-TN, Tennessee; USA-NM, NewMexico; USA-SC, South Carolina.
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rates of Rdark may have differed from equivalent fluxes at night
(when compared at an equivalent T), reflecting the potential for
diel differences in substrate availability and the extent of sucrose
loading.

The GlobResp database contains Rdark expressed per unit leaf
dry mass and per unit leaf area. Where available, the database
includes values of light-saturated photosynthesis (Asat) and associ-
ated values of internal CO2 concentration (Ci) and gs, leaf mass
per unit area (Ma), leaf [N] and leaf [P].

Temperature normalization of respiration rates

Leaf measurement T ranged from 6 to 40°C among sites, with
most measured between 16 and 33°C (T1 in Eqn 1). To enable
comparisons of leaf Rdark, we calculated area- and mass-based
rates both for a common temperature (25°C) and at the growth
T at each site (TWQ and MMT) – see Methods S2 for further
details. To estimate rates of Rdark (R2) at a given T (T2), we calcu-
lated rates of Rdark at 25°C (Rdark

25), TWQ (Rdark
TWQ) and

MMT (Rdark
MMT) using a temperature-dependent Q10 (Tjoelker

et al., 2001) based on a known rate (R1) at experimental T (T1)
using the equation:

R2 ¼ R1 3:09� 0:043
ðT2 þ T1Þ

2

� �� � T2�T1
10½ �

Eqn 1

Calculations of Rdark at the above temperatures yielded similar
rates, irrespective of whether a T-dependent Q10 or fixed Q10 was
used (Fig. S1).

Calculation of photosynthetic capacity

Given our objective to assess relationships between Rdark and the
carboxylation capacity of Rubisco (Vcmax), we calculated the
Vcmax for C3 species (i.e. excluding C4 species) for all observations
where Asat and Ci values were available (Farquhar et al., 1980;
Niinemets, 1999; von Caemmerer, 2000); this included all of the
previously unpublished data (Table S1) and much of the previ-
ously published data (Table S2). Vcmax values were calculated
according to:

Vcmax ¼ ðAsat þ RlightÞCi þ Kc ½1þ O=Ko�
Ci � C�

Eqn 2

where Γ* is the CO2 compensation point in the absence of non-
photorespiratory mitochondrial CO2 release (36.9 lbar at 25°C),
O is the partial pressure of oxygen, Ci is the intercellular CO2

partial pressure, Rlight is the rate of nonphotorespiratory mito-
chondrial CO2 release (here assumed to be equal to Rdark), and
Kc and Ko are the Michaelis–Menten constants (Km) of Rubisco
for CO2 and O2, respectively (von Caemmerer et al., 1994).
While the assumption that Rlight = Rdark is unlikely to be correct
in many situations (Hurry et al., 2005; Tcherkez et al., 2012),
estimates of Vcmax are largely insensitive to this assumption. We
assumed Kc and Ko at 25°C to be 404 lbar and 248 mbar, respec-
tively (von Caemmerer et al., 1994; Evans et al., 1994) and that
Kc and Ko at the measurement T could be calculated assuming
activation energies (Ea) of Kc and Ko of 59.4 and 36 kJ mol�1,
respectively (Farquhar et al., 1980). Next, we standardized Vcmax

to 25°C (Vcmax
25) assuming Ea = 64.8 kJ mol�1 (Badger & Col-

latz, 1977) according to:

Vcmax25 ¼ Vcmax

exp ðT�25ÞEa=ð298�rT Þ½ � Eqn 3

where T is the leaf temperature at which Asat was measured/
reported (and thus Vcmax initially estimated), and r is the gas con-
stant (8.314 J K�1 mol�1). Estimates were made for C3 species
only, as representation of C4 plants in our database was minimal
(Table 2).

For data from unpublished field campaigns (Table S1), leaf
area and mass values were determined as outlined in Methods S1;
for sites where leaf [N] and [P] were both reported, analyses were
made using Kjeldahl acid digests (Allen, 1974). For sites where
only [N] was measured, leaf samples were analyzed by mass spec-
trometry for total N concentration (Loveys et al., 2003) (see
Table S1 for further details). Details of the N and P analysis pro-
cedures used for previously published data can be found in the
citations listed in Table S2. Collectively, the GlobResp database

Table 2 Details of plant functional types (PFTs) contained in the GlobResp
database

ESM
framework PFTs

No. of
sites

Minimum
latitude

Maximum
latitude

No. of
species

JULES BlT 94 �43.42 68.63 642
C3H 14 �34.04 68.63 75
C4H 3 �33.84 45.41 8
NlT 20 �43.31 62.25 24
S 32 �43.42 68.63 124

LPJ BorDcBl 10 40.05 68.63 18
BorDcNl 3 33.33 62.25 2
BorEvNl 6 40.05 62.25 10
TmpDcBl 25 �43.41 50.60 46
TmpEvBl 33 �43.42 68.63 193
TmpEvNl 13 �43.31 50.60 18
TmpH 12 �34.04 68.63 79
TrpDcBl 20 �15.78 13.20 50
TrpEvBl 39 �17.68 24.20 468
TrpH 3 �13.11 3.38 4

PFTs for two Earth system model (ESM) frameworks are shown: Joint UK
Land Environment Simulator (JULES; Clark et al., 2011) and Lund–Post-
dam–Jena model (LPJ; Sitch et al., 2003). For each PFT, the number of field
sites and species are shown, as is the maximum absolute latitude and longi-
tude of the PFT distribution. For JULES, the following PFTs are shown: BlT,
broad-leaved tree; C3H, C3 metabolism herb/grass; C4H, C4 metabolism
herb/grass; NlT, needle-leaved tree; S, shrub. For LPJ, the following PFTs
are shown: BorDcBl, boreal deciduous broadleaved tree/shrub; BorDcNl,
boreal deciduous needle-leaved tree/shrub; BorEvNl, boreal evergreen
needle-leaved tree/shrub; TmpDcBl, temperate deciduous broadleaved
tree/shrub; TmpEvBl, temperate evergreen broadleaved tree/shrub;
TmpEvNl, temperate evergreen needle-leaved tree/shrub; TmpH, temper-
ate herb/grass; TrpDcBl, tropical deciduous broadleaved tree/shrub;
TrpEvBl, tropical evergreen broadleaved tree/shrub; TrpH, tropical herb/
grass. Note: in some cases, individual species occurred at multiple sites in
multiple biomes. Finally, an overwhelming majority of the shrubs (S) were
evergreen (123 species–site combinations) compared with deciduous
shrubs (11 species–site combinations).
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contains c. 1050 species : site mean values of mass- ([N]m) and
area-based leaf [N] ([N]a), and c. 735 species : site mean values of
[P]m and [P]a.

Data analysis

Before analyses, GlobResp data were filtered for statistical out-
liers. Outlying values were identified as those falling beyond a
central tendency band of twice the interquartile range. Three
filters were applied in sequence to each PFT class separately
(using LPJ groupings to enable separation of evergreen and
deciduous life histories, and because there were broadly similar
numbers of observations within each LPJ PFT category com-
pared with that of JULES, where the majority of observations
were within the broadleaved tree (BlT) category). Three filters
were applied in the sequence: mass-based respiration at 25°C
(Rdark,m

25); area-based respiration at 25°C (Rdark,a
25); and Ci

(impacting on the calculation of Vcmax). Whenever an outlier
was identified, the entire observational row was removed from
the GlobResp database. Application of these filters resulted in
removal of c. 3% of the rows from the initial database. Where
leaf traits followed an approximate log-normal distribution,
such values were log10-transformed before screening for outliers
and subsequent analysis. Analyses were then conducted using
trait averages for unique site–species combinations and, where
noted, individual rows of data.

Bivariate regression was used to explore relationships between
area- and mass-based Rdark and latitude, TWQ (calculated using
all data), MMT (mean T of the month when Rdark was
recorded) and/or AI. In addition, backwards-stepwise regression
was used to select the best-fitting equation from a starting set of
input leaf traits, climate or the combination of traits plus cli-
mate variables; parameters were chosen that exhibited variance
inflation factors (VIFs) < 2.0 (i.e. minimal collinearity); F-to-
remove criterion was used to identify best-fitting parameters.
Multiple regression analyses were then conducted to estimate
predictive equations for the chosen variables. The predicted
residual error sum of squares (PRESS statistic) was used to pro-
vide a measure of how well each regression model predicted
observed Rdark values. Relative contributions of leaf trait and cli-
mate variables to each regression were gauged from their stan-
dardized partial regression coefficients.

Standardized major axis (SMA) analysis was used to deter-
mine the best-fitting lines (a = 0.05) for the key relationships
involving Rdark

25 both on an area and mass basis (Falster et al.,
2006; Warton et al., 2006, 2012) We tested for differences
among PFT classes (JULES) and site-based temperature bands
(5°C TWQ); to facilitate visual comparison of PFTs, we chose
to use the four PFTs within the JULES framework, rather than
the larger number of PFTs contained in the LPJ model. Using
the JULES PFTs also provided an opportunity to assess how
changes in growth temperature impacted on bivariate relation-
ships within a PFT (broadleaved trees, BlT) for which there
was a large number of observations and widespread distribu-
tion. We used a mixed-effects linear model to account for vari-
ability in Rdark

25 on both area- and mass-bases. Given the

hierarchical nature of the database, the linear mixed-effects
model combined fixed and random components (Zuur et al.,
2009). The available fixed-effects variables included PFT, leaf
traits (Rdark

25, Vcmax
25, Ma, [N], [P]) and climate variables

(TWQ and AI). Models were run using PFT classifications
from JULES and LPJ.

All continuous explanatory leaf variables were centered on
their mean values before inclusion. Collinearity among leaf
variables was tested using VIFs. Model specification and valida-
tion were based on the protocols outlined in Zuur et al. (2009)
and fitted using the nlme package (Pinheiro et al., 2012).
Owing to the global nature of the database, species, family and
site identifiers were treated as random rather than fixed effects,
placing our focus on the variation contained within these terms,
rather than mean values for each phylogeny/site level. Model
comparisons and the significance of fixed-effects terms were
assessed using Akaike’s information criterion (AIC).

Stepwise and associated multiple linear regressions were con-
ducted using Sigmaplot Statistics v12 (Systat Software Inc., San
Jose, CA, USA). All other statistical analyses and modeling were
conducted using the open-sourced statistical environment ‘R’ (R
Development Core Team, 2011).

Results

Comparison of traits among PFTs

Across the GlobResp database, Ma varied 40-fold (from 19 to
780 g m�2), [N]a varied 70-fold (from 0.13 to 9.13 g m�2) and
[P]a varied 125-fold, from 10 to 1260 mg m�2. In four out of the
five JULES PFTs (i.e. needle-leaved trees, broadleaved trees,
shrubs and C3 herbs/grasses), ranges of each of Ma, [N]a and [P]a
values were relatively similar (Figs 2, S2). C4 plants were poorly
represented (Table 2), and were generally omitted from
subsequent analyses. On average, shrubs and needle-leaved trees
exhibited greater Ma values than their broadleaved tree and C3

herb/grass counterparts. By contrast, [N]a values were relatively
similar among the four PFTs (excluding C4 plants) (Figs 2, S2).
While [P]a values were similar among broad-leaved trees, C3

herbs/grasses and shrubs, concentrations were higher in needle-
leaved trees.

Area- and mass-based Vcmax
25 varied markedly within the four

PFTs; needle-leaved trees exhibited a narrower range of Vcmax
25

values compared with the others (Fig. 3a,c). Overall, the average
values of Vcmax

25 were relatively similar among the four PFTs. By
contrast, average rates of Rdark

25 differed relatively more among
PFTs, being highest in C3 herbs/grasses, both on an area and a
mass basis (Fig. 3b,d).

Relationships between leaf traits and climate

To test whether Rdark
25 was related to growth temperature or

water availability, we plotted Rdark
25 against absolute latitude,

TWQ and AI (Fig. 4a–c,g–i). Against latitude (considering
northern and southern hemispheres separately), area-based
Rdark

25 (Rdark,a
25) exhibited a significant, positive relationship
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(Table 3), being threefold faster in the Arctic than at the equator
(Fig. 4a), suggesting, as expected, that factors other than latitude
per se play the key roles in determining variations in Rdark,m

25.

A similar pattern in the northern (but not southern) hemisphere
was observed for mass-based Rdark

25 (Fig. 4g; Table 3). Against
TWQ, variations in Rdark,a

25 and Rdark,m
25 followed trends con-

sistent with the latitudinal patterns, with rates being fastest at the
coldest sites (Fig. 4b,h). Negative relationships were found
between both area- and mass-based Rdark

25 and AI (Fig. 4c,i;
Table 3) – recalling that AI is lowest at the driest sites – with
Rdark,a

25↔AI markedly steeper when data from the wet cool tem-
perate rainforest site in New Zealand were excluded (Fig. S2).
Collectively, these results suggest that rates of leaf Rdark at 25°C
are lowest at warm/moist sites near the equator, and fastest at
cold/drier sites at high latitudes.

We now consider global patterns of leaf Rdark at the long-
term average ambient growth T at each site (Rdark

amb), with
Rdark

amb estimated using calculations of Rdark at TWQ
(Rdark

TWQ) (Fig. 4d–f,j–l). In the northern hemisphere, both
area- and mass-based Rdark

TWQ decreased with increasing lati-
tude (Fig. 4d,j; Table 3). A similar pattern was observed in the
southern hemisphere for mass-based but not area-based
Rdark

TWQ (Fig. 4d). Both Rdark,a
TWQ and Rdark,m

TWQ increased
with increasing TWQ (Fig. 4e,k; Table 3), indicating that rates
of Rdark

amb are probably faster at the warmest sites. Similarly,
the negative Rdark

TWQ↔AI association was significant (on both
an area and a mass basis; Fig. 4f,l; Table 3). However, exclusion
of mass-based data from the unusually wet site in New Zealand
resulted in there being no significant Rdark,m

TWQ↔AI associa-
tion (Fig. S3). Collectively, Rdark

amb (on both an area and a
mass basis) was faster at the hottest sites in the tropics and mid-
latitude regions. These patterns were consistent whether TWQ
or MMT was used as an estimate of site-specific ambient growth
T (Fig. S4).

A focus of our study was determining the best function to pre-
dict area- and mass-based Rdark

25 around the globe from a group
of independent input variables. Regression analysis (Table 4)
shows that, based solely on leaf traits (i.e. ignoring climate), 17
and 31% of the variance in Rdark,a

25 and Rdark,m
25, respectively,

was accounted for using regression equations that included leaf
[N] and area : mass metrics (i.e. Ma or specific leaf area, SLA).
Adding leaf [P] did little to improve the proportion of variance
in Rdark

25 accounted for by regression; however, [P] replaced [N]
in the resultant selected equations (Table 4). By contrast, addi-
tion of Vcmax

25 to the available range of leaf traits improved the
r2 of the resultant regressions (i.e. accounting for 22 and 41% of
the variance in Rdark,a

25 and Rdark,m
25, respectively; Table 4). Cli-

mate parameters alone (TWQ, PWQ and/or AI) accounted for
only 9–17% of variance in Rdark. However, combining climate
with leaf traits accounted for 35 and 50% of the variance in Rdark,
a
25 and Rdark,m

25, respectively (Table 4), with Ma, TWQ,
Vcmax

25, rainfall/aridity and leaf [P] contributing to variance in
Rdark, largely in that order. Replacing [P] with [N] had little
effect on the r2 of the resultant linear regressions. Thus, analysis
using multiple linear regression strongly suggests that variations
in leaf Rdark are tied to related variations in leaf structure, chemis-
try, and photosynthetic capacity, the thermal environment in the
period during which Rdark measurements were made, and the
average water availability.
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Fig. 2 Box plots showing modulation of leaf structural and chemical traits
by Joint UK Land Environment Simulator (JULES; Clark et al., 2011) plant
functional type (PFT) classifications. Traits shown are: (a) leaf mass per
unit leaf area (Ma); (b) area-based leaf nitrogen concentration ([N]a);
and (c) area-based leaf phosphorus concentration ([P]a). Data shown are
for individual row observations contained in the GlobResp database (to
give an indication of underlying data distribution). The boxes indicate the
interquartile range and median. Whiskers show the largest or smallest
observations that fall within 1.5 times the box size; any observations
outside these values are shown as individual points. Data for the
following Joint UK Land Environment Simulator (JULES; Clark et al.,
2011) PFT classifications: BlT, broad-leaved tree; C3H, C3 metabolism
herb/grass; C4H, C4 metabolism herb/grass; NlT, needle-leaved tree; S,
shrub.
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Relationships among PFTs

For the Rdark,a
25↔Vcmax,a

25 association, tests for common slopes
revealed no significant differences among the four JULES PFTs;
the elevations of those common slopes did not differ either,
except for C3 herbs/grasses, which exhibited faster rates of Rdark,
a
25 at a given Vcmax,a

25 compared with the other PFTs (Fig. 5a).
Among TWQ classes, there were also no significant differences in
slopes, but the elevation (i.e. y-axis intercept) of the relationships
differed systematically when considering all PFTs collectively
(Fig. 5b), and broad-leaved trees alone (Fig. 5c). With respect to
the effect of TWQ on Rdark,a

25↔Vcmax,a
25 relationships, the ele-

vation was similar for the three highest TWQ classes (15–20,
20–25 and > 25°C), whereas Rdark,a

25 at any given Vcmax,a
25 was

significantly faster at the two lowest TWQ classes (Fig. 5b; Table
S3). A similar pattern emerged when assessing a single widely dis-
tributed PFT (broadleaved trees; Fig. 5c). Thus, in addition to
area-based rates of Rdark

25 at any given photosynthetic capacity
being fastest in C3 herbs, Rdark,a

25 was also faster in plants grow-
ing in cold environments.

Analyzed on a mass basis, tests for common slopes among
Rdark,m

25↔Vcmax,m
25 relationships revealed significant differences

among PFTs and TWQ classes. Among PFTs, the slope of the
Rdark,m

25↔Vcmax,m
25 relationship was greatest in C3 herbs/grasses

and smallest in needle-leaved trees (Fig. 5d; Table S3); thus, vari-
ation in mass-based photosynthetic capacity was matched by
greater variation in leaf Rdark,m

25 in herbs/grasses than in needled-
leaved trees. Although the effect of TWQ on Rdark,m

25↔Vcmax,

m
25 was not as consistent as for area-based relationships, in gen-

eral the pattern was for Rdark,m
25 at any given Vcmax,m

25 to be fast-
est in plants growing in the coldest habitats, particularly when
considering species that exhibit rapid metabolic rates (Fig. 5e,f).

Fig. 6 shows PFT- and TWQ-dependent variation in
Rdark

25↔[N]. Assessed on a leaf-area basis, tests for common
slopes revealed no significant differences among PFTs (Fig. 6a) or
TWQ classes (Fig. 6b). The elevation of the relationships differed
such that at any given leaf [N]a, rates of Rdark,a

25 were ranked in
order of C3 herbs/grasses > shrubs > broadleaved trees = needle-
leaved trees (Table S3). Considering all PFTs collectively, rates of
Rdark,a

25 at any given [N]a were fastest in the coldest-grown
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Fig. 3 Box plots showing modulation of carboxylation capacity of Rubisco (Vcmax) and leaf respiration in darkness (Rdark) by Joint UK Land Environment
Simulator (JULES; Clark et al., 2011) plant functional type (PFT) classifications. Data shown are for individual row observations contained in the GlobResp
database (to give an indication of underlying data distribution). Rates at 25°C are shown. Traits shown are area- (Vcmax,a

25) (a) and mass-based (Vcmax,m
25)

(c) carboxylation rates; and area- (Rdark,a
25) (b) and mass-based (Rdark,m

25) (d) respiration rates. Values of Vcmax at 25°C were calculated according to
Farquhar et al. (1980), assuming an activation energy (Ea) of 64.8 kJ mol�1. Values of Rdark at 25°C were calculated assuming a T-dependentQ10 (Tjoelker
et al., 2001) and eqn 7 described in Atkin et al. (2005). The boxes indicate the interquartile range and median. Whiskers show the largest or smallest
observations that fall within 1.5 times the box size; any observations outside these values are shown as individual points. Data are for the following JULES
(Clark et al., 2011) PFT classifications: BlT, broadleaved tree; C3H, C3 metabolism herb/grass; NlT, needle-leaved tree; S, shrub. Data are not shown for C4

metabolism herbs/grasses, because of limited availability.
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(a) (b) (c)

(f)(e)(d)

(g) (h) (i)

(l)(k)(j)

Fig. 4 Relationships between leaf dark respiration (Rdark; log10 scale) and location (absolute latitude) or climate (mean temperature of the warmest quarter
(TWQ) and aridity index (AI)). (a–l) Traits shown are Rdark,a

25 (a–c) and Rdark,a
TWQ (d–f), predicted area-based Rdark rates at 25°C and TWQ, respectively;

Rdark,m
25 (g–i) and Rdark,m

TWQ (j–l), predicted mass-based Rdark rates at 25°C and TWQ, respectively. Values shown are averages for unique site–species
combinations for rates at 25°C and TWQ, calculated assuming a temperature-dependentQ10 (Tjoelker et al., 2001) and eqn 7 described in Atkin et al.

(2005). Values at the TWQ of each replicate were calculated using climate/location data from the WorldClim database (Hijmans et al., 2005). AI is
calculated as the ratio of mean annual precipitation (MAP) to mean annual potential evapotranspiration (PET) (UNEP, 1997). In plots against latitude,
northern and southern latitudes are shown as blue and red symbols, respectively. Solid lines in each plot are regression lines where the relationships were
significant; dashed lines are the prediction intervals (two-times the SD) around the predicted relationship. See Table 3 for correlations between log10-
transformed Rdark and location/climate. Note: see Fig. S3 for relationships between Rdark and AI, excluding data from the exceptionally high rainfall sites at
Franz Josef on the South Island of New Zealand.
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plants, with the overall pattern being one of decreasing Rdark,a
25

with increasing TWQ (Fig. 6b). Within broadleaved trees, slopes
of Rdark,a

25↔[N]a relationships differed significantly, being
greater at sites with TWQ values of 15–20°C compared with the
two remaining warmer TWQ categories (Table S3). Hence, for
broadleaved tree species with high [N]a, Rdark,a

25 was faster in
cold habitats than in their warmer counterparts, at least when
considering TWQ classes > 15°C. Analyzing Rdark

25↔[N] on a
mass basis revealed significant slope differences among PFTs
(Fig. 6d) and TWQ classes (Fig. 6e,f). For the latter, the overall
pattern was one of increasing Rdark,m

25↔[N]m slope in plants
growing at the colder sites.

Mixed-effects model analyses

Fitting linear mixed-effects models confirmed that the assigned
JULES PFTs accounted (in conjunction with assigned random
effects) for much of the variation in area-based Rdark

25 present in
the GlobResp database. For example, a ‘null’ model where fixed
effects were limited to four PFT classes (with species, families,
and sites treated as random effects) explained 48% of variation in
the Rdark,a

25 response (i.e. r2 = 0.48; Table 5a); for an equivalent
model that did not include any random effects, inclusion of the
four PFT classes alone as fixed terms explained 27% of the varia-
tion in Rdark,a

25. Inclusion of additional fixed terms resulted in an
increase in the explanatory power of the ‘best’ predictive model,
such that 70% of variation in Rdark,a

25 was accounted for via
inclusion of [N]a, [P]a, Vcmax,a

25 and TWQ (Figs 7a, S3–S5).
The variance components of the preferred model, as defined by
the random term (Table 5), indicated that while species and fam-
ily (Fig. S6) only accounted for c. 8% of the unexplained variance
(i.e. the response variance not accounted for by the fixed terms),
c. 23% was related to site differences (Fig. S7; Table 5a). Impor-
tantly, the linear mixed-effects model confirmed that Rdark,a

25

decreased with increasing growth T (TWQ; Table 5). Using
mass-based variables, the assigned PFTs again accounted for
much of the variation in Rdark,m

25 in the GlobResp database
(Table 5), with the ‘null’ model explaining 54% of variation in
Rdark,m

25. Inclusion of additional leaf-trait (but not climate) fixed
terms resulted in 78% of variation in Rdark,m

25 being accounted
for (Fig. 7b). For both the area- and mass-based mixed-effect
models, the ‘best’ predictive model (as assessed by AIC; Table
S4) yielded predictive PFT-specific equations (Table 6). Table S5
provides a comparison of models using alternative PFT classifica-
tions (JULES and LPJ); these analyses revealed that replacing
JULES PFTs with those of LPJ did not improve the power of the
predictive models, as shown by the lower AIC values for a model
that used JULES PFTs than for one using LPJ PFTs (Table S5).

Discussion

Recognizing that leaf respiration is not adequately represented in
terrestrial biome models and the land surface component of ESMs
(Leuzinger & Thomas, 2011; Huntingford et al., 2013) – reflect-
ing the previous lack of data to constrain estimates of leaf Rdark –
and that improving predictions of future vegetation–climateT
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scenarios requires global variation in leaf Rdark to be more thor-
oughly characterized (Atkin et al., 2014), we compiled and ana-
lyzed a new, large global database of leaf Rdark, climate conditions
and associated traits. Our findings revealed systematic variation in
leaf Rdark in contrasting environments, particularly with regard to
site-to-site differences in growth T and, to a lesser extent, aridity.
Importantly, analysis of the GlobResp database has yielded a
range of equations (suitable for TBMs and land surface compo-
nents of ESMs) to predict variations in Rdark using information
on associated traits (particularly photosynthetic capacity, as well as
leaf structure and chemistry) and growth T at each site.

Global patterns in leaf respiration: role of environmental
gradients

Our results suggest, irrespective of whether rates are expressed on
an area or mass basis, that the global pattern is one of increasing
rates of leaf Rdark with site growth T (Figs 4, S4) when moving

from the cold, dry Arctic tundra to the warm, moist tropics.
Importantly, however, such increases in leaf Rdark are far less than
expected given the large range of growth T across sites. One
would expect the variation in TWQ across our sites (c. 20°C) to
be associated with an approximate fourfold increase in Rdark

TWQ

(assuming that Rdark roughly doubles for every instantaneous
10°C rise in T) rather than the observed approximate twofold
increases (Fig. 4). Underpinning this constrained variation in
Rdark

TWQ are markedly faster area- and mass-based rates of leaf
Rdark at 25°C (Rdark

25) at the coldest sites, and slower Rdark
25 at

warmer sites near the equator (Figs 4, S4).
Earlier studies of temperature responses were contradictory:

some report faster area- and/or mass-based rates of Rdark
25 at cold

sites (Stocker, 1935; Wager, 1941; Semikhatova et al., 1992,
2007), whilst others have found similar mass-based rates of
Rdark

25 and Rdark,m
25↔[N]m relationships in (woody) plants

growing in cold and warm habitats (Reich et al., 1998a; Wright
et al., 2006). Our new global database, which includes data from

(a) (b) (c)

(f)(e)(d)

Fig. 5 Patterning of area- and mass-based Rdark
25–Vcmax

25 relationships by Joint UK Land Environment Simulator (JULES) plant functional types (PFTs; a,
d); mean temperature of the warmest quarter (TWQ) categories (5°C intervals) – all data (b, e); and TWQ categories (5°C intervals) – broadleaved trees
only (c, f). All values shown on a log10 scale. Values shown are averages for unique site–species combinations. Upper panels (a–c) show area-based values,
while lower panels (d–f) show mass-based values. JULES PFTs: BlT, broadleaved tree; C3H, C3 metabolism herb/grass; NlT, needle-leaved tree; S, shrub.
TWQ classes: 1st, < 10°C; 2nd, 10–15°C; 3rd, 15–20°C; 4th, 20–25°C; 5th, > 25°C. Values of leaf dark respiration (Rdark) at 25°C were calculated
assuming a T-dependentQ10 (Tjoelker et al., 2001) and eqn 7 described in Atkin et al. (2005). Values of Vcmax at 25°C were calculated according to
Farquhar et al. (1980) assuming an activation energy (Ea) of 64.8 kJ mol�1. See Table S3 for standardized major axis (SMA) regression outputs.
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Reich et al. (1998a) and Wright et al. (2006), contains numerous,
previously unpublished data for tropical forest and Arctic tundra
sites (Tables 1, S1), greatly expanding the thermal range and spe-
cies coverage. Whilst one might argue that the faster area- and
mass-based Rdark

25 in cold habitats (Figs 4, S4) is a result of the
inclusion of tundra herbs/grasses in the GlobResp database,
growth T (i.e. TWQ) remained important when analyzing
Rdark

25↔Vcmax
25 and Rdark

25↔[N] relationships within a single,
globally distributed PFT (broadleaved trees; Figs 5c, 6c). More-
over, the significant negative Rdark,a

25↔TWQ and Rdark,
m
25↔TWQ relationships (Fig. 4) were maintained when data

were restricted to broadleaved trees (data not shown), albeit with
a diminished slope for Rdark,m

25↔TWQ relationships. So, when
analyzed at the global level, our key finding is that rates of Rdark

25

do differ between cold and warm sites.
Faster Rdark

25 in plants growing in cold habitats than in those
in warm habitats could reflect phenotypic (acclimation) or geno-
typic differences across gradients in growth T. The ability of leaf

Rdark to acclimate to sustained changes in growth T appears wide-
spread among different PFTs (Atkin & Tjoelker, 2003; Camp-
bell et al., 2007), although there is some evidence that
broadleaved trees may have a greater capacity to acclimate than
their conifer counterparts (Tjoelker et al., 1999). Acclimation to
low growth T is linked to reversible adjustments in respiratory
metabolism (Atkin & Tjoelker, 2003). Rapid leaf Rdark is inher-
ent in a number of species characteristic of cold habitats (Larigau-
derie & K€orner, 1995; Xiang et al., 2013). Similarly, there is
evidence that within species, genotypes from cold habitats can
exhibit inherently faster leaf Rdark than genotypes from warmer
habitats (Mooney, 1963; Oleksyn et al., 1998). However, the
pattern (both among and within species) is far from consistent
(Chapin & Oechel, 1983; Atkin & Day, 1990; Collier, 1996).

Another site factor that might influence Rdark
25 is water avail-

ability or aridity (Figs 4, S3; Tables 4, 5). In our study, faster leaf
Rdark

25 occurred at the driest sites; similar findings were reported
by Wright et al. (2006). Although literature reviews suggest that

(a) (b) (c)

(f)(e)(d)

Fig. 6 Patterning of area- and mass-based Rdark
25–nitrogen (N) relationships by Joint UK Land Environment Simulator (JULES) plant functional types (PFTs;

a, d); mean temperature of the warmest quarter (TWQ) categories (5°C intervals) – all data (b, e); and TWQ categories (5°C intervals) – broadleaved trees
only (c, f). Values shown are averages for unique site–species combinations. All values shown on a log10 scale. JULES PFTs: BlT, broadleaved tree; C3H, C3

metabolism herb/grass; NlT, needle-leaved tree; S, shrub. TWQ classes: 1st, < 10°C; 2nd, 10–15°C; 3rd, 15–20°C; 4th, 20–25°C; 5th, > 25°C. Values of
leaf dark respiration (Rdark) at 25°C were calculated assuming a T-dependentQ10 (Tjoelker et al., 2001) and eqn 7 described in Atkin et al. (2005). See
Table S3 for standardized major axis (SMA) regression outputs.
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drought-mediated increases in leaf Rdark are rare (Flexas et al.,
2005; Atkin & Macherel, 2009), there are reports showing that
drought can indeed increase leaf Rdark (Slot et al., 2008; Metcalfe
et al., 2010), and taxa present at drier sites may also exhibit
drought adaptations. However, given our reliance on calculated
values of aridity that may not reflect water availability/loss at
field-relevant scales, we suggest that further work is needed to
confirm the extent to which Rdark

25 varies in response to aridity
gradients.

Relationships linking respiration to other leaf traits

Including Vcmax
25 as an explanatory variable markedly improved

predictions of Rdark
25, on both an area and a mass basis. Vcmax

25

also accounted for a greater proportion of variation in Rdark
25

than did leaf [N] or [P], highlighting the strong functional

interdependency between photosynthetic capacity and Rdark
25.

Past studies have reported that variation in Rdark is tightly cou-
pled to variation in photosynthesis (Reich et al., 1998a; Loveys
et al., 2003; Whitehead et al., 2004), underpinned by chloro-
plast–mitochondrion interdependence in the light and dark
(Kr€omer, 1995; Noguchi & Yoshida, 2008), and energy costs
associated with phloem loading (Bouma et al., 1995). Thus, the
simplifying assumption by JULES and other modeling frame-
works (Schwalm et al., 2010; Smith & Dukes, 2013) that Rdark,
a
25 is proportional to Vcmax,a

25 (Cox et al., 1998) is robustly sup-
ported by our global analysis. However, even though there was
no significant Rdark,a

25↔Vcmax,a
25 relationship for C3 herbs/

grasses in Fig. 5(a), overall this PFT exhibited faster rates of Rdark,
a
25 at a given Vcmax,a

25 than other PFTs (Fig. 5a), with average
Rdark,a

25:Vcmax,a
25 ratios being 0.078 for C3 herbs, 0.045 for

shrubs, 0.033 for broadleaved trees and 0.038 for needle-leaved

Table 6 Plant functional type (PFT)-specific equations (formulated from the ‘best’ mixed-effects models shown in Table 5) that can be used to predict
variability in area-based (lmol CO2m

�2 s�1) (a) and mass-based (nmol CO2 g
�1 s�1) (b) leaf respiration at 25°C (Rdark,a

25 and Rdark,m
25, respectively)

(a) PFT-specific equations to predict variability in Rdark,a
25 (‘best’ model)

BlT: Rdark,a
25 = 1.2636 + (0.07289 [N]a) + (0.0159 [P]a) + (0.00959Vcmax,a

25) � (0.03589 TWQ)
C3H: Rdark,a

25 = 1.7344 + (0.41229 [N]a) + (0.0159 [P]a) + (0.00959Vcmax,a
25) � (0.03589 TWQ)

NlT: Rdark,a
25 = 0.9041 + (0.14899 [N]a) + (0.0159 [P]a) + (0.00959 Vcmax,a

25) � (0.03589 TWQ)
S: Rdark,a

25 = 1.5926 + (0.14159 [N]a) + (0.0159 [P]a) + (0.00959 Vcmax,a
25) � (0.03589 TWQ)

(b) PFT-specific equations to predict variability in Rdark,m
25 (‘best’ model)

BlT: Rdark,m
25 = 8.5341� (0.13069 [N]m) � (0.56709 [P]m) � (0.01379Ma) + (0.01119Vcmax,m

25) + (0.18769 ([N]m9 [P]m)
C3H: Rdark,m

25 = 2.9068 + (0.59469 [N]m) � (4.79789 [P]m) � (0.01379Ma)+(0.01119 Vcmax,m
25) + (0.18769 ([N]m9 [P]m)

NlT: Rdark,m
25 = 15.3427 � (0.85899 [N]m) � (0.15399 [P]m) � (0.01379Ma)+(0.01119 Vcmax,m

25)+(0.18769 ([N]m9 [P]m)
S: Rdark,m

25 = 5.6092 + (0.02999 [N]m) + (1.76639 [P]m) � (0.01379Ma) + (0.01119Vcmax,m
25) + (0.18769 ([N]m9 [P]m)

Explanatory variables are: PFTs, according to Joint UK Land Environment Simulator (JULES; Clark et al., 2011): BlT (broadleaved tree), C3H (C3 metabolism
herbs/grasses), NlT (needle-leaved trees), and S (shrubs); leaf nitrogen ([N]) and phosphorus ([P]) concentrations (g m�2 for area-based values and mg g�1

for mass based values), leaf mass per unit area (Ma) and Rubisco CO2 fixation capacity at 25°C (Vcmax
25; lmol CO2m

�2 s�1 and nmol CO2 g
�1 s�1 for

area- and mass-based values, respectively); and mean temperature of the warmest quarter (TWQ, °C) (Hijmans et al., 2005). Note: equations refer to un-
transformed values of each response and explanatory variable. See also Table S4 for area-based model equations for scenarios where different combina-
tions of fixed effect parameters were included.

(a) (b)

Fig. 7 Scatterplots for area-based (a) and mass-based (b) linear mixed-effects models’ goodness of fits, including fixed and random terms. Observed values
of leaf respiration at 25°C (Rdark

25) are plotted against model predictions (using the ‘best’ predictive models detailed in Table 5). (a) For the area-based
model, the fixed component explanatory variables were: plant functional types (PFTs), according to Joint UK Land Environment Simulator (JULES; Clark
et al., 2011); area-based leaf nitrogen ([N]a) and phosphorus ([P]a) concentrations, and Rubisco CO2 fixation capacity at 25°C (Vcmax,a

25); and mean
temperature of the warmest quarter (TWQ) (Hijmans et al., 2005). (b) For the mass-based model, the fixed component explanatory variables were: PFTs;
mass-based leaf nitrogen ([N]m) and phosphorus ([P]m) concentrations, Rubisco CO2 fixation capacity at 25°C (Vcmax,m

25), and leaf mass per unit leaf area
(Ma).
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trees. Moreover, area- or mass-based Rdark
25 at any given Vcmax

25

differed among thermally contrasting sites, being faster at colder
sites (Fig. 5b,e; Table S3). Given these issues, it is crucial that in
TBMs and ESMs that link Rdark,a

25 to Vcmax,a
25, account is taken

of PFTs and the impact of site growth T on the balance between
respiratory and photosynthetic metabolism.

Our documentation of new predictive Rdark,a
25↔[N]a rela-

tionships, to account for variation among PFTs and site growth
T (Fig. 6) provides an opportunity to improve the next genera-
tion of ESMs. We found that leaf Rdark

25 at any given leaf [N]
was faster in C3 forbs/grasses than in their shrub and tree coun-
terparts (on both an area and a mass basis), supporting the find-
ings of Reich et al. (2008). In C3 herbs/grasses, faster rates of
Rdark

25 at any given leaf [N] probably reflect greater relative allo-
cation of leaf N to metabolic processes than to structural or
defensive roles (Evans, 1989; Takashima et al., 2004; Harrison
et al., 2009), combined with high demands for respiratory prod-
ucts. In addition to PFT-dependent changes in Rdark

25↔[N]
relationships, we also found that rates of leaf Rdark

25 at any given
leaf [N] were faster in plants growing at colder sites. This finding
held when all PFTs were considered together, and also within the
single, widespread PFT of broadleaved trees. Faster leaf Rdark

25 at
a given [N] therefore appears to be a general trait associated with
leaf development in cold habitats (Atkin et al., 2008).

Variability in leaf respiration rates within individual
ecosystems

A key feature of scatterplots, such as in Fig. 4 (which presents
species means at each site), was the substantial variation in species
mean values of Rdark at any given latitude, or TWQ, or indeed,
within any given site (frequently five- to 10-fold). This is in line
with the diversity often reported in other leaf functional traits
(chemical, structural, and metabolic) within natural ecosystems
(Wright et al., 2004; Fyllas et al., 2009; Asner et al., 2014). Fur-
thermore, the range of variation in species mean values of Rdark
was far larger than the two-fold shift in mean Rdark observed
along major geographic gradients. Our understanding of which
of these factors account for the wide range of respiratory rates
exhibited by coexisting species is still rather poor (Atkin et al.,
2014). At an ecological level, the wide range in Rdark could reflect
differences among coexisting species (e.g. position along the ‘leaf
economic spectrum’; Wright et al., 2004; position within the
conceptual ‘competitive–stress tolerator–ruderal (CSR)’ space;
Grime, 1977).

Formulating equations that predict global variability in leaf
respiration

One of our objectives was to develop equations that accurately
predict mean rates of leaf Rdark

25 observed across the globe. Our
final, parsimonious mixed-effects models accounted for 70% of
the variation in area-based Rdark

25 (Fig. 7a) and 78% of the varia-
tion in mass-based Rdark

25 (Fig. 7b). Such models provide equa-
tions that enable Rdark

25 to be predicted using inputs from fixed
terms such as PFT, growth T and leaf physiology/chemistry.

Here, we discuss the fixed effects of the area- and mass-based
models.

For the area-based model, PFT category was the most impor-
tant explanatory factor (e.g. in a model with no random effects,
the JULES PFT classification alone accounted for 27% of the
variability in Rdark,a

25), followed by Vcmax,a
25, [P]a, TWQ and

[N]a (Table 5a). Moreover, a comparative model that included
random components, and where fixed effects were limited to the
PFT classes, was still able to explain 43% of the variation in
Rdark,a

25, suggesting that while these PFTs represent a simplifica-
tion of floristic complexity, they nevertheless help to account for
much of the global variation in area-based Rdark

25.
Interestingly, introducing information on phenological habit

(i.e. evergreen vs deciduous) and biome by replacing the JULES
PFTs with those of LPJ did not improve the quality of the predic-
tive model (Table S5). This may appear counterintuitive, but
could have arisen because the additional information contained
in the LPJ PFT classifications was already captured in the ‘best’
predictive model’s explanatory variables (i.e. Ma, [N]a, [P]a, and
TWQ) shown in Table 5.

The final ‘best’ predictive model retained Vcmax,a
25, providing

further support for a coupling of photosynthetic and respiratory
metabolism (Kr€omer, 1995; Hoefnagel et al., 1998; Noguchi &
Yoshida, 2008). In terms of leaf chemistry, inclusion of [N]a
reflects the coupling of respiratory and N metabolism (Tcherkez
et al., 2005), and energy demands associated with protein turn-
over (Penning de Vries, 1975; Bouma et al., 1994; Zagdanska,
1995). Moreover, as [N]a is important to Vcmax,a

25, inclusion of
Vcmax,a

25 in the model may to some extent obscure the role of
[N]a per se. The significant interaction of PFT and [N]a demon-
strates (Table 5) that variation in leaf [N]a has greater propor-
tional effects on Rdark,a

25 in some PFTs (e.g. C3 herbs/grasses)
than in others (e.g. broadleaved trees), for the reasons outlined
earlier. Retention of [P]a in the preferred model suggests that lati-
tudinal variation in foliar [P] (Fig. S2) plays an important role in
facilitating faster rates of leaf Rdark,a

25 at the cold high-latitude
sites (Figs 4, S4) whilst limiting rates at P-deficient sites in some
regions of the tropics (Townsend et al., 2007; Asner et al., 2014).
These findings are likely to have particular relevance for predic-
tions of Rdark,a

25 in TBMs that include dynamic representation of
N and P cycling (Thornton et al., 2007; Zaehle et al., 2014).

While PFT category remained an explanatory factor in the
final model for mass-based Rdark

25 (Table 5), Vcmax,m
25 emerged

as the single most important factor accounting for variability in
Rdark,m

25. Importantly, all climate variables were excluded from
the model, including site growth T (TWQ). Does this mean that
variation in Rdark,m

25 is unrelated to site growth T, as previously
suggested (Wright et al., 2006)? Not necessarily; variation in
Rdark

25 on both area and mass bases was tightly linked to varia-
tion in site growth T (TWQ, Fig. 5). The absence of TWQ in
the mass-based mixed model probably arose from the influence
of site growth T on leaf [N]m, leaf [P]m and Ma; all three traits
vary in response to differences in site growth T (Reich &
Oleksyn, 2004; Wright et al., 2004; Poorter et al., 2009).

In the preferred models for area- and mass-based Rdark
25, little

of the response variance not accounted for by the fixed terms was
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related to phylogeny, as represented by ‘family’ (Fig. S8); by con-
trast, a substantial component (23–73%) of the response variance
not accounted for by the fixed terms was related to differences
among sites (Fig. S9). This suggests that other ‘site’ factors
(including environmental and methodological differences) may
have played an important role in determining variation in Rdark,
a
25. Soil characteristics may be important, including availability
of nutrients such as calcium, potassium and magnesium (Broad-
ley et al., 2004). In addition, rates of Rdark

25 are sensitive to pre-
vailing ambient T and soil water content in the days preceding
measurement (Gorsuch et al., 2010; Searle et al., 2011). Given
this, one would not expect long-term climate averages to fully
capture the actual environment experienced by plants.

Looking forward: improving representation of leaf
respiration in ESMs

The most direct way of improving representation of leaf respira-
tion in TBMs and the land surface components of ESMs is to
formulate equations that describe patterns in Rdark

25 using leaf
trait and climate parameters already incorporated into those
models. Our study provides PFT-, leaf trait- and climate-based
equations, depending on which leaf traits are used in a particular
model framework to predict variation in Rdark

25 (e.g. area- or
mass-based [N], or photosynthetic capacity, Tables 5, S4, S5).
Application of such equations would enable prediction of Rdark

25

for biogeographical regions for which the PFT composition is
known. The GlobResp database will also assist in the develop-
ment of land surface models that use a trait-continuum approach,
where bivariate trait associations and tradeoffs are included
directly in the models, rather than a strictly PFT-categorical
approach. For an overview of the issues relevant to incorporation
of trait–climate relationships in TBMs, readers are directed to
recent discussion papers (Scheiter et al., 2013; Verheijen et al.,
2013; Higgins et al., 2014).

Other challenges to incorporating leaf respiration in ESMs
include: establishing models of diel variations in leaf Rdark (here,
understanding the extent to which our daytime measurements of
Rdark differ from fluxes measured at night will be of interest);
accounting for the appropriate degree of thermal acclimation of
leaf Rdark

25 to dynamic changes in prevailing growth T and soil
moisture at all geographical positions; and identifying the extent
to which light inhibition of leaf respiration (Kok, 1948; Brooks
& Farquhar, 1985; Hurry et al., 2005) varies among PFTs and
biomes, over the range of leaf Ts experienced by leaves during the
day. Although much progress has been made (King et al., 2006;
Atkin et al., 2008; Smith & Dukes, 2013; Wythers et al., 2013),
accounting for temperature acclimation and light inhibition of
leaf R in TBMs and associated land surface components of ESMs
remains a considerable challenge (Atkin et al., 2014). The equa-
tions we provide here that predict current biogeographical varia-
tions in leaf Rdark at a standard T (typically 25°C) are driven by
some unquantified combination of acclimation responses and
genotypic (adaptive) differences. Further work is needed, how-
ever, to establish criteria that will enable environment and geno-
typic variations in light inhibition of leaf respiration to be

predicted; here, recent studies linking light inhibition to
photorespiratory metabolism (Griffin & Turnbull, 2013; Ayub
et al., 2014) may provide directions for future research. Achieving
these goals will be assisted by compilation of data not only from
the sites shown in Fig. 1, but also from geographic regions cur-
rently poorly represented; additional data from Africa, Asia and
Europe are needed to enable global historical biogeographic/phy-
logenetic effects on leaf Rdark to be tested. In the long term, a
wider goal is development of a mechanistic model that accounts
for genotypic–developmental–environmentally mediated varia-
tions in leaf Rdark.

Currently, many TBM and ESMs predict photosynthetic
capacity (Vcmax

25) and Rdark
25 based on assumed [N] values for

each PFT. In using this approach, differences among plants
within a PFT (e.g. genotypic differences and/or plasticity
responses to the growth environment) are unspecified. Our
mixed-effects models suggest that PFTs capture a substantial
amount of species variation across diverse sites and their use is
reasonable as a first approximation for the purposes of modeling.
In the application of PFT-based modeling, the growth T-depen-
dent (TWQ) variations in Rdark

25 within widely distributed PFTs
(e.g. broadleaved trees) provide a means to predict T adjustments
in Rdark at the global scale. For example, predicted Rdark

25

declines 18% from 1.0 to 0.82 lmol m�2 s�1 when site tempera-
ture (TWQ) increases from 20 to 25°C (Table 6). Assuming a
static PFT (e.g. no species turnover or differential acclimation/
adaptation), these new equations (Table 6, and associated ESM
equations in Table S4) provide a first-order approximation of the
acclimation response of Rdark

25 of a given PFT to a cooler past
world, or warmer future world. They also demonstrate that pre-
dictions based on PFT, leaf traits and TWQ provide a powerful
improvement in the representation of leaf respiration in ESMs
that seek to describe the role of terrestrial ecosystems in an evolv-
ing global climate and C cycle.
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