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VIII 

Abstract 

 

Autotrophic respiration is a critical determinant of plant, ecosystem and global carbon 

exchange, constituting a major control on the evolution of the contemporary carbon cycle 

with the potential to modulate the magnitude of future climate change. Due to an incomplete 

understanding of plant respiration and its underlying mechanisms, the process remains an 

important yet poorly quantified component of the global carbon cycle and currently 

dominates uncertainties in carbon cycle modelling. Plant respiration is currently represented 

by a fixed exponential temperature function in vegetation and earth system models. This 

rather simplistic description is inadequate to describe the co-regulation of respiration by 

endogenous mechanisms over longer timescales, such as the control exerted by substrate 

supply, product demand and the circadian clock. This study compiles the first comprehensive 

dataset of nocturnal leaf respiration to explore and quantify the temperature-independent 

control of leaf respiratory metabolism at night. A down-regulation in nocturnal respiration 

was observed to occur under constant temperature conditions which decreased the basal rate 

of respiration by ~40% of the initial rate at the onset of darkness, indicating the base rate of 

respiration cannot be considered constant as generally assumed in all modern field studies 

and models. An empirically derived term representing the non-temperature dependent 

component of leaf respiration at night was applied to the land surface component of an earth 

system model to describe nocturnal variation in endogenous metabolism in addition to the 

temperature dependency of respiration. Accounting for the non-temperature dependency of 

nocturnal respiration reduced annual rates of modelled plant respiration by up to 10% and 

increased annual net primary productivity by up to 16% across all tropical and temperate 

forest sites, suggesting that previous models have overestimated global respiration and 

underestimated net primary productivity, particularly in the tropics. The significant impact of 

the novel term presents important implications for land-atmosphere studies and estimates of 

global terrestrial carbon balance and storage. This study provides the foundation from which 

to advance research on endogenous rhythms in plant metabolism to develop a more 

comprehensive understanding and description of plant respiration for modelling frameworks, 

ultimately to increase the realism of vegetation models for greater confidence in simulations 

of the current and future terrestrial and global carbon cycle. 
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1. Introduction and Literature Review 

 

1.1. The Carbon Cycle 

Carbon is a finite resource that cycles the earth in the form of a vast number of organic 

compounds, serving as a common element of all life on the planet. In the form of carbon 

dioxide (CO2) it is one of the principal mediums in the biochemical processes of 

photosynthesis, respiration and organic decomposition (Schimel et al., 2005). The global 

carbon cycle describes this series of processes by which carbon compounds are 

interconverted in the environment and exchanged between four major reservoirs: the 

atmosphere, land, oceans and fossil fuels (Figure 1.1; Houghton, 2003). Anthropogenic CO2 

emissions from the combustion of fossil fuels and land-use change have exerted a significant 

influence on the natural carbon cycle since the industrial revolution, constituting the most 

consequential of human impacts on the environment (Malhi et al., 1999). Since the start of 

the industrial era, atmospheric CO2 concentration has increased from approximately 227ppm 

in 1750 (Joos and Spahni, 2008) to 407 ± 0.1 ppm in 2018 (Dlugokencky and Tans, 2019) 

and is now the highest in at least 650,000 years (IPCC, 2007). Only an estimated 45% of 

global anthropogenic emissions remain in the atmosphere, with approximately 29% 

sequestered by land and 24% by oceans (Friedlingstein et al., 2019). The remaining 2%, 

referred to as the carbon budget imbalance, is a measure of imperfect data and understanding 

of the contemporary carbon cycle. CO2 is a greenhouse gas, defined as a constituent of the 

atmosphere that absorbs and emits infra-red radiation emitted by the earth’s surface, clouds 

and the atmosphere itself, ultimately reducing net radiation emitted to space and resulting in 

an energy imbalance at the top of the atmosphere known as radiative forcing (Allwood et al., 

2014). This property results in the greenhouse effect by which surface temperature and the 

troposphere warm in response to the radiative forcing. An increase in the concentration of 

greenhouse gases increases the magnitude of this effect, widely described as global warming. 

Uptake by the terrestrial and ocean carbon sinks therefore decelerates global warming and 

climate change, however the capacity of these ecosystems to sequester elevated CO2 is not 

yet fully understood and appears to be saturating (Lambers et al., 2008). Atmospheric CO2 

records indicate that the land surface has acted as an increasingly strong carbon sink over the 

past five decades (Ballantyne et al., 2012), however the first signs of saturation in the carbon 

sink of some forests are already becoming apparent (Nabuurs et al., 2013; Brienen et al., 

2015; Hubau et al., 2020).  
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The continued increase in atmospheric CO2 is one of the most certain projections in 

environmental sciences (Figure 1.2; Faitichi et al., 2018), therefore the contemporary carbon 

cycle, its integral processes and the capacity of natural sinks have gained a new political 

prominence and become an increasingly focal topic of research. 

 
  

P. Friedlingstein et al.: Global Carbon Budget 2019 1787

Figure 2. Schematic representation of the overall perturbation of the global carbon cycle caused by anthropogenic activities, averaged
globally for the decade 2009–2018. See legends for the corresponding arrows and units. The uncertainty in the atmospheric CO2 growth rate
is very small (±0.02 GtC yr�1) and is neglected for the figure. The anthropogenic perturbation occurs on top of an active carbon cycle, with
fluxes and stocks represented in the background and taken from Ciais et al. (2013) for all numbers, with the ocean gross fluxes updated to
90 GtC yr�1 to account for the increase in atmospheric CO2 since publication, and except for the carbon stocks in coasts, which are from a
literature review of coastal marine sediments (Price and Warren, 2016).

Table 1. Factors used to convert carbon in various units (by convention, unit 1 = unit 2 ⇥ conversion).

Unit 1 Unit 2 Conversion Source

GtC (gigatonnes of carbon) ppm (parts per million)a 2.124b Ballantyne et al. (2012)
GtC (gigatonnes of carbon) PgC (petagrams of carbon) 1 SI unit conversion
GtCO2 (gigatonnes of carbon dioxide) GtC (gigatonnes of carbon) 3.664 44.01/12.011 in mass equivalent
GtC (gigatonnes of carbon) MtC (megatonnes of carbon) 1000 SI unit conversion

a Measurements of atmospheric CO2 concentration have units of dry-air mole fraction. “ppm” is an abbreviation for µm mol�1, dry air. b The use of a factor of
2.124 assumes that the whole atmosphere is well mixed within 1 year. In reality, only the troposphere is well mixed and the growth rate of CO2 concentration in
the less well-mixed stratosphere is not measured by sites from the NOAA network. Using a factor of 2.124 makes the approximation that the growth rate of CO2
concentration in the stratosphere equals that of the troposphere on a yearly basis.

on an annual basis, as well as the difficulty of updating the
CO2 emissions from land use change. A likelihood of 68 %
provides an indication of our current capability to quantify
each term and its uncertainty given the available information.
For comparison, the Fifth Assessment Report of the IPCC
(AR5) generally reported a likelihood of 90 % for large data
sets whose uncertainty is well characterised, or for long time
intervals less affected by year-to-year variability. Our 68 %
uncertainty value is near the 66 % which the IPCC charac-
terises as “likely” for values falling into the ±1� interval.
The uncertainties reported here combine statistical analysis

of the underlying data and expert judgement of the likelihood
of results lying outside this range. The limitations of current
information are discussed in the paper and have been exam-
ined in detail elsewhere (Ballantyne et al., 2015; Zscheischler
et al., 2017). We also use a qualitative assessment of confi-
dence level to characterise the annual estimates from each
term based on the type, amount, quality, and consistency of
the evidence as defined by the IPCC (Stocker et al., 2013).

All quantities are presented in units of gigatonnes of car-
bon (GtC, 1015 gC), which is the same as petagrams of car-
bon (PgC; Table 1). Units of gigatonnes of CO2 (or billion

www.earth-syst-sci-data.net/11/1783/2019/ Earth Syst. Sci. Data, 11, 1783–1838, 2019

Figure 1.1. Schematic of the global carbon cycle and anthropogenic perturbation averaged globally 
for the decade 2009-2018, taken from Friedlingstein et al. (2019). Carbon stocks in coasts taken from 
a literature review of coastal marine sediments (Price and Warren, 2016). All other fluxes and stocks 
statistics are taken from Ciais et al. (2013), with the ocean gross fluxes updated to 90 GtC yr-1 to 
account for the increase in atmospheric CO2 since publication. 
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Figure 1. Surface average atmospheric CO2 concentration (ppm).
The 1980–2018 monthly data are from NOAA ESRL (Dlugokencky
and Tans, 2019) and are based on an average of direct atmospheric
CO2 measurements from multiple stations in the marine boundary
layer (Masarie and Tans, 1995). The 1958–1979 monthly data are
from the Scripps Institution of Oceanography, based on an average
of direct atmospheric CO2 measurements from the Mauna Loa and
South Pole stations (Keeling et al., 1976). To take into account the
difference of mean CO2 and seasonality between the NOAA ESRL
and the Scripps station networks used here, the Scripps surface av-
erage (from two stations) was deseasonalised and harmonised to
match the NOAA ESRL surface average (from multiple stations)
by adding the mean difference of 0.542 ppm, calculated here from
overlapping data during 1980–2012.

of atmospheric CO2 measurements), the last decade (2009–
2018), and the current year (2019). We quantify the input
of CO2 to the atmosphere by emissions from human activi-
ties, the growth rate of atmospheric CO2 concentration, and
the resulting changes in the storage of carbon in the land
and ocean reservoirs in response to increasing atmospheric
CO2 levels, climate change and variability, and other anthro-
pogenic and natural changes (Fig. 2). An understanding of
this perturbation budget over time and the underlying vari-
ability and trends in the natural carbon cycle is necessary to
also understand the response of natural sinks to changes in
climate, CO2 and land use change drivers, and the permis-
sible emissions for a given climate stabilisation target. Note
that this paper does not estimate the remaining future carbon
emissions consistent with a given climate target (often re-
ferred to as the remaining carbon budget; Millar et al., 2017;
Rogelj et al., 2016, 2019).

The components of the CO2 budget that are reported an-
nually in this paper include separate estimates for the CO2
emissions from (1) fossil fuel combustion and oxidation from
all energy and industrial processes and cement production
(EFF, GtC yr�1) and (2) the emissions resulting from deliber-
ate human activities on land, including those leading to land
use change (ELUC, GtC yr�1), as well as their partitioning
among (3) the growth rate of atmospheric CO2 concentration

(GATM, GtC yr�1), and the uptake of CO2 (the “CO2 sinks”)
in (4) the ocean (SOCEAN, GtC yr�1) and (5) on land (SLAND,
GtC yr�1). The CO2 sinks as defined here conceptually in-
clude the response of the land (including inland waters and
estuaries) and ocean (including coasts and territorial sea) to
elevated CO2 and changes in climate, rivers, and other envi-
ronmental conditions, although in practice not all processes
are fully accounted for (see Sect. 2.7). The global emissions
and their partitioning among the atmosphere, ocean, and land
are in reality in balance; however due to imperfect spatial
and/or temporal data coverage, errors in each estimate, and
smaller terms not included in our budget estimate (discussed
in Sect. 2.7), their sum does not necessarily add up to zero.
We estimate a budget imbalance (BIM), which is a measure
of the mismatch between the estimated emissions and the es-
timated changes in the atmosphere, land, and ocean, with the
full global carbon budget as follows:

EFF + ELUC = GATM + SOCEAN + SLAND + BIM. (1)

GATM is usually reported in parts per million per year, which
we convert to units of carbon mass per year, GtC yr�1, us-
ing 1 ppm = 2.124 GtC (Ballantyne et al., 2012; Table 1). We
also include a quantification of EFF by country, computed
with both territorial and consumption-based accounting (see
Sect. 2), and we discuss missing terms from sources other
than the combustion of fossil fuels (see Sect. 2.7).

The CO2 budget has been assessed by the Intergovern-
mental Panel on Climate Change (IPCC) in all assessment
reports (Prentice et al., 2001; Schimel et al., 1995; Watson
et al., 1990; Denman et al., 2007; Ciais et al., 2013), and
by others (e.g. Ballantyne et al., 2012). The IPCC method-
ology has been revised and used by the Global Carbon
Project (GCP, https://www.globalcarbonproject.org, last ac-
cess: 27 September 2019), which has coordinated this coop-
erative community effort for the annual publication of global
carbon budgets for the year 2005 (Raupach et al., 2007; in-
cluding fossil emissions only), year 2006 (Canadell et al.,
2007), year 2007 (published online; GCP, 2007), year 2008
(Le Quéré et al., 2009), year 2009 (Friedlingstein et al.,
2010), year 2010 (Peters et al., 2012b), year 2012 (Le Quéré
et al., 2013; Peters et al., 2013), year 2013 (Le Quéré et al.,
2014), year 2014 (Le Quéré et al., 2015a; Friedlingstein et
al., 2014), year 2015 (Jackson et al., 2016; Le Quéré et al.,
2015b), year 2016 (Le Quéré et al., 2016), year 2017 (Le
Quéré et al., 2018a; Peters et al., 2017), and most recently
year 2018 (Le Quéré et al., 2018b; Jackson et al., 2018).
Each of these papers updated previous estimates with the lat-
est available information for the entire time series.

We adopt a range of ±1 standard deviation (� ) to report
the uncertainties in our estimates, representing a likelihood
of 68 % that the true value will be within the provided range
if the errors have a Gaussian distribution and no bias is as-
sumed. This choice reflects the difficulty of characterising
the uncertainty in the CO2 fluxes between the atmosphere
and the ocean and land reservoirs individually, particularly

Earth Syst. Sci. Data, 11, 1783–1838, 2019 www.earth-syst-sci-data.net/11/1783/2019/

Figure 1.2. Surface average atmospheric CO2 concentration (ppm), taken from Friedlingstein et al. 
(2019). The 1958-1979 monthly data are from the Scripps Institution of Oceanography, based on an 
average of direct atmospheric CO2 measurements from the Mauna Loa and South Pole stations 
(Keeling et al., 1976). The 1980-2018 monthly data are from NOAA ESRL (Dlugokencky and Tans, 
2019), based on an average of direct atmospheric CO2 measurements from multiple stations (Masarie 
and Tans, 1995).  
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The terrestrial biosphere constitutes a valuable component of the carbon cycle, removing an 

estimated 3.2 ± 0.7 Gt C yr-1 from the atmosphere over the past decade, equating to a third of 

anthropogenic emissions (Friedlingstein et al., 2019). Future climate change has been 

projected to rapidly alter the structure and functioning of terrestrial ecosystems with 

inconclusive effects on the complex ecology and physiology that underlies land-atmosphere 

CO2 fluxes (Figure 1.3; IPCC, 2013). Photosynthesis and respiration, autotrophic and 

heterotrophic, are the primary biological processes that regulate the land-atmosphere 

exchange of CO2 (Griffin et al., 2002), and it is the delicate equilibrium between these fluxes 

that defines the carbon balance of an ecosystem and determines whether the system acts as a 

net source or sink of carbon (Valentini et al., 2000). The terrestrial biosphere currently acts as 

a strong net sink of carbon due to uptake by photosynthesis for primary production exceeding 

release through respiration, thereby reducing the climate impact of anthropogenic emissions 

(Schimel et al., 2014). Current projections suggest that the terrestrial sink may transition to a 

net source of carbon during the 21st century as climate-driven losses exceed gains, resulting 

in a positive carbon cycle-climate feedback that would accelerate global warming and 

significantly alter the carbon balance and storage of terrestrial ecosystems (Friedlingstein et 

al., 2014; Anderegg et al., 2015). Considerable progress has been made in understanding the 

processes of photosynthesis and heterotrophic soil respiration, however a general 

understanding of autotrophic respiration dynamics is still lacking (Collalti et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The exchange of carbon dioxide (CO2) between terrestrial
ecosystems and the atmosphere is one of the major
interactions between the biosphere and the atmosphere

(Fig. 1), a key descriptor of ecosystem functioning and a major
influence on atmospheric CO2 concentration. Two empirical
approaches are generally used to quantify ecosystem CO2
exchange at the ecosystem level: the eddy-covariance technique
(EC) and biometric methods (BM).

The EC technique features sound underlying micro-
meteorological principles, continuous monitoring, little perturba-
tion or damaging of the system sampled and a sampling area
(footprint) well suited for the scale of ecosystem-level estimates
(Table 1). The long time series with high temporal resolution
generated by EC can give detailed insights into the interactions
between CO2 fluxes and synoptic and seasonal variability.
Therefore, EC is very attractive for long-term monitoring of the
net ecosystem-atmosphere CO2 exchange1 (or net ecosystem
production2, NEP) and for the elucidation of its temporal changes
and environmental controls. These properties have made EC the
dominant methodology for estimating net and bulk fluxes of CO2
exchange1,3,4 and the standard method in a number of long-term
and large-scale research infrastructures (for example, ICOS,
NEON, AmeriFlux, TERN). However, as with every experimental
method, EC has some drawbacks (Table 1), three of which are of
particular importance. First, advective and low-frequency flows
of CO2 are difficult to capture and can potentially lead to
underestimation of fluxes during periods with low air turbulence,

typically ecosystem respiration at night5. This drawback is
particularly important in the presence of variable topography,
favouring air drainage and breezes6, or thick canopy, hindering
mixing of the air within and above it7,8. Second, EC has a
persistent inability to close the surface energy budget, leading to
fears that if energy fluxes are being underestimated, then CO2
fluxes may also be underestimated1. Third, EC measures NEP
directly, but its two main components, ecosystem photosynthetic
CO2 uptake, or gross primary production (GPP), and ecosystem
carbon (C) release, or ecosystem respiration (Reco) (Fig. 1), can
only be estimated indirectly by post-processing the data of CO2
exchange9,10. In other words, EC relies on a single measurement
to estimate net and bulk CO2 fluxes.

The BM approach uses a well-established but un-standardized
set of techniques, such as plant growth assessment, chamber-
based flux measurements and repeated stock inventories that
allow a direct estimation of the component processes of the
ecosystem C cycle (for example, net primary production (NPP),
heterotrophic respiration (Rh) and autotrophic respiration (Ra);
Fig. 1; Table 1) and changes in soil and biomass stock, from
which NEP, Reco and GPP can be calculated. Advantages of this
approach include insights into the internal C dynamics of an
ecosystem, (for example, partitioning between Ra and Rh,
allocation of photosynthates between Ra and NPP and allocation
of NPP between leaves, wood and fine roots), and applicability to
almost any site (for example, small plots, sites with strong spatial
heterogeneity, high canopy thickness or steep topography) and
meteorological conditions (for example, periods with low air
turbulence) without the requirements imposed by the EC
technique. Typically, BM approaches are also very useful for
evaluating the impact of environmental manipulative experiments
on the C cycle11, whereas EC cannot be applied to experimental
plots of limited size5. On the other hand, BM approaches also
have drawbacks (Table 1). In particular, biometric measurements
are typically performed on few replicated individuals and plant
organs (for example, few leaves and branches) or small ecosystem
plots that need to be up-scaled, assuming homogeneity within
and among plants and in all relevant environmental variables
(for example, soil moisture, nutrients, microclimate, soil type).
Moreover, there is always the possibility that some potentially
important components of the C budget have not been accounted
for (for example, transfer of photosynthates to mycorrhizae
production, ground flora productivity or loss to herbivory) and
that some of the biometric techniques can disturb the portion of
the ecosystem being sampled (for example, root measurements
disturb the soil, stem respiration chambers can affect
microclimate and pressure of the air space sampled). Finally,
most biometric measurements cannot be easily monitored
continuously, making the linkage between changes in fluxes to
specific weather events more challenging.

As the advantages of BM (for example, applicability to most
sites and environmental conditions) largely match the potential
disadvantages of the EC technique (and vice versa) and the two
techniques are fully independent, the comparison between EC
and BM has been developed as the most suited way to
corroborate both approaches12. NEP estimates obtained with
EC and BM have been compared in a number of studies, but no
clear picture has yet emerged. Agreement of multi-year NEP
estimates between methods varied widely among sites, from
very good13 to very poor14. A primary cause of our limited
understanding of EC–BM convergence lies in the fact that
existing empirical studies are based only on one or few sites
(for example, five sites12) and very few studies have attempted
quantitative multi-site syntheses15. In practice, this has made it
difficult to pin-point the reasons behind the observed cases with
low convergence because statistical analyses have not been

Rh-soil

Raaboveground
NPPaboveground

NEP

Rabelowground NPPbelowground

Rh-cwd

GPP

Reco

Figure 1 | Schematic representation of the major components of the
forest carbon cycle. Raaboveground and Rabelowground: above- and below-
ground autotrophic respiration, respectively (their sum is indicated as Ra);
Rh-soil and Rh-cwd: heterotrophic respiration from soil and coarse woody
debris, respectively (their sum is indicated as Rh); NPPaboveground

and NPPbelowground: above- and belowground net primary production,
respectively (their sum is indicated as NPP); Reco: ecosystem respiration
(Reco¼ RaþRh); GPP: gross primary production (GPP¼NPPþ Ra), and
NEP: net ecosystem production (NEP¼GPP# Reco¼NPP#Rh). Each flux
is associated with an arrow. Arrows pointing down indicate carbon (C)
uptake, arrows pointing up indicate C release, whereas the up-down arrow
indicates that both C release and C uptake can occur. The dark blue arrow
indicates NEP, the mid-blue arrows indicate the primary components of NEP
(Reco and GPP), whereas the light blue arrows indicate the components of
Reco and GPP.
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Figure 1.3. Schematic of the major components of the forest carbon cycle, taken from Campioli et al. 
(2016). Raaboveground and Rabelowground represent above and below ground autotrophic respiration 
respectively; Rh-soil and Rh-cwd represent heterotrophic respiration from soil and coarse woody debris 
respectively; NPPaboveground and NPPbelowground represent above and below ground net primary production 
respectively; Reco is ecosystem respiration (Reco = Ra + Rh); GPP is gross primary production (GPP = 
NPP + Ra); and NEP is net ecosystem production (NEP = GPP – Reco = NPP – Rh). 
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Autotrophic respiration plays a fundamental role in carbon exchange at plant, ecosystem and 

global scales, postulated to be the main determinant of the carbon balance of terrestrial 

systems (Valentini et al., 2000). At ecosystem level, plant respiration contributes up to 65% 

of the total CO2 efflux, with the remaining released by heterotrophic soil respiration (Xu et 

al., 2001; Reichstein et al., 2002). Globally, plant respiration releases ~60 Gt C yr-1 into the 

atmosphere, constituting a substantial carbon flux that is estimated to be six to eight times 

that emitted by anthropogenic activity (Canadell et al., 2007; IPCC, 2013). Leaf respiration 

comprises half of this autotrophic respiratory flux (Atkin et al., 2007), indicating that 

fractional changes in leaf respiration could potentially modulate climate on the scale of 

anthropogenic forcing (Heskel et al., 2016). Plant respiration, and leaf respiration in 

particular, is predicted to increase as a consequence of future warming with the ability to 

generate positive feedback mechanisms and partly define the magnitude of future climate 

change (King et al., 2006). Leaf respiration is therefore a crucial process for ecosystem 

functioning with global implications, yet remains poorly quantified (Atkin et al., 2015), 

contributing to uncertainty in estimates of the terrestrial carbon sink which remains the least 

constrained component of the contemporary carbon cycle (Le Quéré et al., 2018). 

 

1.2. Plant Respiration 

 

Plant respiration has a major influence on the carbon cycle and global climate and is a 

fundamental physiological process at organism and cellular scales, essential for myriad 

energy-dependent metabolic processes in plants (Scafaro et al., 2017). Both photosynthesis 

and respiration are required to produce ATP and NADPH to meet demands for plant growth, 

maintenance and active transport (Lambers et al., 2008). Occurring in the cytosol and 

mitochondria, plant respiration comprises a suite of metabolic pathways and biochemical 

reactions, including glycolysis, the tri-carboxylic acid (TCA) cycle, and the electron transport 

chain (ETC; Lambers et al., 2005). Mitochondrial respiration occurs under both light and 

dark conditions yet is often referred to as ‘dark respiration’ to differentiate the respiratory 

flux that reflects plant metabolic activity from the release of CO2 by photorespiration in 

photosynthesis (Wright et al., 2006). Occurring in chloroplasts, photosynthesis uses light 

energy and water to convert CO2 from the atmosphere into carbon rich compounds such as 

carbohydrates (Barnes, 1893). A large proportion of carbohydrates assimilated by 

photosynthesis serve as respiratory substrate and are subsequently expended by respiration, 

mediating the link between the two processes (Whitehead et al., 2004). Dark respiration 
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oxidises these compounds to liberate ATP and carbon skeletons necessary for cellular 

maintenance and biosynthesis, releasing CO2 as a by-product (Atkin et al., 2000a). 

Approximately 30-80% of daily photosynthetic carbon fixation is released back into the 

atmosphere by respiration (Loveys et al., 2002). Dark respiration relies upon the supply of 

photosynthates to serve as respiratory substrate at all times, however photosynthetic carbon 

fixation only occurs in the light (Feugier and Satake, 2014). Glycine is the main primary 

photosynthetic product used as respiratory substrate during the day (Ellsworth and Reich, 

1996; Hurry et al., 1996). Darkness eliminates the production of primary carbon products 

such as this, causing respiration to rely entirely upon the degradation of transitory starch 

reserves in leaves (Smith and Stitt, 2007). Starch is stored inside the chloroplasts during daily 

photosynthesis and subsequently broken down in a linear manner at night, enabling a 

continuous supply of carbon to support nocturnal metabolism and growth (Graff and Smith, 

2011). The biochemistry of leaf respiratory metabolism therefore differs significantly 

between light and dark, and day and night (Kromer, 1995).  

 

The process of respiration is typically partitioned into two components, growth respiration 

(Rpg) and maintenance respiration (Rpm) (Amthor, 1989; Ryan, 1991), to help conceptualise 

the different use of metabolic energy for biosynthesis in growing versus full-grown tissues 

(Thornley, 1970; 2011). However, respiratory processes for growth and maintenance are not 

biochemically distinct, and growing organs also contain mature tissues whose respiration is 

limited to a maintenance component (Lavigne et al., 1997). Furthermore, Lambers et al. 

(1998) suggested inclusion of a third category is necessary to describe the energy required to 

fuel active transport processes. Despite these limitations, the simple growth-maintenance 

paradigm has formed the most widely used approach for interpreting and modelling the 

complex process of respiration for over 40 years. 

 

1.3. Controls of Plant Respiration 

 

Respiratory CO2 release is the net effect of many constituent processes, therefore, compared 

to a relatively comprehensive understanding of photosynthetic metabolism, understanding the 

factors that regulate respiratory fluxes remains incomplete (Atkin et al., 2014). 
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1.3.1. Exogenous Controls 

 

Temperature is one of the predominant environmental factors that regulates the rate of 

biological processes (Davidson and Janssens, 2006). The high temperature sensitivity of plant 

respiration has long been recognised and studied (Dehérain and Moissan, 1874; James, 1953; 

Forward, 1960; Berry and Raison, 1981) and is therefore considered the most well 

understood variable affecting rates of respiration (Griffin et al., 2002). The short-term 

temperature sensitivity of leaf respiration is regulated by the temperature-dependence of 

enzymatic reactions that are involved in a variety of respiratory pathways (King et al., 2006), 

causing the rate of metabolic processes to generally increase with increasing temperature. An 

increase in the activity of respiratory enzymes at high temperatures facilitates greater rates of 

growth, maintenance and active transport, resulting in an augmented respiratory flux that 

reflects an increased demand for energy (Lambers et al., 2008). Predicted global warming 

and the widely established temperature dependency of respiratory processes highlights the 

importance of accurately quantifying plant respiration and its temperature sensitivity (Griffin 

et al., 2002). 

 

Respiratory metabolism is continuous, occurring under both light and dark conditions, 

however leaf level studies have long suggested the inhibition of leaf respiration in the light, 

exerting an exogenous control on rates of daytime respiration (Tcherkez et al., 2017a). 

Irradiance induced inhibition of mitochondrial respiration was first described in unicellular 

algae by Kok (1948) and has since been observed in numerous plant species (Tcherkez et al., 

2017b). Light inhibition has been found to cause a 25-100% reduction in respiratory rate at 

leaf level, with many studies reporting a mean inhibition of ~30% (Budde and Randall 1990; 

Buckley and Adams 2011; Heskel et al. 2013; Kroner and Way 2016; Tcherkez et al. 

2005; 2009; 2012; 2017b). The extent of light inhibition, its effect on ecosystem scale fluxes, 

and the mechanisms involved remain heavily contested (Loreto et al., 2001; Buckley et al., 

2017; Farquhar and Busch, 2017; Tcherkez et al., 2017a; 2017b; Keenan et al., 2019). 

Consequently, this study exclusively examines leaf respiration at night due to significant 

differences in the process of respiration under light conditions, the complexities of which are 

beyond the scope of this investigation. 
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1.3.2. Endogenous Controls 

 

In addition to environmental controls, plant respiration is generally limited by respiratory 

substrate availability, energy demand, and the capacity of respiratory enzymes (Lambers et 

al., 2005; Covey-Crump et al., 2007). These fundamental endogenous mechanisms co-

regulate respiratory rates across varying environmental conditions and thermal environments, 

potentially responsible for a large proportion of diurnal variation in the rate autotrophic 

respiration. 

Whether the rate of plant respiration is limited by substrate supply or product demand is a 

long-standing question (Farrar and William, 1991; Amthor, 1994; Noguchi, 2005). In the 

‘demand-centric’ model, rates of respiration are determined by the activity of growth, 

maintenance and transport processes that consume respiratory products such as ATP, 

NADPH and carbon skeletons (O’Leary et al., 2019). Changes in respiratory fluxes over the 

very short-term are largely driven by fluctuations in the turnover of these products. The 

turnover of ATP is also influenced by diurnal variation in the relative engagement of 

alternative oxidase (AOX), an enzyme that forms part of the ETC and dramatically reduces 

the ATP yield of respiration (Vanlerberghe, 2013), which could impact CO2 production and 

further drive diurnal changes in the rate of respiration. Alternatively, respiration rate in the 

‘supply-centric’ model is regulated by carbohydrate supply (O’Leary et al., 2019). During 

darkness leaf concentrations of non-structural carbohydrates typically decrease (Fondy and 

Geiger, 1982; Grimmer and Komor, 1999), reflected by the respiratory rate of mature leaves 

(Noguchi, 2005). Substrate supply has received less attention as a key control of autotrophic 

respiratory flux, partly due to the difficulties involved in measuring cellular substrate 

concentrations (Davidson et al., 2006). However, it is becoming increasingly apparent that 

temporal and spatial variation in substrate availability may explain a large proportion of the 

observed variation in autotrophic respiration (Davidson et al., 2006). Ultimately, the question 

of supply versus demand controlling the rate of plant respiration is problematic because they 

are not independent forces. Rather, the supply-demand relationship is highly coordinated, 

with respiratory activity correlating with both substrate supply and product demand across 

plant and ecosystem scales. In the long-term, at whole-plant scale the ratio of photosynthesis 

to respiration is relatively consistent across species from different habitats (Atkin et al., 

2007), and in a range of species under differing growth stages and thermal environments 

(Gifford, 1994). At ecosystem scale, respiration is believed to have a positive linear 
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relationship with both photosynthetic carbon fixation and biomass production (DeLucia et al., 

2007; Litton et al., 2007). It is often changes to the supply and demand components of 

respiration that constitutes the response of respiration to exogenous environmental change. 

Variation in the capacity of respiratory enzymes is a further endogenous factor that may limit 

rates of respiration by influencing the maximum flux able to be attained through the 

respiratory apparatus (O’Leary et al., 2019). Due to the temperature dependence of enzyme 

activity, capacity limitations may only occur above and below certain thermal thresholds 

(O’Leary et al., 2019). 

How respiratory processes are integrated diurnally with photosynthesis and changes in the 

external environment and regulated to meet fluctuating cellular demands is at the core of 

understanding plant carbon metabolism. What remains unclear is how the discussed factors 

alone combine to account for the often-reported variation in rates of leaf respiration in both 

field studies and controlled environments (Atkin et al., 2015). 

 

1.4. The Circadian Clock 

 

1.4.1. The Circadian Mechanism 

 

The respiratory metabolism network is known to be directly operated by a number of 

established mechanisms: substrate supply, product demand, respiratory capacity and the 

environment, however the circadian clock may also contribute to diel variation in rates of 

plant respiration. The daily rotation of the Earth on its axis causes regular alterations in the 

physical environment, resulting in diurnal cycles of light, temperature and humidity (Harmer, 

2009). This 24-hour periodicity in the geophysical world is reflected in the daily behaviour 

and physiology of most organisms due to the circadian clock mechanism (Harmer, 2009). 

The circadian clock is an internal biochemical oscillator that synchronises physiological 

processes with the external environment, providing organisms with the innate ability to 

anticipate the onset of dawn and dusk and adjust their biology accordingly (McClung, 2006). 

 

Plant circadian rhythms are described in writings dating back to the fourth century BC 

(Bretzl, 1903), however the scientific literature began in the 18th century when de Mairan 

(1729) reported daily leaf movements of Mimosa pudica to persist in constant darkness, 

demonstrating their endogenous origin. Almost a century later, the period length of these 
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movements were accurately measured and determined to be ~24 hours, taking the form of 

sinusoidal waves (McClung, 2006). Further research by de Candolle (1832) revealed that the 

rhythm could be inverted by reversing the alternation of light and dark periods. Observations 

of leaf movement rhythms were repeated and expanded throughout the 19th and 20th 

centuries, helping explicate the three fundamental characteristics that now define the 

circadian clock, outlined by Harmer (2009). First, circadian rhythms persist with an 

approximate 24-hour periodicity when deprived of exogenous cues in constant environmental 

conditions. Second, the onset of circadian rhythms can be reset by appropriate environmental 

cues such as light and temperature. Third, circadian rhythms occur within approximately the 

same periodicity across a range of temperatures. 

 

Powerful approaches in genetic analysis to identify the molecular components of the cellular 

circadian clock began in the 1970s and has led to rapid progress in understanding the 

mechanism in higher plants and other organisms (Dunlap, 1999). Circadian rhythms arise 

from the circadian oscillator, a complex gene autoregulatory network comprised of 

interlocked transcriptional-translational feedback loops (Harmer, 2009), found to regulate 30-

90% of all transcriptions in the model species Arabidopsis thaliana (Covington et al., 2008; 

Michael et al., 2008). The circadian clock mechanism has been identified in all eukaryotes 

studied to date (Dunlap et al., 2004) and thousands of genes are now determined to be under 

circadian control (Harmer et al., 2000).  

 

Circadian clocks are cell-autonomous systems, therefore multiple clocks exist within a single 

organism and are coordinated by a process termed entrainment (Harmer, 2009). Entrainment 

by external cues such as temperature and light are used to set the circadian clock, creating a 

synchrony between internal physiology and the rhythmicity of the environment (Müller et al., 

2014). The availability of light changes the most rapidly and predictably over a diurnal cycle, 

therefore light received through the photoreceptors of plant cells is the predominant signal 

that synchronises the circadian clock with day-night cycles (Harmer, 2009). Temperature 

cycles are less well defined, however steps as small as 0.5°C have been observed to entrain 

circadian rhythms in the absence of any significant changes in light intensity (Rensing and 

Ruoff, 2002), demonstrating the exquisite sensitivity of the circadian system. 
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Circadian clocks now appear almost ubiquitous among higher organisms, having evolved to 

be in phase with the Earth’s rotation and conferring a selective advantage. The circadian 

clock has been conserved for at least c. 450 million years of plant evolution (Rensing et al., 

2008), believed to have evolved towards a more complex and robust architecture (Rand et al., 

2004; Tsai et al., 2008). The coordination of physiological functions with the 24-hour clock 

provides an adaptive advantage by allowing plants to balance energy needs and resources 

with respect to the changing environment. Optimal tuning of the mechanism to light-dark 

cycles enhances chlorophyll accumulation, carbon fixation, biomass production, water-use 

efficiency and growth, thus increasing competitive advantage and survival (Dodd et al., 

2005). Consequently, plants with clocks that are dissonant from the environment are likely to 

be disadvantaged by poor growth, out-competition and increased mortality. 

 

1.4.2. Circadian Rhythms in Plant Respiration 

 

The circadian clock and its underlying molecular mechanisms are now well established and 

have been described extensively in plants since the discovery of leaf movement rhythms. 

Further rhythms in stomatal conductance were first reported by the pioneering work of 

Francis Darwin (1898) and the circadian clock is now recognised to drive diurnal oscillations 

in photosynthesis, growth, flowering and other leaf-level physiological processes (Gessler et 

al., 2017; Greenham and McClung, 2015). Despite establishing circadian rhythms in many 

significant plant processes, the potential role of the circadian clock in regulating leaf 

respiratory metabolism has received a surprising lack of attention. Circadian rhythms in dark 

respiration were hypothesised by Chia-Looi and Cumming (1972) and have since been 

reported to reduce respiration at night for a number of plants measured in controlled 

environments (Pallas et al., 1974; Hew et al., 1978; 1994; Lee and Akita, 2000). 

Furthermore, at the molecular level, Harmer et al. (2000) found six genes involved in 

glycolysis and the TCA cycle to be under circadian control, in addition to a cluster of genes 

encoding enzymes implicated in starch metabolism. Despite this compelling evidence for the 

existence of circadian rhythms in respiration, few subsequent studies have attempted to 

examine the significance of these rhythms in field settings and quantify their impact on plant 

and ecosystem scale fluxes. 

 

Doughty et al. (2006) conducted the most extensive study to date to determine whether the 

circadian clock regulates diurnal patterns of leaf gas exchange in field settings at Tapajós 
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National Forest, a tropical rainforest site in the Brazilian Amazon. The gas exchange of six 

Micropholis sp. leaves exposed to darkness and constant environmental conditions were 

monitored for 20-48 hours. The rate of respiration began to decline after 13:00 Local Time 

(LT) and recovered around 06:00 LT, indicating a down-regulation of respiratory metabolism 

at night. The authors concluded the endogenous circadian clock to be the only established 

mechanism able to account for the observed rhythms in respiration when deprived of 

exogenous environmental cues. A second field experiment conducted by Bruhn et al. (2008) 

investigated the temperature response of two cold climate species, Eucalyptus pauciflora and 

Pringlea antiscorbutica, on a short timescale using temperature manipulations and a longer 

timescale using natural variation in ambient temperatures over a 24-hour period. The authors 

calculated Q10 values, which denote the proportional change in respiration in response to a 

temperature increase of 10°C (Kruse et al., 2011), to describe the temperature response of 

respiration over the two different timescales. The resulting Q10 values were 0.3-1 units lower 

when calculated from short-term temperature manipulations than measurements taken as 

ambient temperatures varied over the diurnal cycle. This consistent discrepancy led to the 

conclusion that factors other than temperature contribute to diel variation in both rates of 

respiration and Q10 values. This study supports the conclusions of Doughty et al. (2006), 

suggesting that the circadian clock and other endogenous mechanisms play a role in co-

regulating leaf respiration in field settings across contrasting biomes. The findings of Bruhn 

et al. (2008) also present implications for the modelling of plant respiration that currently 

relies upon a fixed Q10 temperature coefficient over the 24-hour cycle. 

 

1.5. Representation of Plant Respiration in Vegetation Models 

 

1.5.1. Modelling Plant Physiological Processes 

 

Current international political concerns regarding the management of the terrestrial biosphere 

and reduction of greenhouse gas emissions have highlighted the importance of measuring and 

modelling CO2 fluxes of terrestrial ecosystems (Gifford, 2003). Models are essential 

prediction tools for understanding carbon-climate cycle feedbacks, evaluating the potential 

impacts of climate change and ultimately informing climate policies and management 

decisions (Harper et al., 2016). Carbon, water and energy cycles are intimately linked 

therefore Earth System Models (ESMs) require a realistic representation of the land surface 
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and plant physiological processes, with a robust description of atmospheric CO2 capture by 

photosynthesis and release by plant and soil respiration (Blyth et al., 2011; Booth et al., 

2012; Huntingford et al., 2017). The representation of plant physiological processes currently 

dominates uncertainties in carbon cycle modelling due to an incomplete understanding of the 

underlying biophysical mechanisms (Huntingford et al., 2013; Friedlingstein et al., 2014). 

Variations in leaf and plant respiration are particularly poorly understood and inadequately 

represented, restricting progress in modelling the carbon balance of terrestrial ecosystems at 

regional and global scales (Gifford, 2003). 

 

Research on the cycling of carbon between the biosphere and the atmosphere has 

predominantly focused on understanding and modelling the process of photosynthesis. The 

establishment of a robust, physiologically based and mathematically tractable framework for 

modelling leaf-level carbon assimilation in response to radiation, temperature and interior 

CO2 concentration by Farquhar et al. (1980) subsequently enabled the development of large-

scale models of photosynthesis and its climate-dependency. Contrary to existing biochemical 

models of photosynthesis, the description of plant respiration is often simplistic. The 

considerable complexity of plant respiratory metabolism, its interaction with other 

endogenous processes and its sensitivity to exogenous variables are a significant impediment 

to the development of a mechanistic framework, in addition to a previous lack of data to 

constrain estimates of leaf and plant respiration (Gifford, 2003; Kruse and Adams, 2008; 

Atkin et al., 2015). Minor differences in the modelled rate of respiration can significantly 

impact simulations of ecosystem carbon balance, therefore accounting for spatial and 

temporal variation in leaf respiratory CO2 release is crucial (King et al., 2006; Wythers et al., 

2013). It has become increasingly apparent that respiration is inadequately represented in 

global vegetation models and ESMs, resulting in substantial uncertainty in projections of 

climate and carbon cycling (Booth et al., 2012; Huntingford et al., 2013; Smith and Dukes, 

2013) and the increasingly urgent need to improve the representation of leaf and plant 

respiration in these models (Atkin et al., 2010). 

 

1.5.2. Temperature Dependency of Plant Respiration in Models 

 

The high sensitivity of respiration to short-term changes in temperature is well established, 

with many studies assuming rates of plant respiration to increase as an approximate 

exponential function of temperature (Atkin and Tjoelker, 2003). Therefore, the description of 



 

 

13 

respiration in a majority of vegetation, land surface and earth system models assumes the 

tight control of respiration by temperature due to its direct effect on respiratory enzyme 

activity and the rate of respiratory processes (Piao et al., 2010). The temperature response of 

respiration and many biochemical reactions are typically represented by equations established 

in the 19th century by Arrhenius (1889) and van’t Hoff (1898). Leaf and plant respiration are 

commonly described by a Q10 function which denotes the factor by which respiration is 

multiplied when temperature increases by 10°C (Davidson et al., 2006). 

 

Q!" = $
R
R"
%
[!"/(T(T))]

           (1) 

 

So described, Q10 values are calculated using the rate of respiration (R) at any given 

temperature (T), and the base rate of respiration (R0) at an arbitrarily set temperature (T0) 

which is currently considered to be constant (Eq. 1). Correspondingly, a rearrangement of the 

formula provides an equation to estimate respiration at a given temperature using a 

predetermined Q10 value: 

 

R = R"Q!"
".!(/(/))           (2) 

 

Diel variation in plant respiration is thus predicted from only three parameters: the base rate 

of respiration at an arbitrarily set temperature, the inherent temperature sensitivity of 

respiration, and variation in leaf tissue temperature. The global vegetation modelling 

community places considerable trust in this comparatively simple function that assumes an 

exponential relationship between respiration and temperature, scarcely modified since its 19th 

century origin. The Q10 of plant respiration is presently derived from the instantaneous 

response of respiration to short-term artificial temperature manipulations applied to dark-

adapted leaves at varying times during the day, documented by Tjoelker et al. (2001) to range 

from 1.1 to 4.2 across plant species and biomes with a mean Q10 of 2.5 that accords with 

values reported in wider studies (Ryan et al., 1997; Atkin et al., 2005a; Luyssaert et al., 2007; 

Piao et al., 2010). The use of a constant Q10 of 2 that describes the inherent temperature 

sensitivity of respiration on the timescale of minutes has since gained wide acceptance in 

modelling leaf, plant and ecosystem scale respiration, with respiratory rate doubling for every 

10°C increase in temperature. This Q10 value of 2, founded upon data collected during the 
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day, is assumed to be characteristic of nocturnal respiration and is also used to model 

variation in rates of leaf respiration at night. However, this Q10 function describes only the 

control exerted by the kinetic effects of temperature on respiratory enzymes, representing the 

‘inherent’ temperature-sensitivity of plant respiration that can be derived from the artificial 

manipulation of temperature over the timescale of minutes (Bruhn et al., 2008). It fails to 

consider the additional temperature-independent control of respiration exerted by the 

circadian clock and temporal variation in the availability of respiratory substrate and demand 

for respiratory products, representing the ‘apparent’ temperature-sensitivity of plant 

respiration estimated over longer timescales of hours to days (Bruhn et al., 2008). 

Furthermore, the short-term temperature response of many biological processes, including 

plant respiration, often fail to accurately fit an exponential function (Belehradek, 1930; Lloyd 

and Taylor, 1994) and it has long been recognised that the Q10 of plant respiratory CO2 efflux 

is not constant, nor a value of 2 except over a limited range of temperatures (Wager, 1941; 

James, 1953). Despite increasing acceptance of the variability and insufficiency of a fixed 

Q10 function to describe plant respiration, attempts to resolve the inadequacies of a constant 

Q10 and improve the description of plant respiration in models are limited. 

 

The Arrhenius equation was also developed to describe the temperature-dependence of 

chemical reactions, found to accurately represent the behaviour of rather complex biological 

processes (Laidler, 1972). A modification of the original Arrhenius equation by Lloyd and 

Taylor (1994), where the activation energy of respiratory processes varies inversely with 

temperature, was found to produce an unbiased estimate of respiration over a wide range of 

temperatures: 

 

R = R" ×  0
1)
2 	×5

/(/)
/×/)

6        (3) 

 

The formula uses the overall activation energy of respiratory processes (E0) and base rates of 

respiration (R0) and temperature (T0) to predict respiration at any given temperature (T). Most 

Dynamic Global Vegetation Models (DGVMs) use the Q10 function, however this alternative 

temperature response function has also been widely applied to model the temperature 

sensitivity of respiration (Sitch et al., 2003; Turnball et al., 2003; Shapiro et al., 2004; Xu 

and Griffin, 2006), yet the additional temperature-independent control of respiration remains 

unaccounted for. 
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1.5.3. The Joint UK Land Environment Simulator 

 

The Joint UK Land Environment Simulator (JULES) forms the land surface component of 

the earth system modelling framework of the UK Met Office Hadley Centre Earth System 

Model, simulating fluxes of carbon, water, momentum and energy between the land surface 

and the atmosphere (Best et al., 2011; Clark et al., 2011; Harper et al., 2016). JULES is a 

process-based model, founded upon a theoretical understanding and description of key 

ecological processes at leaf-level that can be upscaled to represent the canopy. Mechanistic 

models such as this offer significant advantages in extrapolating beyond known conditions 

and exploring the effects of global change compared to purely statistical or rule-based models 

(Cuddington et al., 2013). JULES is based on the Met Office Surface Exchange Scheme 

(MOSES; Cox et al., 1999; Essery et al., 2003) and the TRIFFID DGVM (Cox, 2001) and 

consolidates improved representations of relevant ecological processes gained from 

numerous studies (Cox et al., 2000; Gedney et al., 2004; Jones et al., 2005; Sitch et al., 2008; 

Mercado et al., 2009a: Harper et al., 2016; 2018). JULES can also be coupled to the 

IMOGEN system (Huntingford et al., 2010), thereby linking terrestrial carbon cycling to 

climate and providing the opportunity to assess how the biogeochemical processes in JULES 

may respond and feedback to a changing environment. 

 

Leaf dark respiration is parameterised in JULES at a reference leaf-level temperature of 25°C 

(R789). The model assumes R789 to be proportional to carboxylation capacity of the enzyme 

Rubisco at 25°C (V;<=>89) that is predicted from the leaf nitrogen concentration of nine Plant 

Functional Types (PFTs), a system used to classify plants according to their physical, 

phenological and phylogenetic characteristics for modelling purposes (Harper et al., 2016). 

Maintenance respiration is thus calculated as a function of photosynthetic capacity, 

temperature and a linear function of leaf nitrogen concentration due to links between the TCA 

pathway and nitrogen metabolism (Crous et al., 2012), with growth respiration obtained as a 

constant fraction of the residual between Gross Primary Productivity (GPP) and maintenance 

respiration. Remaining plant respiration components, root and stem, are estimated as a 

proportion of leaf respiration based on the relationships between tissue nitrogen content and 

respiration. Diurnal variation in leaf and plant respiration is calculated in JULES according to 

diel changes in temperature alone, estimated for the entire 24-hour period using the inherent 

temperature-sensitivity and a fixed base rate of respiration. This description does not consider 
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temporal variation in endogenous metabolic status that may also contribute significantly to 

variation in rates of leaf and plant respiration and its apparent temperature-sensitivity over a 

diurnal cycle. 

 

1.5.4. Recent Advances in Plant Respiration Modelling 

 

The development of JULES is ongoing, with revised and novel representations of several key 

earth system processes constantly under consideration. Since the initial development of 

JULES, a better understanding of plant respiration has become available, facilitating the 

development of alternative models, some of which attempt to address the aforementioned 

shortcomings of the Q10 approach. 

 

In process-based models such as JULES, the upscaling of processes observed at leaf-level to 

represent gas exchange for the entire canopy is challenging due to complex environmental 

and physiological gradients that exist within a canopy (Lambers et al., 2008). JULES 

previously relied upon the big leaf approach in which radiation attenuation through the 

canopy is described by Beer’s law (Monsi and Saeki, 1953). This method simulates an 

exponential decline in leaf nitrogen, photosynthesis and respiration through the canopy that is 

assumed to vary proportionally with the vertical distribution of irradiance (Sellers et al., 

1992). However, numerous studies have found that the distribution of photosynthetic capacity 

within canopies does not vary proportionally with radiation (Carswell et al., 2000; Meir et al., 

2002), thereby disputing the assumptions upon which the big leaf approach is founded and 

discrediting the scaling method. This led to the development of the JULES multi-layer 

scaling method that follows the ‘two-stream’ approach (Sellers, 1985), accounting for the 

absorption of direct and diffuse radiation from light interception at different canopy levels 

(Mercado et al., 2007). Studies by Jogireedy et al. (2006) and Mercado et al. (2007; 2009b) 

demonstrated the superior performance of the multi-layer scaling approach that compared 

more closely to observations than the big leaf approach, therefore providing a more realistic 

representation of the canopy in JULES. 

 

JULES originally represented only five PFTs: broadleaf trees, needle-leaf trees, C3 and C4 

grasses, and shrubs. Harper et al. (2016) improved the PFT parameterisation by separating 

trees and shrubs into deciduous and evergreen to more appropriately represent the range of 

leaf life spans and metabolic capacities that exist in nature and a further distinction was made 
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between tropical and temperate broadleaf evergreen trees. This resulted in a new set of nine 

PFTs: tropical broadleaf evergreen trees (BET-Tr), temperate broadleaf evergreen trees 

(BET-Te), broadleaf deciduous trees (BDT), needle-leaf evergreen trees (NET), needle-leaf 

deciduous trees (NDT), C3 grass, C4 grass, evergreen shrubs (ESh), and deciduous shrubs 

(DSh). The authors also used information from the TRY plant trait database (Kattge et al., 

2011) to update the relationship between leaf nitrogen and V;<=> and leaf turnover and 

growth rates. These modifications were found to improve the simulation of GPP and Net 

Primary Productivity (NPP) for almost all biomes when compared to eddy covariance data 

and NPP estimates from MODIS-based measurements (MODerate-resolution Imaging 

Spectroradiometer satellite), ultimately increasing the realism of JULES and confidence in 

the simulation of vegetation dynamics and carbon exchange and storage. 

 

A long history of earth science research has focused on constraining rates of photosynthesis 

(Hollinger et al., 1994; Jones, 1998), resulting in a previous lack of data to constrain 

estimates of respiration (Gifford, 2003; Kruse and Adams, 2008). Atkin et al. (2015) recently 

compiled the most comprehensive global dataset for leaf respiration (GlobResp) from 

previously unpublished data, recent publications, field campaigns and the TRY plant trait 

database (Kattge et al., 2011). GlobResp combines measurements of upper canopy leaf 

respiration derived from dark-adapted leaves during the daytime, parametrised at a reference 

leaf-level temperature of 25°C. GlobResp comprises data for 899 species from one hundred 

sites, from 43ᵒS in the tropics to 69ᵒN in the arctic, extending from sea level to an elevation 

of 4350m above sea level. The database represents a wide range of biomes and a majority of 

the PFTs categorised in JULES, providing a new framework for improving the representation 

of respiration in JULES and other Terrestrial Biosphere Models (TBMs) and associated land 

surface components of ESMs. 

 

The Q10 of plant respiration is commonly modelled using a constant value of 2, however Q10 

has been reported to decline predictably with increasing temperature across biomes and 

diverse plant taxa (Lambers et al., 2008). This declining Q10 indicates that the temperature-

sensitivity of respiration is reduced with increasing measurement temperature, implying that 

Q10 itself is temperature-dependent (Tjoelker et al., 2001). The predominant factor 

responsible for the temperature-dependence of Q10 is the effect of measurement temperature 

on the control exerted by enzyme capacity on respiratory processes (Atkin et al., 2002). A 
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synthesis of published data corroborates the finding, providing ample evidence that Q10 

typically declines with increasing measurement temperature regardless of thermal 

environment or species (Wager, 1941; James, 1953; Ivanova et al., 1989; Gillooly et al., 

2001; Bruhn et al., 2002; Covey-Crump et al. 2002; Atkin and Tjoelker, 2003). The potential 

existence of a temperature-dependent Q10 renders models using a constant Q10 of 2 as biased, 

in theory leading to the over-prediction of respiration with warming at high temperatures and 

the under-prediction of increases in respiration with warming at low temperatures (Tjoelker et 

al., 2001). This challenges the widespread use of a constant Q10 and calls into question the 

accuracy of current global estimates and predictions of terrestrial carbon balance, prompting 

Tjoelker et al. (2001) to propose a temperature-corrected Q10 for modelling purposes. Using 

data for 56 species from 23 studies, the authors found the mean temperature-dependence of 

Q10 could be adequately described by a simple, empirically-derived linear function (R2 = 

0.45, p<0.0001): 

 

Temperature	dependent	Q!" = 3.22− 0.046T           (4) 

 

Additional modelling studies are required to accurately determine the impact of incorporating 

a temperature-dependent Q10 such as this (Eq. 4) into the land-surface component of ESMs in 

direct replacement of the fixed Q10 currently used to describe the short-term temperature 

response of leaf respiration. 

 

In an attempt to address the shortcomings of a fixed Q10 function, Heskel et al. (2016) 

developed a new model for the temperature response of leaf respiration by evaluating a novel 

and comprehensive set of 673 high-resolution short-term temperature response curves derived 

in the daytime from the dark-adapted leaves of 231 species across 18 sites. The authors found 

a second-order log-polynomial model best characterised the global temperature response of 

respiration, enabling the authors to develop a novel formulation to predict values of leaf 

respiration (RT) at a desired temperature (T): 

 

R/ = R/JKL× 0M".!"!8NO(OPQRS("."""9TO
U(OPQR

U VW           (5) 

 

The new model for respiration (Eq. 5) shows the temperature-sensitivity of leaf respiration to 

decrease with increasing temperature, in accordance with the findings of Tjoelker et al. 
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(2001). When implemented in JULES for a variety of geographic regions, the new 

formulation significantly reduced annual rates of leaf respiration in temperate, boreal, arctic 

and alpine cold climate ecosystems when compared to the commonly applied constant Q10 

function, generating a 28% decrease in respiration at Toolik Lake, Alaska, and a 10-20% 

decrease at other temperate sites, with little impact on calculated rates of respiration for 

tropical forests (Heskel et al., 2016). The authors argue application of this new function will 

have important consequences for predicted rates of carbon exchange and storage and future 

atmospheric CO2 concentration. 

 

The potential acclimation of plant respiration to sustained changes in prevailing ambient 

growth temperature also challenges the fixed and exponential characteristics of the standard 

Q10 function. Studies have demonstrated that the initial response of plant respiration to a 

change in temperature is largely transient due to the ability of plants to acclimate metabolic 

rates and Q10 to the prevailing ambient temperature (Atkin et al., 2005b; King et al., 2006). 

Respiratory thermal acclimation is defined as the subsequent adjustment in respiratory rate to 

compensate for a sustained change in temperature, decreasing upon acclimation to a warmer 

climate and increasing upon acclimation to a colder climate (Atkin et al., 2000b), thereby 

reducing the long-term temperature-sensitivity of respiration to changes in thermal 

environment (Lambers et al., 2008). The plant thermal acclimation mechanism has been 

established in many species (Billings et al., 1971; Larigauderie and Korner, 1995; Collier, 

1996; Fitter et al., 1998; Tjoelker et al., 1999a; 1999b; Atkin et al., 2000b; 2000c; Slot et al., 

2014; Vanderwel et al., 2015), found to occur over a period of up to ten days following 

ambient temperature change (Atkin et al., 2000c; Covey-Crump et al., 2002; Campbell et al., 

2007). Thermal acclimation results in a tendency towards respiratory homeostasis, such that 

cold-acclimated and warm-acclimated plants exhibit similar rates of respiration when 

measured at their respective growth temperatures (Lambers et al., 2008). However, many 

published results of the acclimation of plant respiration to long-term changes in temperature 

are contradictory (Griffin et al., 2002; Loveys et al., 2003; Zha et al., 2003), and the nature of 

acclimation remains a contentious issue. Bruhn et al. (2007) hypothesise that one source of 

apparent contradiction arises from the way that temperature response functions of respiration 

are typically expressed. Additionally, the response of respiration to long-term temperature 

change is commonly examined independent of mechanistic context, failing to consider the 

impact of temperature change on other confounding factors such as substrate supply and 

product demand (Bruhn et al., 2007). Despite these apparent contradictions, the potential 
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acclimation of respiration to elevated temperature would have major implications for 

predictions of plant respiration in a future warmer world; reduced temperature sensitivity 

could play an important role in weakening the magnitude of positive feedback between 

climate and the carbon cycle. When accounting for thermal acclimation, King et al. (2006) 

found simulated rates of leaf respiration at the end of the 21st century to be significantly 

reduced with more carbon stored in plants and soils, corresponding to a reduction in the 

amount of carbon released into the atmosphere and a subsequent weakening of the positive 

climate-carbon cycle feedback, ultimately resulting in a weaker amplification of additional 

warming. The authors determined the influence of including leaf respiratory thermal 

acclimation to be significant, concluding that the mechanism should be permanently 

incorporated into vegetation and earth system models. 

 

1.5.5. Simulations Incorporating Most Recent Advances in Plant Respiration 

 

Huntingford et al. (2017) incorporated the modelling advances previously discussed in 1.5.4. 

to assess how these developments revise estimates of leaf and plant respiration for a number 

of temperate and tropical forests using JULES. First, the authors used GlobResp, the most 

comprehensive dataset for leaf respiration (Atkin et al., 2015), to derive a new 

parametrisation for leaf respiration at 25°C (R789) that scales linearly with leaf nitrogen 

content in a PFT-dependent manner. Second, the authors implemented the temperature 

sensitivity function developed by Heskel et al. (2016) to account for the temperature 

sensitivity of respiration that declines with increasing temperature. Finally, using GlobResp, 

Huntingford et al. (2017) determined a linear temperature-dependent perturbation of R789 to 

be the most robust procedure to account for the long-term thermal acclimation of leaf 

respiration in the new description of respiration in JULES, with values of b=0.1012 °C-1 and 

c=-0.0005 °C-2: 

 

R789 = [XY+ X!Z!,\ X8 − X8]̂ ] × 0[_(Ò (89)abNÒU(89US]     (6) 

 

Huntingford et al. (2017) employed the new R789, temperature sensitivity function and 

thermal acclimation response in JULES using a stepwise approach to investigate how each of 

these new components of the function uniquely influenced simulations of respiration at leaf, 

whole plant and canopy scales under pre-industrial climate forcings (280ppm). First, 
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assimilating the new R789 with JULES caused the model to yield plant respiration rates 

considerably larger than current estimates across all geographical regions. The increase in 

respiration was most significant in the tropics where rates of respiration in the Amazon, 

central Africa and Indo-Pacific increased by 800-1000 gC m-2 yr-1. This increase is equivalent 

to the size of tropical forest NPP under present conditions with ramifications for 

parameterisations at canopy and plant scales. The new R789 also increased rates of respiration 

across Europe and northern mid-latitudes by 150-350 gC m-2 yr-1. Inclusion of a temperature 

sensitivity function further enhanced plant respiration in the Amazon by up to 10 gC m-2 yr-2, 

however supressed rates of respiration by 10-60 gC m-2 yr-1 in mid-latitudes. Introduction of a 

thermal acclimation response generally increased rates of plant respiration across mid 

latitudes by up to 50-120 gC m-2 yr-1 in Europe and eastern USA, whereas acclimation to 

higher temperatures in the tropics lowered rates of respiration by up to 100 gC m-2 yr-1 in the 

Amazon, central Africa and Indo-Pacific region. The novel R789 derived from the GlobResp 

database significantly increased respiration unanimously across the globe, both with and 

without the inclusion of the temperature sensitivity function and thermal acclimation, 

resulting in large reductions in simulated NPP that were found to be considerably lower than 

NPP estimates from MODIS-based measurements across the eight biomes used in the study. 

Furthermore, the authors employed the JULES big leaf approach to scale respiration from 

leaf to canopy level. As outlined previously, the big leaf approach can induce significant error 

when averaging gradients of light and photosynthetic capacity (Lambers et al., 2008) and 

employment of the superior multi-layer scaling approach is preferential, providing a more 

accurate representation of the canopy (Mercado et al., 2007; 2009b). When the new processes 

from Huntingford et al. (2017) were tested using the multi-layer scaling approach, they 

revealed even greater rates of whole plant respiration than the big leaf approach which in 

some instances exceeded simulated GPP (Mercado, L 2018, pers. comm., 12 March). This 

result stemmed from higher canopy nitrogen represented in the multi-layer approach and the 

linear scaling between leaf and whole plant respiration in JULES. In summary, JULES 

significantly overestimates plant respiration when assimilating the most extensive dataset for 

leaf respiration (Huntingford et al., 2017) and employing a state-of-the-art multi-layer scaling 

approach, despite the inclusion of a dynamic temperature sensitivity function and thermal 

acclimation response, imposing a negative and unrealistic impact on modelled NPP. 
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The evaluation of model performance against field observation data is central to the 

successful development and validation of climate and carbon cycle projections. The global 

eddy covariance network, FLUXNET, is arguably one of the most comprehensive terrestrial 

ecosystem datasets presently available (Baldocchi et al., 2001). Blyth et al. (2011) designed a 

set of benchmark tests to quantify the performance of JULES without the aforementioned 

advances and assess the ability of the model to reproduce observed fluxes of CO2 and water 

at ten FLUXNET sites covering the major global biomes. The metric chosen to evaluate 

model performance against the benchmark data was RMSE (Root Mean Square Errors) of the 

mean monthly fluxes of CO2. Blyth et al. (2011) found JULES to overestimate respiration for 

all wetlands and tropical and temperate forests by 1.6µmol m-2 (RMSE). FLUXNET 

measurements are derived at ecosystem level, therefore it is impossible to clearly distinguish 

between autotrophic and heterotrophic sources and differentiate the individual roles of plant 

and soil respiration in these overestimates. However, considering the major contribution of 

plants to overall ecosystem CO2 efflux (Xu et al., 2001), the description of plant respiration 

in JULES may be partly responsible. 

 

The comprehensive modelling study by Huntingford et al. (2017) reveals the inadequacies 

that continue to persist in the modelling of plant respiration despite a number of pivotal 

advances, further evident in the results of model validation conducted by Blyth et al. (2011). 

It has been acknowledged that failure to appropriately account for variability in the rate of 

respiration and Q10 values is likely to result in the overestimation of respiratory CO2 release 

(Atkin et al., 2000b; Wythers et al., 2005), such as that exhibited by both Huntingford et al. 

(2017) and Blyth et al. (2011). The GlobResp database compiled by Atkin et al. (2015), the 

dataset employed by Heskel et al. (2016) to develop a new model for respiration, and the 

dataset used by Tjoelker et al. (2001) to develop a temperature-dependent Q10 are all 

comprised of measurements acquired from dark-adapted leaves during the daytime that may 

not appropriately characterise leaf respiration at night. The datasets do not specify when 

measurements were obtained during the diurnal cycle, thereby failing to recognise the 

potential significance of temporal variation in endogenous metabolic status over the 24-hour 

period and the influence this may exert on the apparent temperature sensitivity and base rate 

of respiration. The extent to which daytime measurements of dark respiration differ from 

fluxes measured at night and the impact this may have on modelled rates of respiration is 

currently undetermined (Atkin et al., 2015). Thus, there remains the need to quantify 
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variability in rates of nocturnal respiration to better understand leaf carbon metabolism and 

develop a more realistic description of plant respiration in models that will ultimately provide 

more accurate and reliable projections of climate and carbon cycling. 

 

1.6. Project Rationale  

 

It is increasingly recognised that the description of leaf respiration in models by a fixed 

exponential temperature function is inadequate, resulting in substantial uncertainty in 

projections of climate and carbon cycling (Huntingford et al., 2013; Smith and Dukes, 2013). 

Furthermore, no extensive measurement of nocturnal leaf respiratory flux presently exists 

(O’Leary et al., 2017), therefore the current parametrisation of leaf respiration in models is 

founded entirely upon measurements collected during the day, despite evidence that leaf 

respiratory metabolism differs significantly between the day and night (Kromer et al., 1995). 

This study aims to compile a comprehensive dataset of nocturnal leaf respiration in field 

settings in combination with data derived from the existing literature that accounts for the 

temperature-independent control of leaf respiratory metabolism by endogenous mechanisms 

which may cause the down-regulation of leaf respiration at night (Doughty et al., 2006; 

Bruhn et al., 2008). This novel dataset will be used to develop a new model of leaf respiration 

that describes the temporal variation of respiration in response to both temperature 

fluctuations and nocturnal variation in endogenous metabolic status, moving beyond the 

modelling of respiration according to temperature control alone. The new model for leaf 

respiration, which better accounts for nocturnal variation in respiratory CO2 release, may 

offer an improvement to the modelling of plant and terrestrial ecosystem respiration that is 

currently overestimated (Blyth et al., 2011; Huntingford et al., 2017) and has been identified 

as a major source of uncertainty in constraining and modelling the global carbon cycle (Atkin 

et al., 2014). 

  

1.6.1. Hypotheses 

 

The following hypotheses will be addressed in this investigation: 

 

1. Decline in the rate of leaf respiration at night is a result of both temperature and non-

temperature controls.  
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2. The non-temperature dependency of nocturnal leaf respiration can be quantified using 

measurements of leaf gas exchange under constant temperature conditions, allowing 

for a mathematical formulation to be derived and applied to vegetation and earth 

system models. 

3. Implementation of the new non-temperature dependent term for leaf respiration at 

temperate and tropical forest sites will reduce the simulation of plant respiration and 

increase NPP. 

 

1.6.2. Aims and Objectives 

 

To address the hypotheses of this study, the following aims and objectives will be met: 

 

• Collect nocturnal leaf respiration measurements under constant temperature 

conditions in the field and from existing publications to quantify the temperature-

independent contribution to the decline in leaf respiration at night. 

• Based on the collected dataset, derive an equation describing the temperature-

independent component of nocturnal respiration. 

• Develop a new function for leaf respiration that includes a temperature-dependent and 

non-temperature dependent term that can be incorporated into vegetation and earth 

system models. 

• Evaluate the novel leaf respiration formulation using leaf level measurements of 

nocturnal respiration under ambient conditions. 

• Implement the novel formulation for leaf and plant respiration into the JULES land-

surface model to improve the simulation of respiration for tropical and temperate 

forests. 

• Apply the new model at existing FLUXNET sites from different biomes and evaluate 

performance of the novel plant respiration formulation. 
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2. Methodology 

 

2.1. Field Techniques 

 

2.1.1. Gas Exchange Analyser 

 

Photosynthesis and respiration both result in the exchange of CO2 and oxygen (O2); the net 

rate at which these gases are produced and consumed forms the basis of most methods for 

measuring the two processes (Hunt, 2002). In this study, leaf respiratory gas exchange is 

measured in the dark as the rate of CO2 release in the absence of photorespiration using a 

portable LI-COR 6400XT infra-red gas analyser (IRGA; LI-COR, Lincoln, Nebraska, USA). 

IRGAs are commonly used to measure rates of plant respiratory CO2 efflux due to the infra-

red absorption properties of CO2 and other hetero-atomic molecules such as water (H2O; 

Scafaro et al., 2017). The rate of leaf respiration is measured in an enclosed cuvette that uses 

IRGAs to determine differences in the CO2 and H2O concentration of an air stream as it flows 

through the leaf chamber between incoming reference and outgoing sample cells (Figure 2.1; 

Atkin et al., 2005a). The high sensitivity of the IRGAs enables even minor changes in 

concentration to be detected. The simultaneous measurement of CO2 exchange, temperature, 

pressure and humidity enables changes in leaf dynamics to be measured in real time and 

instantaneous measurements of leaf respiration to be obtained. The open system also allows 

for the independent regulation of environmental conditions within the chamber, enabling 

temperature, light, humidity and CO2 concentration to be controlled at the leaf surface.  

  

System Description
The Flow Schematic

Using the LI-6400 / LI-6400XT Version 6 1-5

75%
Flow 

Flow Meter

Bypass Valve

Bypass Valve

Restrictors

Desiccant

CO2 Scrubber

Sample
Reference

Air In

Pump

25%

75%25%

CO2
Flow
Control

Air
Flow
Control

Pump

CO2 

Flow 
Flow Meter

Vent

Bypass Valve

Bypass Valve

Liquid CO2

Vent

Restrictors

Desiccant

CO2 Scrubber

Pu
re

 C
O

2

Sample
Reference

Air In

Figure 1-2. LI-6400XT flow schematic, with and without a 6400-01 CO2 mixer.
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Schematic without a 6400-01 CO2 Mixer

Figure 2.1. Flow schematic of the LI-6400XT Portable Photosynthesis System with CO2 mixer, 
taken from LI-COR (2011). 
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2.1.2. Experimental Setup and Conditions 

 

A number of prerequisites were set for data collection to approximately match the leaf 

chamber environment to ambient atmospheric conditions. Chemical tubes of soda lime and 

drierite are used to remove CO2 and H2O from the air stream, facilitating the control of 

chamber CO2 concentration and humidity respectively. The drierite desiccant was set to 

maintain a relative humidity of ~65% and allow the rapid, automatic control of chamber 

humidity under fluctuating rates of transpiration. Ambient atmospheric CO2 concentrations 

(~410ppm) were emulated in the cuvette through the use of the CO2 mixer. The soda lime 

desiccant was set to remove all CO2 from the incoming air stream that was subsequently 

injected with the desired reference CO2 concentration of 410µml mol-1 from the controlled 

flow of CO2 from a canister. Flow rate was set to 300µmol s-1 to control the speed of the air 

stream through the cuvette, helping regulate and maintain constant environmental conditions 

in the chamber. Since respiratory CO2 efflux rates can be small, a low flow rate such as this is 

necessary to detect minor yet significant changes in gas concentration and respiratory CO2 

release. Finally, assuming the leaves are hypostomatous, with stomata only on the abaxial 

surface, the stomata ratio was set to 0. Maintaining these constant environmental conditions 

within the chamber helped isolate the effects of temperature and endogenous controls on the 

rate of nocturnal leaf respiration. 

 

Care must be taken during experimental setup to minimise any gas leaks that may occur 

where the chamber gaskets contact the plant tissues (Bruhn et al., 2002), therefore the 

neoprene gaskets were checked and kept in good condition and leak tests were performed 

prior to every measurement to ensure the leaf chamber was tightly sealed. Leaks were 

detected by exhaling near the chamber gaskets and checking for fluctuations in the outgoing 

sample CO2 concentration; increases greater than 1-2mmol mol-1 are indicative of a leak. 

 

2.1.3. Measurements to Determine Q10 

 

Field measurements were collected for eight deciduous broadleaf species (Table 2.1) at the 

University of Exeter campus, UK, to further investigate nocturnal variation in respiration 

rate. A set of leaf respiration measurements were taken from dark-adapted leaves under 

ambient temperature conditions after sunset, approximately between 21:30LT and 23:00LT 

during the summer. Mature, attached leaves positioned in the sunlight throughout the day 
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were chosen for the investigation and covered in foil for at least 30 minutes prior to 

measurements to dark-adapt the leaves and account for Light-Enhanced Dark Respiration 

(LEDR). LEDR is the enhancement of the respiratory CO2 flux after transferring a light-

acclimated leaf to darkness (Azcón-Bieto and Osmond, 1983), occurring naturally in the field 

during day-night transitions (Barbour et al., 2011). Data was logged for 3 minutes at 15 

second intervals. A second set of leaf respiration measurements were obtained from the same 

leaf following artificial manipulation of block temperature within the chamber, lowering the 

temperature by ~5°C. Since relative humidity increases with decreasing temperature, the 

drierite desiccant was used to maintain relative humidity levels within 10% of previous 

measurements at ambient temperature. These two sets of measurements illustrate the 

instantaneous response of leaf respiration to short-term artificial temperature manipulations. 

This method is commonly employed to calculate Q10 values (Eq. 1) that describe the intrinsic 

temperature sensitivity of respiration over the timescale of minutes; for the purpose of this 

study, these Q10 values will be termed ‘inherent Q10’ (Q10inh). A further set of measurements 

were collected under ambient temperature conditions before the following sunrise, 

approximately between 3:30LT and 05:00LT. These measurements form the basis of an 

‘apparent Q10’ (Q10app) that describes variation in nocturnal respiratory metabolism owing to 

both temperature control and temporal variation in endogenous metabolic status. The 

observed values of leaf respiration under ambient temperature conditions at the start and end 

of the night also provide a framework for model evaluation. 

 

Unpublished data to calculate and examine Q10inh and Q10app has also been provided for this 

study by co-supervisor Dan Bruhn (Aalborg University, Denmark) for two species, Solanum 

lycopersicum and Musa acuminata, measured in a growth cabinet. Published field data for 

Eucalyptus pauciflora and Pringlea antiscorbutica from Bruhn et al. (2007; 2008) is also 

included in this analysis (Table 2.1). 
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2.1.4. Nocturnal Variation in RTo 

 

According to the current description of respiration (Eq. 2), the base rate of respiration (RTo) 

under constant temperature conditions should remain constant. To investigate this, nocturnal 

leaf respiration data was collected in the field under constant temperature conditions for three 

tropical species near Manaus in the Amazon rainforest, Brazil, and three tropical montane 

species near Medellin in the Colombian Andes (Table 2.2.). Block temperature within the 

chamber was set to mean ambient night-time temperature and maintained throughout the 

night. At constant temperature, measurements of nocturnal leaf respiration were logged at 

regular 10-minute intervals over the course of 12 hours, from sunset (18:00LT) to sunrise 

(06:00LT), to capture and quantify any variation in the rate of nocturnal respiration that 

occurs independent of temperature. 

 

Unpublished field data has been provided for this study by Dan Bruhn (Aalborg University, 

Denmark) and collaborators Stephen Sitch (University of Exeter, UK) and Martijn Slot 

(Smithsonian Tropical Research Institute, Panama) to add to the existing dataset of nocturnal 

leaf respiration in field settings. Field measurements of nocturnal leaf respiration under 

constant temperature conditions, following the protocol outlined previously, were collected 

Species Growth Condition Replicates Study 

Acer pseudoplatanus Field 1 UK – this study 

Betula pendula Field 6 UK – this study 

Eucalyptus pauciflora (autumn) Field 5 Bruhn et al. (2007) 

Eucalyptus pauciflora (spring) Field 3 Bruhn et al. (2008) 

Eucalyptus pauciflora (summer) Field 3 Bruhn et al. (2008) 

Fagus sylvatica f. purpurea Field 1 UK – this study 

Musa acuminata Growth cabinet 5 Denmark – this study 

Platinus x hispanica Field 4 UK – this study 

Pringlea antiscorbutica Field 4 Bruhn et al. (2008) 

Prunus padus Field 4 UK – this study 

Solanum lycopersicum Growth cabinet 5 Denmark – this study 

Tilia x europaea Field 5 UK – this study 

Table 2.1. Species used in this study for the calculation of inherent and apparent Q10 values and 
estimation of the temperature control of nocturnal respiration. 



 

 

29 

for the temperate species Hedera helix and Forsythia by Dan Bruhn, Denmark, and Stephen 

Sitch, UK, respectively. Following a similar procedure, data collected by Martijn Slot for five 

tropical species in Panama and Florida are also used in this study (Table 2.2.). Martijn Slot’s 

measurements of leaf respiration were derived at constant temperature throughout the night at 

1.5-minute intervals under ambient CO2 conditions. The leaves were not pre-darkened prior 

to data collection, therefore the first hour of measurements were removed to eliminate any 

variation in the rate of respiration caused by LEDR from the analysis. 

 

Secondary data collected under constant temperature conditions using similar protocols have 

also been derived from the published literature with the help of Dan Bruhn, providing 

nocturnal leaf respiration data for a total of 75 leaves from 19 different temperate and tropical 

species (Table 2.2.). Leaves were dark-adapted for ~30 minutes prior to data collection in a 

majority of these studies and was accounted for in the remaining studies by starting data 

extraction ~30 minutes into the plot of the original paper. These additional studies present 

data for diverse species from contrasting biomes under a range of temperatures in both field 

and laboratory environments, helping elucidate whether a trend in the rate of nocturnal 

respiration exists across PFTs and experimental conditions. 
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2.2. Data Analysis 

 

2.2.1. The Q10 Approach 

 

The Q10 approach (Eq.1) was employed to calculate inherent and apparent Q10 values of leaf 

respiration. Statistical analyses to test for a significant difference between the two groups of 

Q10inh and Q10app values were completed in IBM SPSS 25 using p<0.05 as the critical 

threshold for statistical significance. The Shapiro-Wilk test for normality determined the 

Q10inh (p=0.52) and Q10app (p=0.24) datasets to be normally distributed, allowing for a paired 

samples t-test to be performed to test for a statistically significant difference between groups. 

 

2.2.2. Temperature Control of Respiration 

 

The temperature control of nocturnal respiration is estimated using the following equation 

(Bruhn, D 2017, pers. comm., 13 June): 

 

TC = c/(c + e)											(7) 

 

Here, a represents the decline in leaf respiration in response to artificial temperature change 

alone, whereas b describes additional variation in the rate of nocturnal respiration owing to 

rhythms in leaf metabolism that may result in a further decrease in the rate of respiration at 

night, demonstrated in Figure 2.2. Data collected in Exeter was used to calculate Q10inh and 

Q10app. The decrease in respiration achieved by artificially manipulating temperature 

constitutes a, and b represents the further decline in respiration at the same temperature due 

to natural cooling during the night. Application of a and b values to Eq. (7) estimates the 

relative temperature control of nocturnal respiration versus the control of nocturnal 

respiration by temperature-independent factors. 
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2.3. Model Development 

 

2.3.1. Quantifying the Non-Temperature Dependency of Respiration 

 

Assuming that leaf respiration is entirely temperature dependent, as suggested by the 

exponential characteristic of the Q10 temperature function, the data collected under constant 

temperature conditions should exhibit a constant rate of respiration throughout the night from 

sunset to sunrise. To investigate this, leaf respiration values (RTo) were divided by the initial 

rate of respiration (RTo-initial) at the start of each night. Values deviating from 1 reveal 

proportional changes in the rate of respiration owing to mechanisms other than temperature. 

Significant noise in the measurement of dark respiration is typical of data collected using gas 

exchange systems. This measurement noise is increased by the high frequency of 

measurements and absence of CO2 control in the data collected by Martijn Slot. Therefore, 

hourly means of RTo/RTo-initial were calculated for each leaf replicate to remove measurement 

noise and reduce bias due to the measurement of some species at more frequent intervals 

Figure 2.2. Conceptual illustration of the different temperature responses of respiration, where a 
represents the decline in leaf respiration in response to rapid artificial temperature manipulation, and 
b represents additional variation in the rate of nocturnal respiration owing to its non-temperature 
dependency. 
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throughout the night. For species with multiple leaf replicates, these hourly means of RTo/RTo-

initial were then combined to create hourly averages of RTo/RTo-initial at species level. For each 

species, these values were plotted as a function of time using Python to demonstrate how 

RTo/RTo-initial decreases with time since the onset of darkness, from sunset until sunrise. 

 

2.3.2. Functions and Statistical Analyses 

 

To model the relationship between RTo/RTo-initial and hours in darkness, plots of RTo/RTo-initial 

against time were fitted with various functions to determine which model best described the 

data. Power and exponential functions were fitted and a linear function was fitted following a 

natural log transformation to normalise the distribution of the data, often valuable for making 

patterns in the data more interpretable. The hourly means calculated for respiration enabled 

the various functions to be fitted more effectively to a simplified trend. Regression analysis 

was employed as a statistical method to assess the fit of the different models to the data. The 

coefficient of determination (R2) was used as a statistical measure to determine the goodness 

of fit of the data to the regression line, representing the percentage of the variability in the 

data able to be explained by the model. To further determine which type of function best fit 

the data, Mean Squared Error (MSE) was calculated to measure the average squared 

difference between the values estimated by the model and the actual observed values. This 

analysis of the field data was undertaken at both individual leaf and species level, whereas the 

data extracted from the literature was only analysed at species level due to a smaller number 

of replicates and data points. Datasets were also combined to determine which function best 

described the decline in nocturnal respiration for species in tropical biomes, temperate 

biomes, field settings and controlled laboratory environments. Following these statistical 

analyses, the model with the highest R2 and lowest MSE values across replicates (Appendix 

B), species (Appendix C), biomes and experimental conditions (Appendix D) was selected as 

the most suitable function and fitted across all of the data. 

 

One-way ANOVA was carried out to determine whether one function could be fitted to the 

entire dataset to derive a single equation for modelling. For each replicate, a natural log 

transformation was applied to RTo/RTo-initial and plotted as a function of time. Linear functions 

forced to pass through the origin were fitted to the data and regression analysis was employed 

to derive slope values. Comparison of slopes between species, plant type, biomes, and 
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experimental conditions using one-way ANOVA tested for a statistically significant 

difference between groups to determine whether one equation was adequate for modelling. 

 

2.3.3. Novel Model Formulation 

 

Ultimately, all measurements of nocturnal leaf respiration under constant temperature 

conditions (n=141, 33 species) were collated into a single plot and fitted with the chosen 

function. Regression analysis of the final plot and fitted model was employed to derive a 

universal equation that predicts respiration at any time of night as a fraction of the initial 

respiration rate as a function of time in darkness. This represents the non-temperature 

dependent component of leaf respiration at night. The resulting equation from regression 

analysis that couples respiration to time of night was combined with the Q10 temperature 

function (Eq. 2) currently used in many TBMs and ESMs, resulting in a new formulation to 

calculate leaf and plant respiration at night. The new equation includes both a non-

temperature dependent and temperature-dependent term, thereby accounting for nocturnal 

variation in endogenous metabolism in addition to the temperature dependency of respiration. 

Implementation of this novel formulation in JULES to simulate plant respiration will reveal 

the impact of accounting for the non-temperature dependency of nocturnal respiration. 

 

The novel formulation was also used to investigate variation in nocturnal respiration in 

response to temperature decrease during the night, both including and excluding the effect of 

temperature-independent controls. First, standard respiration was modelled according to Eq. 

(2) with a constant RTo of 2.5 and a standard Q10 of 2. Second, a rearrangement of the novel 

equation acquired in this study, that predicts RTo/RTo-initial as a function of time throughout the 

night, produces an equation to calculate RTo values that decrease with time in darkness, 

representing endogenous rhythms in leaf metabolism. Respiration was predicted using each 

of these formulations in response to two different speeds of cooling, 0.5°C/h and 1.25°C/h. 

The area beneath each of the four curves was calculated using integration and used to 

determine the cumulative difference in nocturnal respiration due to the inclusion of non-

temperature controls over the eight-hour period for each speed of cooling. 
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2.4. Modelling 

 

2.4.1. Model Setup 

 

JULES version 5.2 was used to assess the impact of the new model on simulations of plant 

respiration and NPP. The current description of the temperature response of leaf dark 

respiration (R789) in JULES uses the Q10  function (Eq. 2) with a value of 2, modified by 

suppression at high and low temperatures from the temperature response of V;<=> as 

presented in Table 2.3. (Clark et al., 2011); relevant parameters for the different PFTs in 

JULES are presented in Table 2.4. (Harper et al., 2016).  

 

  

Description Equation

!T(T!) Q10 temperature dependence function Q"#_%&'(
#."(+!,-.)

Vcmax Maximum rate of carboxylation of Rubisco
V!0'1-.!+ T!

1 + e#.2 +!,+"## 1 + e#.2 +$%&,+!

Rd Leaf dark respiration !drVcmax

Rdc Canopy respiration: the big leaf approach R3
1 − e,45!

k
Rd6 Canopy layer respiration R!"L"

Rdc Canopy respiration: multi-layer scaling approach 3R37
8

79"

Nl Leaf nitrogen content nmσlLc

Nr Root nitrogen content µrlnmℛ

Ns Stem nitrogen content µslnmS

L Carbon content of leaves σlLc

ℛ Carbon content of roots L

S Carbon content of respiring stem ηslhLc

Rpm Maintenance respiration 0.012Rdc β + N: + N;N%
Rpg Growth respiration rg ΠG − R<0

Rp Plant respiration Rpm + Rpg

Table 2.3. Equations used in JULES to calculate leaf and whole plant respiration, taken from 
Clark et al. (2011). 
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For the purpose of this study, the temperature response of leaf and plant respiration will be 

represented using the standard Q10 function (Eq. 2) and a value of 2, forming the standard 

JULES simulations in this study (S1). The equation for a temperature-dependent Q10 (Eq. 4) 

proposed by Tjoelker et al. (2001) was implemented into JULES and simulations were run 

with the temperature-dependent Q10 in direct replacement of the standard Q10 to further 

investigate the consequences of using a fixed versus temperature-dependent function (S2). 

The novel term describing the non-temperature dependency of nocturnal respiration acquired 

in this study was also implemented in the JULES code and run with the standard Q10 function 

to determine the impact of accounting for endogenous rhythms in nocturnal metabolism (S3). 

The non-temperature dependent term from this study was also combined with the 

temperature-dependent Q10, creating an additional new formulation for respiration that 

incorporates both proposed model developments (S4). These different equations for 

respiration were implemented in JULES to simulate leaf and plant respiration and enable 

model comparison. The equation for respiration developed by Heskel et al. (2016) (Eq. 5) 

was excluded from this analysis due to close similarity with the standard Q10 function over a 

large range of temperatures (Figure 2.3.). 

  Figure 2.3. Temperature response of leaf respiration according to the standard Q10 temperature 
function, formula for respiration from Heskel et al. (2016), Arrhenius type equation from Lloyd 
and Taylor (1994) with a reference temperature of 25ºC as implemented in Lloyd et al. (1995), and 
temperature-dependent Q10 function from Tjoelker et al. (2001). 
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Two different methods were employed to scale leaf respiration to canopy level (R7;) in 

JULES. The simple big-leaf approach was used to simulate an exponential decline in leaf 

respiration through the canopy with a light extinction coefficient (k) of 0.5 and dependency 

on Leaf Area Index (LAI). The more advanced multi-layer scaling approach was also 

employed to divide the canopy into a number of layers of equal leaf area increments 

(Mercado et al., 2007; 2009), with canopy-scale fluxes estimated as the sum of leaf-level 

fluxes in each layer, scaled by leaf area (Clark et al., 2011). This scaling method incorporates 

sunlit and shaded leaves in each layer, sunfleck penetration, direct and diffuse radiation, and 

the inhibition of leaf respiration in the light, ultimately providing a more sophisticated 

description of light interception. The two scaling approaches therefore produce different 

representations of the canopy with distinct leaf nitrogen concentrations upon which the 

estimated rate of leaf and plant respiration depends. Three additional components of plant 

respiration are those of roots, stem, and growth. Root and stem respiration are dependent on 

PFT-specific nitrogen concentrations and combine with canopy respiration to give overall 

whole-plant maintenance respiration (Clark et al., 2011). The original JULES description 

assumes growth respiration (Rgh) to be a fixed fraction of GPP (ΠG) minus maintenance 

respiration (Rg<), multiplied by the growth respiration coefficient (Xh) of 0.25: 

 

Rgh = XgNΠG − Rg<S										(8) 

 

The calculation of growth respiration in JULES was modified for this study to avoid 

erroneous negative values of respiration at night: 

 

Rgh = XgΠG										(9) 

 

Whole plant respiration (Rg) is represented as the sum of maintenance and growth respiration 

(Table 2.3.). Hence, changes to the description of leaf dark respiration influences all 

respiratory components that combine to give Rg. 
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2.4.2. Model Simulations 
 

Five simulations with different descriptions of leaf respiration (Table 2.5.), outlined in 2.5.1., 

were run in JULES and the impact of a temperature-dependent Q10 and the non-temperature 

dependent term on annual rates of plant respiration and NPP were calculated as the 

percentage difference between simulations (Table 2.6.).  

 
  

 
 
  

 
 
The modelling protocol was applied using JULES at eleven existing FLUXNET eddy 

covariance sites (Table 2.7.) for a variety of land cover classifications and forest types (Table  

2.8.). Sites in both temperate and tropical biomes were chosen to explore how varying 

temperatures, night lengths and speeds of cooling influence the simulation of respiration for 

each model. First, standard JULES was run with fixed fractional coverage with a spin-up 

period of ten years for a maximum of four spin-up cycles, allowing the simulated soil 

moisture to reach equilibrium. At each site, simulations were then run from the spin-up 

Table 2.6. Calculation of the effect of the temperature-dependent Q10 and non-temperature dependent 
term on annual rates of plant respiration and NPP. 
 
 
 
 

Table 2.5. Modelling protocol and description of leaf respiration used for each simulation. 
 
 
 

Simulation Description Equation

S1 Standard JULES function R!"Q#$			$.# '('!"

S2 Standard JULES function with temperature-
dependent Q10

R!"TDQ#$			$.# '('!"

S3 Standard JULES function with night-time 
temperature independent control R)*+),-Q#$			$.# '('#$%#&' *	(1 − 0.12hour$../)

S4
Standard JULES function with night-time 
temperature independent control and 
temperature-dependent Q10

R)*+),-TDQ#$			$.# '('#$%#&' *	(1 − 0.12hour$../)

S5
Standard JULES function with night-time 
temperature independent control and 
temperature-dependent Q10 at night-time only

R)*+),-TDQ#$			$.# '('#$%#&' *	(1 − 0.12hour$../)

Calculation Effect

S1-S3 Inclusion of the non-temperature dependency of nocturnal respiration with standard Q10

S2-S4 Inclusion of the non-temperature dependency of nocturnal respiration with temperature-
dependent Q10

S1-S5 Inclusion of the non-temperature dependency of nocturnal respiration with temperature-
dependent Q10 at night-time only
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output, enabling each simulation to run from the same initial conditions. This protocol was 

repeated using the big leaf and multi-layer scaling approaches for each simulation in Table 

2.5. The Shapiro-Wilk test confirmed both datasets to be normally distributed, allowing for a 

parametric independent samples t-test to be performed to test for a statistically significant 

difference between the effects of the non-temperature dependent term on respiration and NPP 

for tropical and temperate forests (Table 2.6). 

 
 

 

Country Site Year Latitude Longitude
Mean Annual 
Temperature 

(ºC)

Mean Annual 
Precipitation 

(mm)

Elevation 
(m) Forest Type

Brazil Manaus 2003 -2.60900 -60.20910 26.7 2100 130 EBF

Brazil Tapajos 2002 -2.85700 -54.95900 25.3 1920 130 EBF

Belgium Vielsalm 2005 50.30496 5.99808 7.8 1062 493 MF

Canada Saskatchewan 2005 53.62889 -106.19779 0.34 428.53 530 DBF

China Dinghushan 2003 23.1733 112.5361 19.64 1618.1 - EBF

Finland Hyytiala 2005 61.84741 24.29477 3.8 709 181 ENF

France Puechabon 2007 43.7413 3.5957 13.5 883 270 EBF

French Guiana Guyaflux 2007 5.27877 -52.92486 25.7 3041 48 EBF

Germany Tharandt 2003 50.96235 13.56516 8.2 843 385 ENF

Italy Castelporziano 2014 41.70427 12.35729 15.2 805 19 EBF

USA Harvard 2005 42.5378 -72.1715 6.62 1071 340 DBF

Table 2.8. International Geosphere-Biosphere Programme (IGBP) descriptions of land cover 
classifications for the eddy covariance FLUXNET sites used in this study, taken from Fluxdata (2019). 
 
 
 
 
 

Table 2.7. Eddy covariance FLUXNET sites used in this study, taken from Fluxdata (2019).  
 
 
 

Land Cover 
Classification

Forest Type Description

EBF Evergreen broadleaf forest
Lands dominated by woody vegetation with a percent cover >60% and 
height exceeding 2 meters. Almost all trees and shrubs remain green 
year round. Canopy is never without green foliage.

ENF Evergreen needleleaf forest
Lands dominated by woody vegetation with a percent cover >60% and 
height exceeding 2 meters. Almost all trees remain green all year. 
Canopy is never without green foliage.

DBF Deciduous broadleaf forest
Lands dominated by woody vegetation with a percent cover >60% and 
height exceeding 2 meters. Consists of broadleaf tree communities with 
an annual cycle of leaf-on and leaf-off periods.

MF Mixed forest

Lands dominated by trees with a percent cover >60% and height 
exceeding 2 meters. Consists of tree communities with interspersed 
mixtures or mosaics of the other four forest types. None of the forest 
types exceeds 60% of the landscape.
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2.4.3. Model Evaluation 

 

Projections of the terrestrial carbon cycle and its feedback to climate change largely depend 

upon model output, thus it is critical to evaluate model performance against observation data 

and identify uncertainties in prediction to enable further model development. Terrestrial 

model evaluation is typically carried out with in situ field observations (Prentice et al., 2001), 

therefore two datasets comprising field measurements of nocturnal leaf respiration under 

ambient temperature conditions have been used in this study to evaluate the ability of each 

model presented in Table 2.5. to predict the rate of respiration throughout the night. The first 

dataset includes variation across six species with a different replicate for each night of 

measurement. The second dataset includes continuous measurements of different shoots of 

the same tree at a high temporal resolution. 

 

Field measurements of leaf respiration under ambient temperature conditions were collected 

at sunset and sunrise for six temperate broadleaf species (n=24, 1 leaf per tree) in Exeter, 

outlined in 2.1.3., forming a framework for model evaluation. Sunset measurements of 

respiration and ambient temperature were applied to the formulations in Table 2.5. as the base 

rate of respiration at a given temperature. The rate of respiration at the end of the night was 

then predicted from these base values and the ambient temperature recorded at sunrise. 

Predicted values of leaf respiration at sunrise (RT) were divided by the initial rate of 

respiration observed at sunset (RT-initial) and compared to RT/RT-initial values calculated using 

the observed rate of respiration at sunrise to evaluate model performance. 

 

Data for model evaluation has also been provided by Lasse Tarvainen and Göran Wallin 

(University of Gothenburg, Sweden) for this study from the Skogaryd research site in Sweden 

(58°23’N, 12°09’W, 60m above sea level). Picea abies planted in 1951 account for 82% of 

the basal area of the forest, whilst Pinus sylvestris account for 13% and Betula pendula 

comprise 5% (Taravainen et al., 2013; 2015). The mixed coniferous stand grows on well-

drained peat with agricultural history (Klemedtsson et al., 2010). Three dominant Picea abies 

in the centre of the stand, between 55-60 years old and 22-25m tall, were selected for study. 

The LAI of these Norway spruce varies seasonally between 5.8 and 6.5m2 m-2. Continuous 

gas exchange measurements under ambient conditions were taken on 1-year-old shoots at 

three different positions within the canopy: top, middle and bottom. Data was collected every 
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30 minutes using a LI-COR 6400 Portable Photosynthesis System with a conifer chamber, 

providing continuous measurements of CO2 flux throughout growing season from May-

September (n=26, 42 nights). Photosynthetically Active Radiation (PAR) values of less than 

0 were used to delineate night-time values of respiration. Nocturnal respiration was modelled 

from sunset to sunrise using the different formulations (Table 2.5.) and changes in measured 

leaf temperature throughout the night. Hourly averages of RT/RT-initial were calculated using 

the observed values of respiration and predicted values of respiration to compare and assess 

the ability of each model to accurately estimate respiration as a function of time throughout 

the night.  

 

To further evaluate the models, all 614 predicted values of respiration from model evaluation 

were plotted in the abscissas (x-axis) against observed values in the ordinates (y-axis), in 

accordance with the findings of Piñeiro et al. (2008), and fitted with a linear regression. 

Analysis of R2 shows the proportion of the total variance explained by the regression models 

and comparison of the slope and intercept parameters against the 1:1 line is indicative of 

consistency and model bias respectively (Smith and Rose, 1995; Mesple et al., 1996.) To 

conduct a residual analysis, standardised residuals were calculated and plotted in the 

ordinates against predicted values of respiration, leaf temperature, and time in darkness in the 

abscissas to subjectively detect biases and compare the non-linearity, heteroscedasticity, and 

outliers of the different models for respiration. 
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3. Results 

 

3.1. The Q10 Function and Temperature Control 

 

The mean inherent and apparent temperature responses of leaf respiration are shown in 

Figure 3.1. The range of inherent Q10 values (Q10inh) derived from the short-term artificial 

manipulation of temperature over the timescale of minutes is relatively narrow, with a mean 

Q10inh of 1.94 ± 0.09 SE (n=46). The range of apparent Q10 values (Q10app) obtained from 

measurements of respiration in response to natural cooling during the night are twice as high 

as Q10inh and exemplify a greater range, with a mean Q10app of 4.15 ± 0.5 SE (n=46). A paired 

samples t-test determined a statistically significant difference between datasets of Q10inh and 

Q10app presented in Table 3.1., significant at the 99.9% confidence level (t(11)=5.065, 

p<0.001). 

 

Mean temperature control of leaf respiration at night is estimated to be 0.46 ± 0.05 SE 

(n=21), calculated from values of a and b (Figure 3.1).  

  

Figure 3.1. Mean inherent and apparent Q10 values (n=46) and temperature control (n=21) of 
nocturnal respiration, error bars are standard error. Results from an independent samples t-test is 
presented, ***p<0.001. 
 
 
 
 
 

*** 
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3.2. Novel Representation of Nocturnal Plant Respiration 

 

A universal decline in RTo/RTo-initial as a function of time in darkness was found to occur 

consistently across almost all species, measurement conditions and biomes considered in this 

study (Figure 3.2). The basal rate of nocturnal respiration decreased by ~40% of the initial 

rate at the onset of darkness under constant temperature conditions. Overall, the power 

function produced the highest R2 values and lowest MSE values at both replicate and species 

level across biomes and experimental conditions, deeming it the most suitable model to 

describe the data across all species. At species level, the chosen power function was fitted 

across the entire dataset (Figure 3.2.). The results from one-way ANOVA found the slope 

only varied significantly between species (F(32,990)=2.359, p=0.001), and did not vary 

significantly between biomes (F(1,130=0.149, p=0.700), experimental conditions 

(F(1,130)=0.210, p=0.647), or plant type (F(3,128)=2.573, p=0.057), allowing the entire 

dataset to be collated and a single universal equation to be derived for modelling which could 

be applied and tested for all plant functional types, representative of all groups. 

Species Inherent Q10 Apparent Q10 Temperature Control 

Acer pseudoplatanus 1.8 3 0.57 

Betula pendula 2 6.5 0.43 

Eucalyptus pauciflora (autumn) 1.7 4.2 - 

Eucalyptus pauciflora (spring) 2 2.8 - 

Eucalyptus pauciflora (summer) 2 2.7 - 

Fagus sylvatica f. purpurea 2.6 7.9 - 

Musa acuminata 1.5 3.5 - 

Platinus x hispanica 1.7 3 0.49 

Pringlea antiscorbutica 1.6 2 - 

Prunus padus 2.4 5 0.65 

Solanum lycopersicum 2.1 4.3 - 

Tilia x europaea 1.9 4.9 0.41 

Mean 1.94 4.15 0.48 

SE 0.09 0.5 0.05 

Table 3.1. Mean inherent and apparent Q10 values per species and estimated temperature control of 
respiration. 
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All measurements of RTo/RTo-initial for the 33 species and 141 leaves in this study were fitted 

with the chosen power function (Figure 3.3), demonstrating the rate of respiration to decrease 

in the night by ~40% of the initial rate of respiration at the onset of darkness. Regression 

analysis of the final plot derives a universal equation that predicts respiration at any time of 

night as a fraction of the initial respiration rate at the start of the night as a function of time in 

darkness. Under the assumptions of the Q10 function, RTo/RTo-initial should remain constant 

throughout the night, producing a slope of 0 in regression analysis. Here, the null hypothesis 

that the slope coefficient is equal to 0 is rejected at the 99.9% confidence level (p<0.0001) 

and the R2 of 0.46 indicates an adequate fit of the model to the data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The novel equation derived from Figure 3.3. describes the non-temperature dependency of 

nocturnal respiration and couples respiration to time of night after sunset: 

 

R/l/R/l(nonpn=q 	= 	1 − 0.12hour".wx										(10) 

 

Figure 3.3. RTo/RTo-initial as a function of time in darkness for all species used in this study (n=33), fitted 
with a power function. Equation from regression analysis forms the novel non-temperature dependent 
term for modelling. 
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The resulting equation was combined with the description of respiration currently used in 

JULES with a standard Q10 of 2 (Eq. 2) to develop a new function for nocturnal leaf 

respiration that includes both a temperature-dependent and non-temperature dependent term: 

 

R = Ryzoy{pQ!"
				".!(/(/|}~|�Ä) ∗ (1 − 0.12∗hour".wx)										(11) 

 

This equation predicts respiration at night from base values of respiration (Rsunset) and 

temperature at sunset (Tsunset) according to changes in temperature (T) and time in darkness 

(hour), thereby accounting for the temperature-independent controls of nocturnal respiratory 

metabolism in addition to the temperature-dependency of the process. This novel description 

of leaf respiration (Eq. 11) was also adapted to include the temperature-dependent Q10 (Eq. 4) 

proposed by Tjoelker et al. (2001): 

 

R = Ryzoy{p(3.22 − 0.046T)
".!(/(/|}~|�Ä) ∗ (1 − 0.12∗hour".wx)										(12) 

 

The standard function used in JULES (Eq. 2) was also adapted to include the temperature-

dependent Q10 in direct replacement of the standard Q10: 

 

R = R"(3.22 − 0.046T)
".!(/(/))           (13) 

 

These final equations (Eq. 11-13) were implemented in JULES to explore the impact of each 

description of nocturnal leaf respiration on simulations of plant respiration and NPP for 

tropical and temperate forest sites.  

 

3.3. Sensitivity of Nocturnal Decline in Respiration to Temperature Decrease 

 

To investigate the effect of temperature decrease, a sensitivity test was conducted to quantify 

the impact of speed of cooling and length of night on simulated plant respiration (Figure 3.4). 

Open symbols represent simulations with a constant RTo (Eq. 2), whereas closed symbols 

represent simulations with the new variable RTo that decreases with time in darkness (Eq. 10). 

Circle and triangle symbols represent speeds of cooling of of 0.5°C/h and 1.25°C/h 

respectively. The blue area is the cumulative difference in nocturnal respiration due to the 

inclusion of non-temperature controls over an eight-hour period with a temperature decrease 
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of 0.5°C/h (3.64 arbitrary units of respiration). The dashed area highlights the cumulative 

difference over an eight-hour period with a temperature decrease of 1.25°C/h (2.88 arbitrary 

units of respiration). Figure 3.4. depicts the cumulative difference in respiration due to the 

inclusion of non-temperature controls to increase with length of night for both speeds of 

cooling. However, the cumulative difference over the eight-hour period is 0.76 arbitrary units 

of respiration greater when the speed of cooling is slower (0.5°C/h), compared to when 

temperate decreases rapidly and control by temperature is greater (1.25°C/h). This shows 

RTo/RTo-initial is not constant throughout the night, and it is increasingly apparent the longer the 

night and the slower the natural cooling. 

 
 

  

Figure 3.4. Modelling of nocturnal variation in the rate of respiration in response to temperature 
decrease during the night. Circle symbols represent a temperature decrease of 0.5°C, triangle symbols 
represent a temperature decrease of 1.25°C. Open symbols represent a constant RTo, closed symbols 
represent the new RTo that decreases with time in darkness. 
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3.4. Evaluation of Novel Formulation 

 

Evaluation of the standard Q10 equation (Eq. 2) and the novel formulation developed in this 

study (Eq. 12) against leaf level observations demonstrates that the standard equation (S1) 

consistently overpredicts the rate of respiration compared to observations and significantly 

overestimates RT/RT-initial at the end of the night by up to 0.3 for all temperate broadleaf 

species measured in Exeter (Figure 3.5). Implementation of the temperature-dependent Q10 

(S2) reduces predicted RT/RT-initial by between 0.05 and 0.09. Application of the new term for 

the non-temperature dependency of nocturnal respiration (S3) reduces RT/RT-initial by 0.20 to 

0.23 across all species. Overall, S1 (0.77) and S2 (0.71) overestimate RT/RT-initial and S4 

(0.51) underestimates RT/RT-initial at the end of the night compared to observations (0.54) 

(Figure 3.6). It is the non-temperature dependent term from this study that has the largest 

impact on modelled nocturnal respiration and most accurately predicts RT/RT-initial at the end 

of the night (0.56) in Figure 3.6. 

  
Figure 3.5. Mean observed and predicted rates of respiration as a fraction of the initial respiration rate 
at the start of the night for each broadleaf species in Exeter using standard Q10 (S1), temperature-
dependent Q10 (S2), standard Q10 with non-temperature dependent term (S3), and temperature-
dependent Q10 with non-temperature dependent term (S4). Error bars are standard deviation. 
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Similar results were obtained when the models were evaluated against a continuous dataset of 

needleleaf Picea abies shoots in Sweden. The standard Q10 formulation consistently 

overestimates changes in RT/RT-initial throughout the night for most months over growing 

season (Figure 3.7). Application of the temperature-dependent Q10 offers a small 

improvement to the prediction of respiration throughout the night, however RT/RT-initial at the 

end of the night is still overestimated for the months of June, July, August and September. 

Inclusion of the non-temperature dependent term with a standard Q10 best predicts changes 

with RT/RT-initial as a function of time for these summer months. Overall, S1 (0.59) and S2 

(0.47) overestimate RT/RT-initial at the end of the night and S4 (0.31) results in an 

underestimate compared to observations (0.38) in Figure 3.8. The model with a standard Q10 

and the novel non-temperature dependent term (S3) best simulates the temporal decline in 

RT/RT-initial throughout the night and most accurately predicts RT/RT-initial at the end of the 

night (0.38) for all measurements combined (Figure 3.8). 

Figure 3.6. Mean observed and predicted rates of respiration as a fraction of the initial respiration rate 
at the start of the night across all species (n=6) and replicates (n=24) measured in Exeter using standard 
Q10 (S1), temperature-dependent Q10 (S2), standard Q10 with non-temperature dependent term (S3), and 
temperature-dependent Q10 with non-temperature dependent term (S4). Error bars are standard 
deviation. 
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Fig 3.7. Mean observed and predicted rates of respiration throughout the night as a fraction of the initial 
respiration rate at the start of the night for Picea abies, Sweden, in (a) May (n=10, 10 nights), (b) June 
(n=11, 14 nights), (c) July (n=6, 6 nights), (d) August (n=5, 7 nights), and (e) September (n=2, 4 nights) 
using standard Q10 (S1), temperature-dependent Q10 (S2), standard Q10 with non-temperature dependent 
term (S3), and temperature-dependent Q10 with non-temperature dependent term (S4). Error bars are 
standard error. 
 
 
 
 
 
 
 
 

(b) (a) 

(c) (d) 

(e) 
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For a perfect model, regressing the 614 observed values against predicted values should form 

a straight line with a slope (a) of 1 that passes through the origin with a y-intercept (b) of 0, 

and the scatter of points around the regression line should be small generating a low Sum of 

Squares Error (SSE). The two models that fail to account for temperature-independent 

controls of respiration have notably lower slope values of a = 0.81 and a = 0.82 and b > 0, 

indicating they overpredict the rate of respiration proportionally to their value, regardless of 

whether the standard (S1; Figure 3.9a) or temperature-dependent Q10 (S2; Figure 3.9b) is 

employed. Conversely, the models incorporating the novel temperature-independent term 

have improved slope values of a = 0.99 and a = 0.98 with a standard (S3; Figure 3.9c) and 

temperature-dependent Q10 (S4; Figure 3.9d) respectively, however b > 0 signifies the models 

still overestimate, on average, the observations. Overall, the model combining the novel 

temperature-independent term with the standard Q10 function (Figure 3.9c) appears the most 

appropriate when compared to the 1:1 line and has the greatest coefficient of determination 

(R2=0.75), helping further discriminate among simulations and indicate the preferred model. 

Figure 3.8. Mean observed and predicted rates of respiration throughout the night as a fraction of the 
initial respiration rate at the start of the night for all measurements of Picea abies in Sweden (n=34, 41 
nights) using standard Q10 (S1), temperature-dependent Q10 (S2), standard Q10 with non-temperature 
dependent term (S3), and temperature-dependent Q10 with non-temperature dependent term (S4). Error 
bars are standard error. 
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A high proportion of the standardised residuals for S1 and S2 are negative, implying that both 

formulations generally overestimate respiration (Figure 3.10). The standardised residuals for 

S1 and S2 are also skewed below the zero line when plotted against leaf temperature (Figure 

3.11.) and hours in darkness (Figure 3.12.), indicating the models are biased and consistently 

overpredict nocturnal leaf respiration. The residuals are more symmetrically distributed 

around the zero line for models S3 and S4 indicating the models that include the novel non-

temperature dependent term have fewer biases and an improved predictive capacity. 
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3.5. Site Level Application Using JULES 

 

Site level simulations with JULES (Figure 3.13) demonstrate that, overall, the novel non-

temperature dependent term for modelling nocturnal respiration decreases the simulation of 

annual plant respiration and increases annual NPP unanimously across all simulation 

scenarios in JULES. Application of the non-temperature dependent term reduces plant 

respiration and increases NPP for all forest sites when the simple big leaf approach is 

employed to scale from leaf to canopy level, ultimately simulating a canopy with a low 

nitrogen content (Figure 3.13a and 3.13c). However, the effect of the non-temperature 

dependent term on modelled respiration and NPP is notably greater when the advanced multi-

layer scaling approach is employed which accounts for light interception at different canopy 

levels, ultimately providing a more realistic representation of the canopy with a higher 

nitrogen content (Mercado et al., 2007; 2009b). Therefore, the simulations resulting from the 

multi-layer scaling approach (Figure 3.13b and 3.13d) should be considered as more realistic 

and accurate when evaluating the overall effect of the non-temperature dependent term on 

simulated rates of plant respiration and NPP. 

 

The new non-temperature dependent term reduces annual rates of respiration by up to ~6% at 

temperate forest sites and ~10% at tropical sites, leading to an increase in annual rates of NPP 

of up to ~13% and ~16% respectively. The novel term has a larger impact at tropical sites 

(Manaus, Tapajos, China and French Guiana) and a markedly smaller effect on temperate and 

cold climate sites, resulting in a statistically significant difference between the effect of the 

new term on the simulation of respiration (t(64)=3.584, p=0.001) and NPP (t(64)=4.223, 

p<0.0001) for tropical and temperate forests. Broadleaf evergreen tropical sites, such as 

French Guiana and China, experience longer nights of ~12 hours and a relatively constant 

temperature throughout the night, producing the greatest decrease in the simulation of 

nocturnal respiration when including the non-temperature dependent term (Figure 3.14. and 

3.15). The effect of the non-temperature dependent term is less significant for broadleaf 

evergreen temperate sites, France and Italy, which experience shorter nights of ~10 hours and 

more than a ~10°C drop in night-time temperatures. The effect is further reduced at broadleaf 

deciduous temperate sites, Canada and USA, that typically experience lower growth 

temperatures and shorter nights of ~8 hours. This disparity between the effect of the non-

temperature dependent term on tropical and temperate sites is evident when employing both a 
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standard Q10 (S1-S3; Figure 3.14.) and a temperature-dependent Q10 (S2-S4; Figure 3.15.). 

The final simulation (S1-S5) reveals the impact of altering only the description of plant 

respiration at night to include both the non-temperature dependent term and the temperature-

dependent Q10 (Figure 3.13), with the standard Q10 employed to model day-time respiration. 

Modifying the formulation for nocturnal respiration alone has a great overall impact on 

annual rates of respiration and NPP, resulting in a maximum 10.6% decrease and 18.7% 

increase respectively. 
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darkness darkness

darkness darkness

darkness darkness

Figure 3.14. Nocturnal temperature change and modelled rate of plant respiration from sunset to sunrise 
using a standard Q10 (S1) and addition of the non-temperature dependent term (S3) for (a) French 
Guiana, (b) China, (c) France, (d) Italy, (e) Canada and (f) USA using the multi-layer scaling approach. 
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darkness darkness

Figure 3.15. Nocturnal temperature change and modelled rate of plant respiration from sunset to sunrise 
using a temperature-dependent Q10 (S2) and addition of the non-temperature dependent term (S4) for (a) 
French Guiana, (b) China, (c) France, (d) Italy, (e) Canada and (f) USA using the multi-layer scaling 
approach. 
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4. Discussion 

 

4.1. Variation in Nocturnal Respiration 

 

4.1.1. Inherent and Apparent Q10 

 

The mean inherent Q10 (Q10inh) value of 1.94 ± 0.09 (Figure 3.1.), calculated from the 

response of respiration to short-term artificial temperature manipulations applied to dark-

adapted leaves in the daytime, aligns with current estimates and values in the wider literature. 

Lariguaderie and Korner (1995) found most species to exhibit Q10 values of between 2 and 

2.5, producing an overall mean Q10 of 2.3. From analysis of the existing literature, Tjoelker et 

al. (2001) reported the mean Q10 of 65 species to be 2.5, with upper and lower 95% 

confidence intervals of 2.62 and 2.39 respectively. Further analysis of forest carbon flux data 

by Piao et al. (2010) suggests that the Q10 of forest respiration varies from 1.8 to 2.9 at the 

global scale. Therefore, the Q10inh values found in this investigation fall within the range of 

Q10 values previously reported studies that also artificially manipulate the temperature of 

dark-adapted leaves in the daytime to determine the instantaneous temperature response of 

leaf respiration over the timescale of minutes (Ryan et al., 1997; Atkin et al., 2005a; 

Luyssaert et al., 2007). Due to this high consensus in the literature, a constant Q10 of 2 has 

gained wide acceptance in modelling the temperature response of leaf respiration.  

 

It is commonly assumed in vegetation models that the process of respiration continues the 

same throughout the day and the night, responding only to short-term diurnal variations in 

temperature (Gifford, 2003). However, the mean apparent Q10 (Q10app) of 4.15 ± 0.5 (Figure 

3.1.), calculated from measurements of respiration under ambient temperature conditions at 

the start and end of the night, is significantly higher than the mean Q10inh (p<0.001). The 

apparent Q10 values describe temporal variation in nocturnal leaf respiration in response to 

both natural variation in ambient temperature and the effect of temperature-independent 

controls. Values of Q10app are consistently higher than corresponding values of Q10inh across 

all species (Table 3.1.), indicating that mechanisms other than temperature co-regulate leaf 

respiration at night. The estimated temperature control of nocturnal leaf respiration is 0.46 

(Figure 3.1.), suggesting temperature-independent factors may be accountable for 

approximately half of the observed variation in rates of leaf respiration at night, refuting the 
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common assumption that temperature is the main driver of respiration over the short-term 

(Reichstein et al., 2005). Despite evidence for the control of nocturnal respiration by 

temperature-independent mechanisms, their role has thus far remained unquantified and 

unaccounted for in models of leaf and plant respiration. 

 

4.1.2. Variation in RTo/RTo-initial 

 

Assuming that leaf respiration is entirely temperature-dependent, as suggested by the Q10 

function, the rate of respiration as a fraction of the initial rate of respiration should not 

deviate from 1 throughout the night under constant temperature conditions. However, the 

basal rate of respiration (RTo) as a fraction of the initial respiration rate (RTo-initial) decreases 

with time from the onset of darkness, almost universal across the species in this study (Figure 

3.2). Most vegetation models erroneously assume that respiration varies exponentially with 

temperature, whereas Figure 3.3. reveals the rate of nocturnal leaf respiration to also have a 

complex dependence on time in darkness. The time-dependency of respiration at night 

reflects the down-regulation of nocturnal respiratory metabolism due to endogenous 

mechanisms such as respiratory substrate availability, the demand for respiratory products, 

and the circadian clock. Therefore, the base rate of respiration cannot be considered constant 

for a 24-hour period as generally assumed in all modern field studies and models, and the use 

of a fixed exponential Q10 temperature function is inadequate to describe nocturnal variation 

in endogenous metabolism with natural variation in ambient temperature. Only variation in 

the respiratory rate of leaves is considered in the scope of this study, however there is 

evidence in the existing literature that demonstrates temperature-independent rhythms also 

occur in root and soil respiration. Leverenz et al. (1999) measured root plus soil respiration of 

Fagus sylvatica seedlings and plotted respiration rate against temperature and net 

photosynthesis over a 24-hour diel cycle. Post-dawn rates of respiration were significantly 

higher than pre-dusk rates of respiration at the same temperature and nocturnal respiration 

was markedly lower than day-time respiration under the same thermal conditions. Overall, 

respiration was found to increase from dawn and decrease in the evening, reaching the lowest 

rates of respiration at night, revealing a distinct diurnal trend in root plus soil respiration that 

occurs independent of temperature. The results of Leverenz et al. (1999) further show that 

RTo is not constant over a 24-hour period in root plus soil respiration, thereby corroborating 

the findings of this study and further refuting the use of a constant RTo in vegetation and earth 

system models. Ultimately, exclusive focus on the control of nocturnal respiration by 



 

 

65 

temperature is unwarranted and failure to account for the time-dependence and non-

temperature dependency of nocturnal respiration is likely to result in inaccurate estimates of 

respiratory CO2 release. 

 

4.2. Respiratory Substrate Supply and Product Demand 

 

4.2.1. Nocturnal Starch Degradation 

 

Understanding the processes that influence temporal variation in respiration independent of 

temperature is crucial for the accurate modelling of CO2 exchange between the land surface 

and the atmosphere. At tissue level, the rate of nocturnal leaf respiration may strongly depend 

on respiratory substrate availability (Whitehead et al., 2004). During darkness, leaf 

concentrations of non-structural carbohydrates typically decrease (Fondy and Geiger, 1982; 

Grimmer and Komor, 1999) due to the degradation of starch in a linear manner to provide a 

continuous supply of carbon throughout the night to sustain metabolism and growth (Gibon et 

al., 2004; Smith and Stitt, 2007; Graf and Smith, 2011). Strong correlations between the rate 

of respiration and concentration of carbohydrates in mature leaves have been reported in 

various species (Fondy and Geiger, 1982, Azcón-Bieto and Osmond, 1983; Farrar and Farrar, 

1985; Stitt et al., 1990). Therefore, the marked decrease in the rate of nocturnal leaf 

respiration under constant temperature conditions partly reflects the decline in respiratory 

substrate availability throughout the night (Figure 3.2. and 3.3.). Despite ample evidence for a 

direct relationship between nocturnal respiration rate and carbohydrate status, many models 

do not represent substrates because their representation is perceived to be difficult (Thornley, 

2011) and efforts to include non-structural carbohydrates are in their infancy (Jones et al., 

2019). 

 

Plant respiration has been widely observed to scale with rates of photosynthesis (O’Leary et 

al., 2017) for a variety of species across a wide range of environmental conditions (Reich et 

al., 1998). The dependence of nocturnal respiration on photosynthetically produced substrate 

availability mediates the link between night-time metabolism and daytime metabolic 

productivity (Breeze and Elston, 1978; Azcón-Bieto and Osmond, 1983; Mullen and Koller, 

1988; Noguchi et al., 1996; Noguchi and Terashima, 1997). Robust correlations between 

carbohydrates and respiration at night have been observed in experiments that subjected 

plants to varying photosynthetic conditions during the preceding light period (Azcón-Bieto et 
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al., 1983; Noguchi, 2005; Florez-Sarasa et al., 2012; Peraudeau et al., 2015), indicating a 

relationship may exist between nocturnal respiration and photosynthesis during the preceding 

day. Following a day of favourable photosynthetic conditions, high concentrations of 

carbohydrates enhance respiratory capacity and facilitate higher rates of respiration at night 

(Lambers et al., 2008; Whitehead et al., 2004; Plaxton and Podesta, 2006). The size of the 

carbohydrate reserve also regulates the rate of sucrose export throughout the night, which 

itself is a major ATP demand (Bouma et al., 1995; O’Leary et al., 2017), causing supply and 

demand to be linked in the regulation of nocturnal respiration. Conversely, other studies have 

shown that day-time photosynthetic capacity may be related to the amount of respiration 

during the previous night. Turnball et al. (2002) found increased rates of nocturnal respiration 

due to elevated night-time temperature to result in increased photosynthesis on the following 

day. The coupling of respiration and photosynthesis is therefore complex and operates in both 

directions, involving multiple mechanisms, and must be considered in order to understand 

temporal variation in leaf and plant respiration. 

 

4.2.2. Light Availability and Canopy Position 

 

Due to the dependence of photosynthesis on irradiance, photosynthetic capacity is found to 

vary with canopy position due to changes in light availability (Hirose and Werger, 1987; 

Hollinger, 1989; Field, 1983; 1991; Evans, 1993; Anten et al., 1995; Hollinger, 1996). 

Consequently, carbohydrate concentration varies through a canopy as light extinction 

increases and carbon assimilation decreases, limiting the formation of respiratory substrates 

in the lower canopy (Atkin et al., 2000a). Upper canopy leaves receive the most direct 

sunlight and contain more soluble sugars and starch to support greater rates of respiration 

(Azcón-Bieto and Osmond, 1983). Therefore, respiratory capacity also varies with canopy 

position due to the link between photosynthetically produced substrate and light availability 

(Bolstad et al., 1999; Carswell et al., 2000; Meir et al., 2001; Griffin et al., 2002). Since the 

pioneering work of Boysen-Jensen (1932), shade-tolerant species have been recognised to 

generally exhibit lower rates of respiration than sun-adapted species. For the sun species, 

Spinacia oleracea, Noguchi et al. (1996) found the respiratory rate of leaves grown at 

500µmol m-2 s-1 to be significantly higher than those of leaves grown under lower light 

intensities (p<0.05) due to an increase in the concentration of carbohydrates with higher 

daytime irradiance. Conversely, respiration rate of the shade-adapted species, Alocasia 

macororrhiza, was found to be independent of carbohydrate concentration (Noguchi et al., 
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1996), indicating that the regulation of respiration in sun and shade species may differ. 

Noguchi and Terashima (1997) ascribed the low respiratory rate of the shade-adapted species, 

Alocasia odora, to its low demand for ATP and low ATP consumption rate by cellular 

processes such as phloem loading. Differences in the type of phloem loading and related 

energy cost may also influence respiratory rates. Symplastic loading, such as that in Alocasia 

odora, requires no energy cost whereas apoplastically loading plants require ATP for 

carbohydrate export (Noguchi et al., 1996). The rate of respiration in sun species is thus 

likely to be determined by substrate supply, whereas the rate of respiration in shade species 

may be regulated more by the ATP demand of cellular processes such as phloem loading. 

Both the regulation and rate of leaf respiration is therefore likely to depend on light 

environment and vary with canopy position. 

 

Sunlit leaves, positioned in the sunlight throughout most of the day, were selected for 

measurement in this study to capture the variation in nocturnal respiration that occurs 

independent of temperature, partly driven by changes in leaf carbohydrate status throughout 

the night. Data for only two shade-adapted species, Alocasia macororrhiza and Alocasia 

odora, were extracted from the existing literature and included in analysis (Noguchi and 

Terashima, 1997; Noguchi et al., 1996; 2001). Nocturnal respiration rate of the two shade-

adapted species to decrease under constant temperature conditions, with RTo/RTo-initial values 

of 0.88 and 0.78 for Alocasia macororrhiza and Alocasia odora respectively after eleven 

hours in darkness (Figure 3.2). However, the decline in RTo/RTo-initial is significantly greater 

for the sun-adapted species extracted from the same studies. Figure 3.2. shows RTo/RTo-initial of 

Phaseolus vulgaris to decrease to 0.48 after twelve hours in darkness, whereas RTo/RTo-initial 

of Spinacia oleracea is 0.56 after eleven hours in darkness. The results from these studies 

indicate that the decline in the respiration rate of shaded species at night may be less 

significant than the decline observed for sunlit leaves, potentially due to differences in the 

regulation of respiration, substrate availability and energy demand of cellular processes such 

as phloem loading (Noguchi et al., 1996). Therefore, the novel model for the non-temperature 

dependency of nocturnal leaf respiration, which is predominantly based on the measurement 

of sunlit leaves, may be more representative of leaves in the upper canopy that are exposed to 

higher levels of radiation. Further research on nocturnal respiration in shaded leaves and 

understory species is needed to better determine the impact of light environment on 

respiration at night and ensure the model is representative of the entire canopy.  
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4.3. Circadian Clock Control 

 

4.3.1. Rhythms in Leaf Respiration 

  

The importance of endogenous rhythms in gas exchange presents a previously unrecognised 

challenge for interpreting and modelling land-atmosphere CO2 exchange. The results of this 

study show that diel variation in leaf respiration cannot be interpreted according to 

environmental changes alone, but rather tropical and temperate plants possess endogenous 

rhythms that are currently poorly understood. Respiratory CO2 release is the net effect of 

myriad processes, yet the circadian clock is the only established mechanism known to create 

self-sustained patterns with a 24-hour period under constant environmental conditions 

(McClung, 2006; Müller et al., 2014). It is beyond the scope of this study to separate and 

quantify the individual roles of the circadian clock and other endogenous processes in the co-

regulation of leaf respiratory metabolism at night. However, evidence for the control of 

nocturnal respiration by the circadian clock mechanism is apparent in other studies, although 

studies of this kind remain limited. Doughty et al. (2006) examined variation in the 

respiratory rate of leaves exposed to 20-48 hours of constant darkness and environmental 

conditions. The rate of respiration began to decline at 13:00LT and recover from 06:00LT, 

demonstrating the down-regulation of respiration at night which took the form of a sinusoidal 

wave over a 24-hour period without any further exposure to light. This pattern in respiratory 

CO2 release does not reflect the linear degradation of starch and decrease in respiratory 

substrate availability that occurs in darkness (Graf et al., 2010), but rather reflects a rhythm 

characteristic of the circadian clock. Gessler et al. (2017) also detected sinusoidal rhythms in 

leaf-level respiration when transferred to constant darkness for a 30-hour period. The lack of 

a significant correlation between respiration rate and sugar and starch content indicates that 

substrate availability was not responsible for the observed rhythms in leaf respiratory 

CO2 release, but rather implicates the circadian clock. 

 

The circadian clock uses external cues to create a synchrony between the internal rhythmicity 

of the oscillator and the external rhythmicity of the environment in a process termed 

entrainment, enabling the plant to trigger metabolism responses at certain points during a diel 

cycle (Müller et al., 2014). Asynchronous circadian regulation may occur if the plant 

experiences different light and temperature regimes (Resco de Dios et al., 2016), resulting in 

a weak coupling of circadian rhythms between plant cells exposed to different environmental 
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cues which can also reset the clock and affect the rhythmic amplitude of circadian clock 

outputs (Rascher et al., 2001). Canopy position is therefore likely to affect the coordination 

and amplitude of rhythms in plant respiration due to different light and temperature regimes 

through the canopy. Shaded plants and understory species may not experience significant 

diurnal cycles of light compared to leaves in the upper canopy, resulting in clocks that are 

dissonant from the environment and not correctly tuned to day-night cycles. A pioneering 

study by Williams and Gorton (1998) was the first to test the relevance of circadian rhythms 

for modelling gas exchange in field settings by examining the effect of circadian rhythms on 

daily courses of CO2 exchange for Saururus cernuus L. The authors found model goodness-

of-fit to increase by only 1% when adding sinusoidal variation to a biochemical model of gas 

exchange, leading to the conclusion that circadian regulation of gas exchange in the field was 

insignificant. The negative results from this pioneering investigation may explain the 

subsequent lack of interest on this topic. However, it must be acknowledged that Williams 

and Gorton (1998) studied an understory species, grown under a closed canopy of Alnus 

serrulate, which typically experience low light levels punctuated with intermittent sunflecks. 

The results of this study corroborate the theory that regulation of leaf respiration by the 

circadian clock may be more prominent in upper canopy leaves and overstory plants due to 

the diminishment of environmental cues through the canopy (Resco de Dios et al., 2016). 

Therefore, the disparity in patterns of nocturnal respiration between the shade species 

(Alocasia macororrhiza and Alocasia odora) and sun species (Phaseolus vulgaris and 

Spinacia oleracea), previously discussed in Figure 3.2., may also be the result of differences 

in circadian clock entrainment and the amplitude of circadian rhythms. 

 

4.3.2. Interactivity of the Circadian Clock and Carbon Metabolism 

 

The effects of the circadian clock and respiratory substrate supply on nocturnal respiration 

meet in a complex nexus. Day-time assimilation of carbon to fuel respiratory metabolism at 

night results in a diurnal cycle of starch accumulation and depletion (Stitt and Zeeman, 2012; 

Zeeman et al., 2007). Recent reports have demonstrated the importance of the circadian clock 

in regulating carbohydrate assimilation and starch metabolism in order to optimise plant 

growth (Dodd et al., 2005; Graf et al., 2010; Graf and Smith, 2011; Stitt and Zeeman, 2012), 

with the results of some studies indicating starch synthesis and degradation to be under strict 

circadian control (Weise et al., 2006). The rate of starch degradation at night is believed to be 

controlled according to the dawn anticipated by the circadian clock, such that 95% of the 
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starch is used by dawn (Smith and Stitt, 2007; Gibon et al., 2004; 2009). Graf et al. (2010) 

found the rate of starch degradation to immediately decrease following a shortened light 

period with no symptoms of starvation throughout subsequent longer nights, demonstrating a 

plants remarkable ability to adjust the rate of starch degradation in response to changes in day 

length. When the circadian clock does not match the external light-dark cycle, growth rate is 

significantly reduced due to sucrose starvation at the end of the night, therefore the capacity 

to anticipate dawn is essential for the optimal utilisation of carbohydrate reserves for 

nocturnal respiration (Graf et al., 2010). The molecular nature of the timer that sets the rate of 

starch degradation remains to be elucidated, however a cluster of genes encoding enzymes 

implicated in starch metabolism have been found to be under circadian clock control (Harmer 

et al., 2000). Recent findings further indicate that the products of photosynthesis in turn feed 

back to the circadian clock to help set its timer and rhythm, implying that the circadian clock 

both controls and is controlled by carbon metabolism (Sanchez et al., 2011; Farre and Weise, 

2012; Haydon et al., 2013).  

 

The expression and amplitude of circadian rhythms in respiration may also be affected by the 

availability of carbohydrate, further complicating the interactive roles of the circadian clock 

and respiratory substrate supply. Hennessey et al. (1993) reported no rhythm in respiration to 

occur when leaves of Phaseolus vulgaris L. were transferred to constant darkness. Gessler et 

al. (2017) conducted a similar experiment using the same plant species entrained under a 

PAR of 500µmol m-2 s-1 and found significant circadian rhythms in leaf respiration, directly 

contradicting the results of Hennessey et al. (1993). The lack of rhythmicity in the 

experiment conducted by Hennessey et al. (1993) may be related to the fast depletion of 

respiratory substrate in darkness due to the entrainment of plants under low levels of radiation 

(200µmol m-2 s-1), limiting the assimilation of carbohydrates to serve as respiratory substrate. 

When transferred to constant darkness, Gessler et al. (2017) observed a decrease in non-

structural carbohydrate concentration. Although the circadian rhythm in respiration was 

sustained, decreasing substrate availability would likely dampen the amplitude of the rhythms 

over time, with substrate limitation beginning to control respiration. The depletion of 

carbohydrates and observed dampening of the circadian rhythm suggests the importance of 

circadian regulation as a driver of leaf respiration may be underestimated in both experiments 

and play a more significant role in natural environmental conditions where radiation can 

exceed 1500µmol m-2 s-1. The roles of the circadian clock and respiratory substrate 
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availability appear intrinsically linked, highlighting the difficulty in separating the individual 

effect of each process on nocturnal respiration. The complex and synergistic relationship 

between these endogenous mechanisms also emphasises the importance of considering the 

effects of light availability, photosynthesis and canopy position in the study of leaf 

respiration. 

 

4.3.3. Ecosystem Rhythms and Ecological Relevance 

 

One of the major assumptions underlying many studies of land-atmosphere exchange is that 

diurnal patterns observed in ecosystem fluxes are driven almost exclusively by direct 

physiological responses to changes in the environment, such as cycles of light, temperature 

and humidity (Hollinger et al., 1994; Sellers et al., 1997; Chapin et al., 2002; Hanson et al., 

2004). However, this study has shown endogenous rhythms in metabolism to co-regulate 

diurnal patterns in plant gas exchange. The molecular mechanisms of circadian control are 

well described (Harmer, 2009) and the circadian clock is now recognised to be a central 

orchestrator of plant activity, with increasing evidence for circadian oscillations in leaf-level 

respiration (Doughty et al., 2006; Gessler et al., 2017). Despite this, ecological relevance of 

the circadian clock has been largely overlooked and its influence becomes more ambiguous at 

higher organisational scales. 

 

Resco de Dios et al. (2012) used eddy covariance data from the AmeriFlux network to 

examine diurnal oscillations in Net Ecosystem Exchange (NEE) at seven sites, representative 

of contrasting climate regions and vegetation types. The authors observed significant 

rhythmic variation in day-time NEE to occur at six of the sites when analysing data under 

nearly constant environmental conditions. Variation in day-time NEE was between 20% and 

90% of that observed under variable environmental conditions, averaging at 48% across all 

sites. Each environmental variable under constant conditions was found to typically explain 

less than 1% of NEE, contrasting with the current conventional understanding that daily NEE 

variations are driven almost exclusively by the environment. NEE is often dominated by soil 

CO2 efflux (Janssens et al., 2001), yet Resco de Dios et al. (2012) found soil respiration to 

exhibit an invariant or different temporal trend, indicating the day-time rhythms in NEE were 

driven by plant gas exchange. However, the authors did not find rhythms in night-time NEE 

under constant conditions. As previously discussed, it is expected that a dilution of circadian 

effects will occur with increasing scale. First, if circadian regulation does not occur in soil 
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respiration it may mask rhythms in ecosystem scale fluxes. Second, leaves experience 

different light environments and environmental cues in a layered canopy, possibly resulting 

in uncoupled rhythms across leaves and plants which dilutes circadian rhythms at higher 

organisational levels. Furthermore, there is considerable uncertainty around the reliability of 

night-time eddy covariance measurements. Advective and low frequency flows of CO2 are 

difficult to capture, particularly in periods of low air turbulence which are typical at night, 

often resulting in inaccurate estimates of ecosystem fluxes (Aubinet et al., 2012). A 

subsequent study by Resco de Dios et al. (2016), which examined both canopy and leaf-level 

fluxes under constant environmental conditions, found 20% to 79% of daily variation in the 

CO2 exchange of Phaseolus vulgaris and Gossypium hirsutum canopies could be recreated 

fully independently of environmental change due to circadian entrainment. Circadian rhythms 

in canopy carbon assimilation were found to be comparable to that documented in 

temperature response curves, leading to diurnal flux variation of the same order of magnitude 

as that caused by changes in temperature. Circadian regulation was again diluted with 

increasing scale, yet a significant self-sustained 24-hour oscillation in carbon assimilation 

was still observed at canopy level. Resco de Dios et al. (2016) found a higher dilution of 

circadian regulation at canopy level in Phaseolus vulgaris. This could be explained by the 

higher LAI in Phaseolus vulgaris (7.5 m2 m-2) compared to Gossypium hirsutum (4.5 m2 m-2), 

resulting in a higher proportion of shaded leaves, further highlighting the relative importance 

of the structure of a layered canopy and the role of light availability in entraining the 

circadian clock and discerning rhythms at canopy and ecosystem scales. 

 

Gessler et al. (2017) assessed whether circadian regulation of night-time respiration of 

Phaseolus vulgaris and Gossypium hirsutum scaled from leaf to canopy level. The authors 

found canopy respiration to exhibit significant temporal sinusoidal variation under constant 

environmental conditions when exposed to a 30-hour period of constant darkness. No 

significant relationship was found between respiration and temperature, relative humidity, or 

non-structural carbohydrate content, indicating environmental cues and substrate availability 

were not responsible for the variations. The patterns in respiration observed at canopy level 

reflected leaf-level oscillations and were comparable across both species, contrasting with 

previous studies that found night-time rhythms in ecosystem gas exchange to be insignificant 

(Resco de Dios et al., 2012). The results of Gessler et al. (2017) demonstrate the circadian 

clock to modulate biosphere-atmosphere interactions across different scales, providing a new 

understanding of ecological systems that directly connects molecular mechanisms with land-
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surface processes in previously unrecognised ways. The control of leaf respiration by 

endogenous mechanisms such as the circadian clock must be accounted for in vegetation and 

earth system models to simulate ecosystem fluxes, with potentially large implications for 

studies of land-atmosphere exchange and current estimates of global carbon balance. 

 

4.4. Implications for Modelling 

 

4.4.1. Effect on Tropical and Temperate Forest Sites  

 

Most biosphere models assume that leaf and plant respiration increase exponentially with 

temperature and simulate daytime and night-time respiration equivalently. Fatichi et al. 

(2019) suggest a possible justification for the use of this very simple method to model 

respiration is that respiration is less temporally dynamic than the process of photosynthesis, 

however this theory is rebutted by the significant decline in nocturnal respiration as a 

function of time in darkness exemplified in this study (Figure 3.2. and 3.3.). The data 

collected in this investigation directly contradicts the past two decades of literature on the 

exponential relationship between temperature and respiration that invariably predicts an 

increase in leaf respiration with increasing measurement temperature (Tjoelker et al., 2001; 

Atkin and Tjoelker, 2003). This erroneous and incomplete theory of the control of plant 

respiration, upon which the exponential Q10 function to model plant respiratory CO2 efflux is 

founded, forms the basis of virtually all modern studies on plant respiration. Although it has 

been acknowledged that models using a constant Q10 are biased (Tjoelker et al., 2001) and 

there is a growing appreciation of the inadequacies of the empirically derived temperature 

function (Davidson et al., 2006), it is dangerous to continue to ignore endogenous regulation 

which may have profound impacts on predicted ecosystem carbon exchange. Plant respiration 

is fuelled by and dependent upon a range of endogenous metabolism components, however 

the individual contribution of the processes responsible for the quantitative variation found in 

nocturnal respiratory rates remains unclear. Great difficulty lies in untangling the endogenous 

mechanisms that co-regulate respiration at night to determine their separate impacts, 

preventing the development of a fully mechanistic model. Therefore, this study proposes the 

use of an empirically derived non-temperature dependent term to represent the combined 

effect of these endogenous processes on the rate of nocturnal leaf respiration that otherwise 

remains unaccounted for (Eq. 10). 
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Plant respiratory CO2 release has been identified as a major source of uncertainty in 

modelling the carbon cycle and is currently overestimated by vegetation and land surface 

models (Blyth et al., 2011; Huntingford et al., 2017). Accounting for the non-temperature 

dependency of nocturnal respiration notably reduces annual rates of modelled respiration and 

increases simulated NPP across all forest sites in this study (Figure 3.13.), contrasting with 

other recent modelling advances. Huntingford et al. (2017) applied the new R789 derived 

from the GlobResp dataset, a temperature sensitivity function and thermal acclimation 

response to JULES and found these advances to enhance plant respiration and lead to 

extremely low NPP. Contrarily, the non-temperature dependent term reduces respiration and 

increases NPP, with a particularly significant effect on tropical forest sites due to the impact 

of night length and nocturnal temperature decrease. The cumulative difference in nocturnal 

respiration due to the inclusion of non-temperature controls is likely to increase with length 

of night and slow the natural cooling of the environment (Figure 3.4). Tropical forests 

typically experience year-round warm temperatures and comparatively small ranges of 

diurnal and seasonal temperature and night length (Malhi et al., 1999). The cumulative 

difference in respiration between standard modelling (S1) and the use of the non-temperature 

dependent term (S3) was found to be most significant for tropical sites, such as French 

Guiana and China, due to greater night lengths (~12 hours) and minimal temperature change 

throughout the night (Figure 3.14). Tropical forests are responsible for approximately one 

third of global terrestrial primary productivity (Huntingford et al., 2013), therefore the 

reduction in annual respiration and increase in NPP by up to ~10 and ~16% respectively 

presents important implications for modelling the carbon exchange of tropical forest biomes. 

Temperate forest study sites, such as those in France and Italy, experience shorter nights (~10 

hours) and a greater decrease in nocturnal ambient temperatures (~10°C), indicating these 

sites are under greater temperature control, resulting in a reduced decrease in nocturnal 

respiration. Despite experiencing a low speed of cooling at night, the impact of the non-

temperature dependent term is the least significant at sites such as the US and Canada that 

experience the shortest nights of less than ~8 hours (Figure 3.14. and 3.15), indicating that 

the effect of the novel term is more dependent on night length than cooling speed. Daytime 

respiration was not considered in the development of the novel modelling approach in this 

study. The new modelling of nocturnal respiration that includes both the non-temperature 

dependent term and the temperature-dependent Q10 (S1-S5) has a significant impact on rates 

of 24-hour plant respiration, resulting in up to a 10.6% reduction in respiration and 18.7% 
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increase in NPP when integrated at the annual scale (Figure 3.13). This highlights the 

influence of the parametrisation of respiration at night on the simulation of diurnal and annual 

fluxes which has previously been overlooked. A 10% reduction in annual rates of plant 

respiration due to the new modelling of nocturnal respiration in this study suggests that the 

current estimate of global plant respiratory carbon flux (~60 Gt C yr-1; Canadell et al., 2007; 

IPCC, 2013) could be overestimated by up to ~6 Gt C yr-1. The direction of the effect of the 

non-temperature dependent term on modelled respiration and NPP is consistent across all 

biomes and forest types in this study, suggesting that models have previously overestimated 

respiration and underestimated NPP, particularly in the tropics, which may have ramifications 

for estimates of global terrestrial carbon balance and storage. To further the site-specific 

modelling presented in this study, the global impact of the non-temperature dependent term 

across all geographic regions should be assessed by running global model simulations, 

enabling the effect of the novel term on estimates of global carbon balance to be evaluated. 

 

4.4.2. Model Validation  

 

It is often suspected that incorporation of empirical time-vary functions into current models 

to represent endogenous effects is likely to lead to only limited improvements in model fit 

and predictive capacity (Resco de Dios et al., 2012). However, evaluation of the formulation 

presented in this study (Figure 3.5 to 3.8) shows that addition of the novel non-temperature 

dependent term for nocturnal respiration significantly improves predictive capacity by 

reducing the simulation of respiration, resulting in more accurate estimations of leaf 

respiration throughout the night. A statistically significant difference was found between the 

effect of the temperature-independent term on tropical and temperate forests when 

incorporated into JULES, however the ambient datasets used for model evaluation contain 

measurements of only temperate species. Furthermore, the new model, which is founded 

upon the study of predominantly broadleaf species, may not accurately represent variation in 

nocturnal respiration of needleleaf species. Differences in nocturnal respiration between these 

PFTs may result in disparities between predicted and observed values of respiration that 

persist for the needleleaf species, Picea abies (Figure 3.7 and 3.8). Additional datasets taken 

under ambient conditions from tropical forest sites and further data sets from temperate 

broadleaf species are therefore required for further model evaluation. Despite the 

shortcomings and limited availability of the datasets used to evaluate the models, application 
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of the non-temperature dependent term is found to improve overall model performance and 

reduce model bias (Figure 3.9. and 3.10.).  

 

Model evaluation shows application of a temperature-dependent Q10 to the description of leaf 

respiration causes only a minor reduction in respiratory rates at night, resulting in a model 

that still notably overestimates rates of respiration. The potential temperature-dependency of 

the Q10 function has received significant research attention (Wager, 1941; James, 1953; 

Ivanova et al., 1989; Gillooly et al., 2001; Tjoelker et al., 2001; Bruhn et al., 2002; Covey-

Crump et al. 2002; Atkin and Tjoelker, 2003), despite its relatively inconsequential effect on 

simulated rates of respiration observed in this study. The non-temperature dependent term for 

variation in nocturnal endogenous metabolism was found to generate a much larger reduction 

in predicted respiration than the temperature-dependent Q10. After incorporating the new 

R789 from GlobResp, Huntingford et al. (2017) found addition of the temperature sensitivity 

function to result in negligible changes in simulated respiration at the seven tropical forest 

sites and a minor reduction in respiration at the two temperate sites, substantiating the 

relatively inconsequential impact of the temperature-dependent Q10 found in this study 

(Figure 3.5. to 3.8). The acclimation of plant respiration to long-term changes in thermal 

environment and its impact on modelled CO2 exchange has also received wide research 

attention and has been extensively studied (Billings et al., 1971; Larigauderie and Korner, 

1995; Collier, 1996; Fitter et al., 1998; Tjoelker et al., 1999a; 1999b; Atkin et al., 2000b; 

2000c; Covey-Crump et al., 2002; Slot et al., 2014; Vanderwel et al., 2015). Atkin et al. 

(2008) found accounting for the acclimatory response of plant respiration in a land surface 

model to have a negligible impact on predicted annual rates of global respiration, NPP and 

future atmospheric CO2 concentrations. However, the authors did find acclimation to reduce 

predicted rates of respiration by up to 20% in some hot tropical regions, leading to the 

conclusion that the acclimation of respiration should always be included to model the 

response of the terrestrial carbon cycle to climate change. The impact of the non-temperature 

dependent term on rates of annual NPP in some regions obtained in this study (Figure 3.13) is 

of a similar order of magnitude to that of thermal acclimation in high-temperature biomes 

obtained by Atkin et al. (2008), with a greater overall effect on global respiration and NPP 

across all geographic locations in this study. Further addition of a thermal acclimation 

response to the study by Huntingford et al. (2017) minorly reduced respiration at the tropical 

sites and increased respiration at the temperate, cooler climate sites, London and Siberia. 

Inclusion of these functions by Huntingord et al. (2017) had a minimal overall impact on 
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simulated plant respiration across all sites in the study, especially when compared to the 

comparatively inordinate increase in respiration as a result of the new R789 which does not 

account for temporal variation in endogenous respiratory metabolism. Wythers et al. (2005) 

also investigated the consequences of including both thermal acclimation and the 

temperature-variable Q10 function from Tjoelker et al. (2001) in an ecosystem model. The 

authors found the combined effect of both algorithms to reduce annual foliar respiration by 

31-41% across the four sites in the study. A subsequent study by Wythers et al. (2013) which 

similarly incorporated both an acclimation response and a temperature-sensitive Q10 found 

the combined effect to increase NPP by an average of ~25% across the four sites. This 

increase in NPP due to the combined effect of thermal acclimation and a temperature-variable 

Q10 is of a similar order of magnitude to the impact of the non-temperature dependent term 

alone on NPP at tropical sites in this study. It also must be noted that Wythers et al. (2005; 

2013) only represent temperate North American sites in these studies, therefore the results 

reflect the combined impact of thermal acclimation and a temperature-dependent Q10 at 

temperate forest sites only. Ultimately, regulation of nocturnal respiration by temperature-

independent mechanisms may have a more consequential individual impact on simulations of 

terrestrial CO2 exchange than thermal acclimation and the temperature-dependent Q10, yet the 

non-temperature dependency of respiration has received a disproportionate amount of 

attention and efforts to measure, quantify and incorporate it in models remain scarce. The 

model evaluation presented emphasises the importance of validating the use of a non-

temperature dependent term and demonstrates that inclusion of endogenous rhythms in 

nocturnal metabolism increases the biological realism of vegetation and land-surface models. 

 

4.4.3. Modelling Considerations 

 

Several factors in the modelling approach of this study must be considered in order to 

understand potential shortcomings of the model and enable the development of future 

models. First, the term describing the non-temperature dependency of nocturnal respiration is 

constructed using data from predominantly broadleaf trees and herbaceous species and a 

small number of grasses. The significant findings of this investigation provide a rationale for 

the further study of nocturnal rhythms in other plants, such as needleleaf species, to 

determine whether the model is representative of all PFTs. Second, the novel non-

temperature dependent term is primarily founded upon the study of sunlit leaves, largely 

representative of leaves in the upper canopy exposed to a high light environment. As 
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previously discussed, there is sufficient evidence for a distinct difference in the respiration of 

sun and shade adapted plants (Noguchi and Terashima, 1997; Noguchi et al., 1996; 2001), 

signifying the need to measure and quantify temporal variation in nocturnal respiration of 

more shade-adapted leaves and understory species to ensure the model is representative of a 

layered canopy. Lastly, this study focuses exclusively on the non-temperature dependency of 

respiration at night. A principle feature of the circadian clock mechanism is that it drives 24-

hour rhythms over a diel cycle, indicating there is also likely to be temporal variation in day-

time dark respiration due to circadian clock control and other endogenous mechanisms that 

may exhibit diel oscillations. The improved Kok method, recently proposed by Buckley et al. 

(2017), could be employed to test for day-time rhythms in dark respiration in the light by 

measuring CO2 assimilation under decreasing Photosynthetic Photon Flux Density (PPFD) at 

regular intervals over the diurnal cycle. Addition of these day-time measurements to the 

existing dataset of nocturnal respiration would enable the development of a 24-hour model of 

the non-temperature dependency of plant respiration over the entire diel cycle, offering a 

further improvement to the novel non-temperature dependent term for nocturnal respiration 

proposed in this study. 

 

Datasets used to develop current models of leaf respiration assume the base rate of respiration 

is constant and do not consider the time at which measurements were taken during the diurnal 

cycle (e.g. GlobResp by Atkin et al., 2015; new model for plant respiration by Heskel et al., 

2016), thereby failing to recognise the time-dependency of respiration, the importance of 

which has been demonstrated in this investigation. Consequently, temporal variation in 

endogenous metabolism may already be partly captured by existing models. The circadian 

clock has a diurnal temporal pattern, which co-varies with temporal cues of the environment, 

therefore any model that considers variation in environmental drivers is indirectly 

incorporating circadian clock regulation (Gessler et al., 2017). Furthermore, since 

temperature and endogenous metabolic status both co-vary with time, previous research 

establishing the effect of temperature on ecosystem respiration may be confounded by 

endogenous regulation and contribute to the observation that the temperature sensitivity of 

ecosystem respiration is not constant (Gessler et al., 2017). Empirical and mechanistic 

models of respiration that already incorporate diurnal changes in temperature are thus likely 

to indirectly absorb a large portion of the variation in daily carbon exchange attributed to 

endogenous rhythms in metabolism. 
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The time-dependency of respiration was not considered in the dataset employed by Tjoelker 

et al. (2001) to develop the temperature-dependent Q10 used in this study, therefore this term 

may also erroneously capture temporal changes in endogenous metabolism. For tropical 

forest sites, which experience only a minor decrease in temperature at night, there is little 

difference between the effect of the novel non-temperature dependent term when 

incorporating the standard (Figure 3.14.) or temperature-dependent Q10 (Figure 3.15.) This is 

also evident in Figure 3.13. which shows the effect of the non-temperature dependent term on 

annual rates of respiration and NPP to be of a similar magnitude when using a fixed Q10 (S1-

S3) and temperature-dependent Q10 (S2-S4) at the tropical sites. Conversely, the effect of the 

novel term on rates of annual respiration and NPP at temperate sites, which experience a 

more significant drop in night-time temperatures (~10°C), is markedly reduced when using a 

temperature-dependent Q10, a discrepancy that is consistent across all temperate and cold 

climate sites (Figure 3.13.) In these regions that experience greater night-time temperature 

change, the decrease in respiration that occurs at night appears to be partially accounted for 

by the temperature-dependent Q10 function, thereby reducing the overall effect of the non-

temperature dependent term (Figures 3.14 and 3.15). This suggests the two terms overlap or 

interact and brings into question the validity of the temperature-dependent Q10 which has also 

been challenged by several studies reporting no temperature effect on Q10. Bruhn et al. (2008) 

found high Q10 values for Pringlea antiscorbutica to coincide with high ambient 

measurement temperatures, contrasting to the concept of the temperature-dependent Q10 that 

decreases with rising temperature (Tjoelker et al., 2001; Atkin and Tjoelker, 2003). Atkin and 

Tjoelker (2003) explained this by reduced respiratory enzyme activity at low temperatures 

and respiratory substrate limitations, however the relatively high leaf carbohydrate 

concentrations for Pringlea antiscorbutica found by Bruhn et al. (2008) may partly negate 

this theory. Further cases in the published literature found no temperature effect on Q10, such 

as for potato (Lungegardh, 1924) and Quercus and Acer species (Boldstad et al., 1999), and 

some studies show the opposite effect of increasing Q10 with increasing temperature (Stocker, 

1935). The time-dependency of respiration must be considered in future research on the 

temperature-dependent Q10 function to resolve conflicts in the literature and validate the 

concept for modelling leaf and plant respiration.  
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4.5. Consequences for Land-Atmosphere Studies 

 

It is important to consider the broader implications for studies of land-atmosphere exchange 

that rely upon the common assumption that the base rate of respiration is constant to quantify 

ecosystem carbon balance and its components. Eddy covariance micro-meterological 

techniques and ecology-based biometric methods are the two primary methodologies to 

quantify CO2 exchange between terrestrial ecosystems and the atmosphere (Campioli et al., 

2016). Eddy covariance provides continuous observations at ecosystem scale and is the 

dominant methodology for the long-term monitoring of net ecosystem-atmosphere exchange, 

however the component processes of ecosystem GPP and respiration can only be estimated 

by post-processing data. Biometric methods for assessing forest carbon balance use a set of 

techniques such as plant growth assessment and chamber-based flux measurements to 

directly estimate the component processes that are subsequently upscaled, however they lack 

the high temporal frequency and continuity of eddy covariance. The different methods to 

quantify ecosystem carbon exchange are therefore subject to different sources of error and 

uncertainty and are often cross-checked against each other for consistency and accuracy. 

 

Flux Partitioning Models (FPMs) are relied upon to separate eddy covariance NEE 

measurements into Gross Ecosystem Productivity (GEP) and Ecosystem Respiration (RE) 

and commonly follow two approaches: the extrapolation of night-time respiration 

measurements to the daytime, or the estimation of daytime respiration from light-response 

curves which is extrapolated to the night, both through the use of a temperature response 

function (Falge et al., 2001). One of the key assumptions behind this extrapolation of night-

time data to estimate daytime respiration and vice versa is that the base rate of respiration is 

constant. The annual Q10 method and the short-term exponential model developed by 

Reichstein et al. (2005) model RE as a function of temperature using the Q10 approach (Eq. 2) 

and an Arrhenius type equation from Lloyd and Taylor (1994) respectively. Both employ a 

base rate of respiration at a reference temperature and a temperature sensitivity function to 

extrapolate night-time respiration to the daytime. Other methods involve extrapolating 

respiration from light-response curves conditioned on daytime data which do not accurately 

represent the respiratory process at night and similarly use the temperature response of 

respiration for extrapolation, again assuming a constant base rate of respiration (Lasslop et 

al., 2010). Rates of GPP are subsequently calculated as the difference between measured 

NEE and modelled RE fluxes, therefore any error in estimates of RE is automatically 
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transferred to GPP and can influence understandings of terrestrial carbon flux (Luyssaert et 

al., 2009). This study has consistently shown that it is not appropriate to extrapolate night-

time respiration to estimate daytime respiratory flux or vice versa, and respiration cannot be 

accurately modelled or estimated according to temperature control alone, thereby discrediting 

the FPMs discussed and casting doubt on current estimates of ecosystem fluxes derived from 

eddy covariance methods. 

 

Flux partitioning methods can also be used to complete gaps in eddy covariance data time-

series that occur under unfavourable meteorological conditions or instrument failure in a 

process termed gap-filling, allowing estimates of ecosystem CO2 flux over long time periods 

(Falge et al., 2001; Stoy et al., 2006). Typically 20-60% of an annual eddy covariance dataset 

is missing (Moffat et al., 2007), therefore gap-filling using ill-founded FPMs driven solely by 

temperature can account for a large proportion of long-term eddy covariance datasets and 

time-series of ecosystem carbon exchange that are increasingly used for ecosystem model 

calibration and validation. 

 

Flux partitioning of eddy covariance measurements are often checked for quality and 

consistency based on comparison with biometric measurements of NPP and respiration. 

Biometric and bottom-up scaling methods for estimating autotrophic respiration use chamber-

based gas exchange measurements of leaf, stem and root respiration (Litton et al., 2007; 

Luyssaert et al., 2009; Malhi et al., 2009). The significant impact of temporal variation in 

endogenous metabolic status is currently not recognised and therefore not captured by these 

biometric studies. Further error is induced when respiration measurements are upscaled and 

integrated at the annual level using empirical models that relate respiration to temperature 

and other environmental variables (Khomik et al., 2010). Eddy covariance and bottom-up 

biometric methods for estimating ecosystem fluxes of CO2 and validating models of 

ecosystem exchange thus far fail to recognise the importance of non-temperature controls on 

rates of plant respiration, ultimately representing a fundamental issue in terrestrial biosphere 

modelling and land-atmosphere studies. 

 

4.6. Plant Respiration and Climate Change 

 

The unprecedented increase in atmospheric CO2 concentration since the industrial era is 

likely to continue into the 21st century (Faitichi et al., 2018). As a result of increasing CO2 
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levels, climatic and atmospheric conditions are expected to change dramatically throughout 

the 21st century, with widespread shifts in temperature, precipitation and nutrient availability 

(Resco de Dios et al., 2009). Due to global climate change, the diurnal temperature regimes 

experienced by plants are changing; global average temperatures are predicted to rise, with 

the increase in temperature most pronounced at night (Easterling et al., 1997; Lambers et al., 

2008; Kruse et al., 2011). Such changes are likely to have important implications for rates of 

plant respiration due to the temperature sensitivity of respiratory metabolism (Lambers et al., 

2008). Ecosystem CO2 exchange is also highly sensitive to the effects of night-time 

temperature on respiration (Houghton et al., 1998), with temperature mediated changes in 

respiration constituting an important component of the biosphere’s response to climate 

change. Anderegg et al. (2015) found interannual variability of the global land carbon sink to 

have increased by 50-100% over the past fifty years, most strongly linked to tropical night-

time warming through its effect on respiration. Night-time warming patterns are likely to 

differentially affect respiration more than photosynthesis, thereby increasing the proportion 

of carbon gained by photosynthesis that is subsequently expended by respiration, ultimately 

reducing carbon uptake (Peng et al., 2013; Xia et al., 2014). As a result, Anderegg et al. 

(2015) predict future carbon gains in tropical ecosystems may be offset by greater respiratory 

losses due to night-time warming. Tropical forests account for 33% of annual primary 

productivity of the terrestrial biosphere (Beer et al., 2010), therefore the future carbon 

balance of tropical forests has major consequences for society and the rate of climate change. 

Furthermore, respiration driven losses in forest carbon due to warming constitutes a major 

scenario through which the terrestrial carbon sink could switch to a source in the 21st century 

(Cox et al., 2000; Sitch et al., 2008; Friedlingstein et al., 2014). The findings of Anderegg et 

al. (2015) suggest the sensitivity of respiration to night-time temperatures is the primary 

mechanism driving variability of the terrestrial carbon sink. Therefore, a robust description of 

nocturnal respiration is required to accurately predict the response of terrestrial ecosystem 

carbon balance and storage to future climate change and warming and should be prioritised in 

the future development of earth system models. 

 

Unprecedented changes in human and biophysical environments have caused the terrestrial 

biosphere to gain a new political prominence in the context of climate change and the 

terrestrial carbon cycle is now anchored in international accords such as the Paris Agreement, 

for which most signatories pledged to use the land carbon sink to meet their greenhouse gas 

mitigation targets (Grassi et al., 2017). Projections of the land carbon cycle and associated 
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datasets are now relied upon by broad stakeholder communities to mitigate and adapt to 

anthropogenic climate change, including scientists, policymakers, businesses, and non-

governmental organisations (Le Quéré et al., 2018). Therefore, building the scientific 

understanding to meet the climate mitigation challenge requires a more robust quantification 

of the components of the contemporary carbon cycle and an improved capacity to anticipate 

its future evolution. There is also an urgent need for data on plant respiration in the 

agriculture industry, where more energy-efficient crops are required to improve global food 

security under climate change and an increasing global population (Scafaro et al., 2017). A 

more mechanistic understanding of the drivers of variability in rates of plant respiration is 

essential for identifying novel approaches to improve energy and carbon use efficiency in 

crop plants (O’Leary et al., 2019). Ultimately, a better understanding of the terrestrial carbon 

cycle and an improved capacity to model its underlying processes is required to reliably 

predict future climate change and support the important development of climate policies. 

Therefore, the development of a non-temperature dependent term to model nocturnal plant 

respiration and account for the important effect of endogenous mechanisms in this study 

serves a much wider and significant purpose in the current political space.  

 

4.7. Limitations  

 

It is imperative to acknowledge the limitations of this investigation and discuss the influence 

they may exert on the findings and conclusions of this study, in addition to the modelling 

considerations previously discussed. To determine the temperature response of leaf 

respiration, artificial temperature manipulations were applied to leaves enclosed in a cuvette 

while the rest of the plant remained at ambient temperature. The temperature response of 

respiration measured during whole-shoot temperature manipulation is often markedly larger 

than those measured by independently manipulating temperature inside a leaf cuvette, 

resulting in different temperature response functions when leaf temperature is uncoupled 

from ambient plant temperature. Atkin et al. (2000b) found the temperature response of 

Eucalyptus pauciflora to produce a Q10 of 2.6 when plant and leaf temperature were the 

same, compared to a Q10 of 2.1 when only leaf temperature was altered. Similarly, the Q10 of 

Populus deltoides was found to be 2.1 when leaf temperature matched the rest of the stand, 

compared to 1.7 when leaf temperature was manipulated alone, resulting in a 21% difference 

in night-time CO2 release over a 5-day period (Griffin et al., 2002). These results indicate that 

the temperature of the surrounding plant material has a notable influence on the temperature 
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response of leaf segments measured in the cuvette. To more accurately generate a 

temperature response curve, the entire plant should be subjected to changes in temperature 

using specialised chambers for whole plant respiration. As a result, the inherent Q10 values 

calculated in this study may underestimate the actual short-term temperature sensitivity of 

leaf respiration. 

 

Further limitations arise from the LI-COR 6400XT equipment used for data collection in this 

investigation. Multiple CO2 canisters were required to maintain a constant CO2 concentration 

in the leaf chamber throughout the night. Changing the cannister during night-time 

measurements at constant temperature exposed the leaf to short-term fluctuations in CO2 

concentration over the timescale of a few minutes and minorly impacted the rate of 

respiration, identifiable in plots of the raw data. Hourly averages of respiration were 

calculated to resolve this issue and stabilise the overall trend. Differentiating between the 

effect of substrate availability and the circadian clock is also beyond the capacity of the 

equipment and experimental setup used in this study due to difficulties in maintaining a 

constant environment for a 24-hour period in field experimental conditions. Furthermore, 

data collection was only possible in growing season in the UK, therefore seasonal time 

constraints minimised opportunities for data collection. 
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5. Conclusions 

 

5.1. Summary of Findings 

 

The significant decline in the rate of respiration at night under constant temperature 

conditions observed in this study demonstrates the existence of nocturnal rhythms in 

endogenous metabolism, consistent across biomes, species and experimental conditions. The 

basal rate of respiration decreased by ~40% of the initial rate at the onset of darkness due to 

temperature independent controls such as substrate availability, product demand and the 

circadian clock which were found to be responsible for approximately half of the variation in 

rates of plant respiration at night. The down-regulation of respiration at night due to control 

by endogenous mechanisms refutes the common assumption that temperature is the only 

driver of respiration over the short-term and invalidates the use of a single exponential Q10 

temperature function to model plant respiratory CO2 efflux. The headline result of this study 

is that the base rate of respiration is not constant over a 24-hour period as generally assumed 

in all modern studies and models, further proving the use of a fixed exponential Q10 function 

is insufficient to fully describe nocturnal variation in endogenous metabolism with natural 

variation in ambient temperature. The development of a new function for nocturnal leaf 

respiration demonstrates how nocturnal variation in endogenous metabolism can be 

accounted for by coupling respiration to time of night. Evaluation of the new function 

revealed the standard description for respiration to consistently overpredict rates of nocturnal 

respiration throughout the night when compared to observed values. Inclusion of the non-

temperature dependent term reduced the simulation of nocturnal respiration, improving 

overall model performance and reducing model bias in this study. Application of the term for 

the non-temperature dependency of nocturnal respiration to JULES reduced annual rates of 

modelled respiration by up to 10% and increased NPP by up to 16% across all tropical and 

temperate forest sites, suggesting that models have previously overestimated respiration and 

underestimated NPP, particularly in the tropics. The effect of the non-temperature dependent 

term on modelled respiration and NPP was found to be significantly greater than the effect of 

the widely studied temperature-dependent Q10 function and thermal acclimation response. 

Considering the significant impact of the non-temperature dependency of respiration, it has 

received a disproportionate amount of research attention and presents important implications 

for land-atmosphere studies, modelling terrestrial biosphere carbon exchange and storage, 

and global carbon balance. The findings of this study hope to stimulate further interest in this 



 

 

86 

pressing yet unexplored area of research to develop a deeper consideration of endogenous 

rhythms in plant respiratory metabolism and increase the biological realism of vegetation and 

earth system models. 

 

5.2. Future Research  

 

Progress achieved towards understanding the plant circadian clock mechanism and the 

regulation of plant respiration by substrate supply, product demand and respiratory capacity 

is remarkable, but much remains uncertain. It is critical that all future research on plant 

respiration considers the time-dependency of measurements and effort should be made to 

expand the existing dataset on the non-temperature dependency of respiration. The findings 

of this study present the opportunity to explore the expression of temperature-independent 

rhythms in respiration across PFTs and as a function of leaf canopy structure to develop a 

model that is representative of all PFTs and light environments. Furthermore, this study 

focuses exclusively on the non-temperature dependency of respiration at night. The 

investigation of day-time rhythms in dark respiration and addition of these measurements to 

the existing dataset of nocturnal respiration would enable the development of a 24-hour 

model of the non-temperature dependency of plant respiration over the entire diel cycle. This 

understanding could be coupled to models currently being developed to represent non-

structural carbohydrate storage. The urgent need to predict the impacts of climate change is 

promoting the critical re-examination of models that are ultimately the only way to forecast 

future climate change, therefore the construction of vegetation and earth system models with 

robust parametrisations of the component processes remains a priority. Expanding the 

existing dataset on the temperature independent regulation of plant respiration will clarify 

fundamental controls on plant metabolism and support the development of a more accurate 

and comprehensive description of respiration in models which has been identified as a major 

source of uncertainty in modelling the global carbon cycle. Until the non-temperature 

dependency of plant respiratory metabolism is accounted for in modelling frameworks, the 

capacity of vegetation and earth system models to simulate vegetation dynamics and carbon 

balance remains limited. 
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Appendices 

 

Appendix A – Definition of JULES parameters and symbols. 

Symbol Units Description

!!" kg C m-2 Allometric coefficient

"#$%& kg kg-1 Critical humidity deficit

#'  Rate of change of leaf turnover with temperature

$(  Stomatal conductance parameter

$dr  Leaf dark respiration coefficient

$T Q10 function for carboxylation of Rubisco

ℎ m Canopy height

)v µmol CO2 m−2 s−1 Intercept for relationship between Na and Vcmax25

+ Light extinction coefficient

L kg C m-2 Carbon content of leaf

,c m2 m-2 Canopy leaf area index

,max m2 m-2 Maximum LAI

,min m2 m-2 Minimum LAI

LMA kg m-2 Leaf mass per unit area

6a kg N m-2 Leaf nitrogen per unit area

6l kg N m-2 Leaf nitrogen content

8m kg N kg-1 Top-leaf nitrogen concentration

6r kg N m-2 Root nitrogen content

!s kg N m-2 Stem nitrogen content

ℛ kg C m-2 Carbon content of roots

Rd mol CO2 m−2 s−1 Leaf dark respiration

Rdc mol CO2 m−2 s−1 Canopy dark respiration

;) Growth respiration coefficient

rootd m e-folding root depth

Rp kg C m-2 s-1 Plant respiration

Rpg kg C m-2 s-1 Plant growth respiration

Rpm kg C m-2 s-1 Plant maintenance respiration

S kg C m-2 Carbon content of respiring stem

?v µmol CO2 g N−1 s−1 Slope between Na and Vcmax25
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!c ºC Leaf temperature

!low ºC Lower temperature parameter for Vcmax

!off ºC Threshold temperature for phenology

!opt ºC Optimal temperature Vcmax

!upp ºC Upper temperature parameter for Vcmax

*cmax mol CO2 m−2 s−1 Maximum rate of carboxylation of Rubisco at 25ºC

*cmax2 5 mol CO2 m−2 s−1 Maximum rate of carboxylation of Rubisco at 25ºC

. mol CO2 [mol PAR photons]-1 Quantum efficiency

/ Soil water stress factor

0# [360 days]-1 Minimum leaf turnover rate

0$ [360 days]-1 Leaf growth rate

1%& Constant of proportionality relating live stemwood to 
canopy height and leaf area

2rl  Ratio of nitrogen concentrations in root and leaves

2sl  Ratio of nitrogen concentrations in stem and leaves

ΠG kg C m-2 s-1 Gross primary productivity

7& kg C m-1 per unit LAI Specific leaf density
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Appendix B – Replicate level R2 and MSE values for each function. 
Power Exponential Linear x & ln(y) Linear ln(x) & ln(y)

Species Replicate R2 MSE R2 MSE R2 MSE R2 MSE
Astronium graveolens 1 0.6126 0.0131 0.6206 0.0127 0.5715 0.0228 0.6243 0.0200

2 0.0290 0.0208 0.1458 0.0183 0.1440 0.0161 0.0896 0.0171

3 0.7163 0.0042 0.7360 0.0037 0.7200 0.0048 0.7136 0.0050

Castilla elastica 1 0.9372 0.0007 0.9069 0.0010 0.9132 0.0014 0.9377 0.0010

2 0.8787 0.0022 0.7605 0.0043 0.7286 0.0081 0.9092 0.0027

3 0.8678 0.0013 0.7464 0.0024 0.7328 0.0036 0.8917 0.0015

4 0.8334 0.0014 0.8011 0.0016 0.7766 0.0025 0.8223 0.0020

Cecropia longipes 1 0.8760 0.0058 0.8840 0.0054 0.8172 0.0210 0.8576 0.0163

2 0.9537 0.0017 0.9528 0.0018 0.9509 0.0040 0.8881 0.0090

3 0.9080 0.0033 0.8784 0.0044 0.8267 0.0140 0.9199 0.0065

4 0.9067 0.0036 0.8923 0.0041 0.8934 0.0087 0.7867 0.0173

5 0.7731 0.0152 0.7317 0.0190 0.5268 0.1096 0.7292 0.0627

6 0.0095 0.0327 0.3045 0.0230 0.2934 0.0196 0.2287 0.0214

Chrysophyllum cainito 1 0.8201 0.0035 0.7542 0.0048 0.7068 0.0097 0.8287 0.0057

2 0.8776 0.0019 0.7779 0.0034 0.7360 0.0064 0.8978 0.0025

3 0.6585 0.0015 0.6593 0.0015 0.6701 0.0015 0.5320 0.0022

4 0.8915 0.0025 0.7815 0.0050 0.7589 0.0108 0.8894 0.0050

5 0.9419 0.0010 0.9432 0.0010 0.9415 0.0017 0.8473 0.0043

6 0.9336 0.0021 0.9398 0.0019 0.9325 0.0043 0.8817 0.0075

7 0.3987 0.0050 0.3935 0.0050 0.3788 0.0062 0.4054 0.0059

8 0.6973 0.0061 0.5912 0.0082 0.5121 0.0164 0.6972 0.0102

9 0.6996 0.0071 0.7110 0.0067 0.6352 0.0142 0.6491 0.0136

Forsythia 1 0.9625 0.0003 0.9629 0.0002 0.9600 0.0003 0.9180 0.0007

2 0.7575 0.0005 0.7530 0.0005 0.7472 0.0006 0.6405 0.0008

3 0.8204 0.0004 0.5558 0.0008 0.5764 0.0008 0.3105 0.0013

4 0.9884 0.0002 0.8597 0.0020 0.8719 0.0026 0.6179 0.0077

5 0.9521 0.0009 0.9550 0.0008 0.9510 0.0014 0.9292 0.0020

6 0.9332 0.0017 0.9319 0.0015 0.9453 0.0017 0.7801 0.0069

Hedera helix 1 0.9324 0.0025 0.9349 0.0024 0.9387 0.0042 0.8107 0.0130

2 0.7199 0.0041 0.7558 0.0031 0.7783 0.0032 0.6826 0.0046

Heliconia 1 0.7847 0.0114 0.8071 0.0100 0.8003 0.0205 0.7684 0.0238

2 0.6762 0.0090 0.6810 0.0087 0.6711 0.0140 0.6395 0.0154

3 0.8788 0.0047 0.8843 0.0044 0.8108 0.0162 0.8486 0.0129

Inga villosissima 1 0.8982 0.0024 0.9018 0.0023 0.8766 0.0050 0.8732 0.0051

2 0.8862 0.0012 0.8879 0.0011 0.8750 0.0017 0.8631 0.0018

3 0.7249 0.0024 0.7113 0.0025 0.6999 0.0038 0.6820 0.0040

4 0.7140 0.0016 0.7050 0.0016 0.6803 0.0022 0.6942 0.0021

5 0.4940 0.0068 0.4824 0.0070 0.4968 0.0084 0.3893 0.0102

6 0.4677 0.0028 0.4429 0.0028 0.4198 0.0033 0.5017 0.0028

7 0.8897 0.0015 0.7635 0.0032 0.7263 0.0059 0.9157 0.0018

8 0.7647 0.0005 0.7259 0.0005 0.7308 0.0006 0.7375 0.0006

Luehea seemannii 1 0.9395 0.0021 0.6595 0.0115 0.6917 0.0198 0.4450 0.0356

2 0.8435 0.0005 0.8364 0.0005 0.8375 0.0006 0.8019 0.0007

3 0.9091 0.0014 0.8548 0.0022 0.8286 0.0042 0.9304 0.0017

4 0.6149 0.0038 0.6590 0.0029 0.6722 0.0029 0.5472 0.0040

5 0.7898 0.0015 0.5424 0.0032 0.5065 0.0048 0.7714 0.0022

Miconia 1 0.8466 0.0034 0.6737 0.0073 0.6167 0.0162 0.8332 0.0071

2 0.7876 0.0049 0.7466 0.0058 0.6976 0.0144 0.7333 0.0127

Musa 1 0.6266 0.0064 0.6218 0.0064 0.5662 0.0105 0.6216 0.0092

2 0.8286 0.0042 0.6908 0.0077 0.6012 0.0207 0.8072 0.0100

3 0.3944 0.0057 0.2439 0.0071 0.2094 0.0106 0.3720 0.0084

4 0.8268 0.0062 0.8593 0.0045 0.8556 0.0070 0.7757 0.0108

5 0.5764 0.0027 0.5702 0.0027 0.5561 0.0035 0.5523 0.0035

Oryza sativa 1 0.9910 0.0003 0.9336 0.0020 0.9219 0.0041 0.9943 0.0003

Quercus humboldtii 1 0.7480 0.0008 0.7628 0.0007 0.7683 0.0007 0.6240 0.0012

2 0.9547 0.0003 0.8564 0.0011 0.8599 0.0015 0.9540 0.0005

3 0.9531 0.0009 0.9560 0.0008 0.9648 0.0011 0.8636 0.0041

Tabebuia rosea 1 0.9123 0.0006 0.4433 0.0040 0.4323 0.0060 0.7119 0.0031

Triticum aestivum 1 0.9368 0.0016 0.3359 0.0171 0.3597 0.0284 0.6057 0.0175

2 0.8408 0.0054 0.3939 0.0204 0.4003 0.0384 0.6399 0.0230

3 0.9346 0.0028 0.8815 0.0051 0.9157 0.0080 0.9735 0.0025

4 0.9866 0.0007 0.9703 0.0016 0.9840 0.0023 0.9793 0.0030

5 0.9967 0.0002 0.9978 0.0001 0.9989 0.0001 0.9380 0.0079

6 0.9791 0.0011 0.4075 0.0326 0.3390 0.0771 0.5673 0.0505

Unidentified 1 0.8556 0.0047 0.8809 0.0036 0.8790 0.0056 0.8166 0.0085
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Power Exponential Linear x & ln(y) Linear ln(x) & ln(y)
Species Replicate R2 MSE R2 MSE R2 MSE R2 MSE

Astronium graveolens 1 0.6126 0.0131 0.6206 0.0127 0.5715 0.0228 0.6243 0.0200

2 0.0290 0.0208 0.1458 0.0183 0.1440 0.0161 0.0896 0.0171

3 0.7163 0.0042 0.7360 0.0037 0.7200 0.0048 0.7136 0.0050

Castilla elastica 1 0.9372 0.0007 0.9069 0.0010 0.9132 0.0014 0.9377 0.0010

2 0.8787 0.0022 0.7605 0.0043 0.7286 0.0081 0.9092 0.0027

3 0.8678 0.0013 0.7464 0.0024 0.7328 0.0036 0.8917 0.0015

4 0.8334 0.0014 0.8011 0.0016 0.7766 0.0025 0.8223 0.0020

Cecropia longipes 1 0.8760 0.0058 0.8840 0.0054 0.8172 0.0210 0.8576 0.0163

2 0.9537 0.0017 0.9528 0.0018 0.9509 0.0040 0.8881 0.0090

3 0.9080 0.0033 0.8784 0.0044 0.8267 0.0140 0.9199 0.0065

4 0.9067 0.0036 0.8923 0.0041 0.8934 0.0087 0.7867 0.0173

5 0.7731 0.0152 0.7317 0.0190 0.5268 0.1096 0.7292 0.0627

6 0.0095 0.0327 0.3045 0.0230 0.2934 0.0196 0.2287 0.0214

Chrysophyllum cainito 1 0.8201 0.0035 0.7542 0.0048 0.7068 0.0097 0.8287 0.0057

2 0.8776 0.0019 0.7779 0.0034 0.7360 0.0064 0.8978 0.0025

3 0.6585 0.0015 0.6593 0.0015 0.6701 0.0015 0.5320 0.0022

4 0.8915 0.0025 0.7815 0.0050 0.7589 0.0108 0.8894 0.0050

5 0.9419 0.0010 0.9432 0.0010 0.9415 0.0017 0.8473 0.0043

6 0.9336 0.0021 0.9398 0.0019 0.9325 0.0043 0.8817 0.0075

7 0.3987 0.0050 0.3935 0.0050 0.3788 0.0062 0.4054 0.0059

8 0.6973 0.0061 0.5912 0.0082 0.5121 0.0164 0.6972 0.0102

9 0.6996 0.0071 0.7110 0.0067 0.6352 0.0142 0.6491 0.0136

Forsythia 1 0.9625 0.0003 0.9629 0.0002 0.9600 0.0003 0.9180 0.0007

2 0.7575 0.0005 0.7530 0.0005 0.7472 0.0006 0.6405 0.0008

3 0.8204 0.0004 0.5558 0.0008 0.5764 0.0008 0.3105 0.0013

4 0.9884 0.0002 0.8597 0.0020 0.8719 0.0026 0.6179 0.0077

5 0.9521 0.0009 0.9550 0.0008 0.9510 0.0014 0.9292 0.0020

6 0.9332 0.0017 0.9319 0.0015 0.9453 0.0017 0.7801 0.0069

Hedera helix 1 0.9324 0.0025 0.9349 0.0024 0.9387 0.0042 0.8107 0.0130

2 0.7199 0.0041 0.7558 0.0031 0.7783 0.0032 0.6826 0.0046

Heliconia 1 0.7847 0.0114 0.8071 0.0100 0.8003 0.0205 0.7684 0.0238

2 0.6762 0.0090 0.6810 0.0087 0.6711 0.0140 0.6395 0.0154

3 0.8788 0.0047 0.8843 0.0044 0.8108 0.0162 0.8486 0.0129

Inga villosissima 1 0.8982 0.0024 0.9018 0.0023 0.8766 0.0050 0.8732 0.0051

2 0.8862 0.0012 0.8879 0.0011 0.8750 0.0017 0.8631 0.0018

3 0.7249 0.0024 0.7113 0.0025 0.6999 0.0038 0.6820 0.0040

4 0.7140 0.0016 0.7050 0.0016 0.6803 0.0022 0.6942 0.0021

5 0.4940 0.0068 0.4824 0.0070 0.4968 0.0084 0.3893 0.0102

6 0.4677 0.0028 0.4429 0.0028 0.4198 0.0033 0.5017 0.0028

7 0.8897 0.0015 0.7635 0.0032 0.7263 0.0059 0.9157 0.0018

8 0.7647 0.0005 0.7259 0.0005 0.7308 0.0006 0.7375 0.0006

Luehea seemannii 1 0.9395 0.0021 0.6595 0.0115 0.6917 0.0198 0.4450 0.0356

2 0.8435 0.0005 0.8364 0.0005 0.8375 0.0006 0.8019 0.0007

3 0.9091 0.0014 0.8548 0.0022 0.8286 0.0042 0.9304 0.0017

4 0.6149 0.0038 0.6590 0.0029 0.6722 0.0029 0.5472 0.0040

5 0.7898 0.0015 0.5424 0.0032 0.5065 0.0048 0.7714 0.0022

Miconia 1 0.8466 0.0034 0.6737 0.0073 0.6167 0.0162 0.8332 0.0071

2 0.7876 0.0049 0.7466 0.0058 0.6976 0.0144 0.7333 0.0127

Musa 1 0.6266 0.0064 0.6218 0.0064 0.5662 0.0105 0.6216 0.0092

2 0.8286 0.0042 0.6908 0.0077 0.6012 0.0207 0.8072 0.0100

3 0.3944 0.0057 0.2439 0.0071 0.2094 0.0106 0.3720 0.0084

4 0.8268 0.0062 0.8593 0.0045 0.8556 0.0070 0.7757 0.0108

5 0.5764 0.0027 0.5702 0.0027 0.5561 0.0035 0.5523 0.0035

Oryza sativa 1 0.9910 0.0003 0.9336 0.0020 0.9219 0.0041 0.9943 0.0003

Quercus humboldtii 1 0.7480 0.0008 0.7628 0.0007 0.7683 0.0007 0.6240 0.0012

2 0.9547 0.0003 0.8564 0.0011 0.8599 0.0015 0.9540 0.0005

3 0.9531 0.0009 0.9560 0.0008 0.9648 0.0011 0.8636 0.0041

Tabebuia rosea 1 0.9123 0.0006 0.4433 0.0040 0.4323 0.0060 0.7119 0.0031

Triticum aestivum 1 0.9368 0.0016 0.3359 0.0171 0.3597 0.0284 0.6057 0.0175

2 0.8408 0.0054 0.3939 0.0204 0.4003 0.0384 0.6399 0.0230

3 0.9346 0.0028 0.8815 0.0051 0.9157 0.0080 0.9735 0.0025

4 0.9866 0.0007 0.9703 0.0016 0.9840 0.0023 0.9793 0.0030

5 0.9967 0.0002 0.9978 0.0001 0.9989 0.0001 0.9380 0.0079

6 0.9791 0.0011 0.4075 0.0326 0.3390 0.0771 0.5673 0.0505

Unidentified 1 0.8556 0.0047 0.8809 0.0036 0.8790 0.0056 0.8166 0.0085
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Appendix C – Species level R2 and MSE values for each function. 

 
 
Appendix D – R2 and MSE values for each function fitted to all data and data grouped 
according to biome and experimental conditions.    

Power Exponential Linear x & ln(y) Linear ln(x) & ln(y)

Species R2 MSE R2 MSE R2 MSE R2 MSE

Alocasia macrorrhiza 0.9728 0.0001 0.8987 0.0002 0.8963 0.0003 0.9827 0.0000

Alocasia odora 0.5923 0.0022 0.4514 0.0030 0.4516 0.0039 0.5328 0.0033

Astronium graveolens 0.5987 0.0086 0.6312 0.0073 0.6275 0.0089 0.5699 0.0103

Castilla elastica 0.9261 0.0008 0.8462 0.0016 0.8411 0.0025 0.9572 0.0007

Cecropia longipes 0.7290 0.0076 0.6352 0.0103 0.5194 0.0262 0.7187 0.0154

Chrysophyllum cainito 0.9348 0.0010 0.9011 0.0015 0.8926 0.0026 0.9418 0.0014

Eucalyptus camaldulensis 0.9750 0.0010 0.4425 0.0216 0.4562 0.0383 0.5879 0.0291

Flaveria linearis 1.0000 0.0000 0.9034 0.0006 0.9119 0.0007 0.9974 0.0000

Forsythia 0.9945 0.0000 0.9854 0.0001 0.9879 0.0001 0.8283 0.0018

Gossypium 0.8096 0.0074 0.3729 0.0243 0.2315 0.0548 0.5068 0.0352

Halimium halimifolium 0.8989 0.0049 0.8612 0.0067 0.8985 0.0120 0.9239 0.0090

Hedera helix 0.7481 0.0054 0.7682 0.0047 0.7389 0.0074 0.7262 0.0078

Heliconia 0.8817 0.0042 0.8939 0.0036 0.8872 0.0070 0.8714 0.0080

Hordeum vulgare 0.9809 0.0008 0.9464 0.0022 0.9576 0.0056 0.9263 0.0097

Inga villosissima 0.9227 0.0006 0.9041 0.0007 0.8931 0.0010 0.9089 0.0009

Luehea seemannii 0.9080 0.0008 0.9070 0.0008 0.8869 0.0013 0.8487 0.0018

Miconia 0.9022 0.0020 0.7905 0.0043 0.7385 0.0106 0.8688 0.0053

Musa 0.8098 0.0026 0.7706 0.0030 0.7296 0.0052 0.8314 0.0032

Phaseolus vulgaris 0.9057 0.0032 0.8996 0.0034 0.8994 0.0065 0.7523 0.0161

Quercus humboldtii 0.9420 0.0006 0.9413 0.0006 0.9365 0.0009 0.8322 0.0024

Spinacia oleracea 0.9066 0.0026 0.8762 0.0035 0.8669 0.0062 0.9263 0.0034

Triticum aestivum 0.8174 0.0072 0.5683 0.0172 0.5043 0.0472 0.7199 0.0266

Power Exponential Linear x & ln(y) Linear ln(x) & ln(y)

R2 MSE R2 MSE R2 MSE R2 MSE

Tropical 0.5533 0.0096 0.5260 0.0102 0.4646 0.0195 0.5164 0.0176

Temperate 0.4823 0.0226 0.4354 0.0247 0.3710 0.0649 0.4075 0.0611

Lab 0.4967 0.0244 0.3633 0.0318 0.3160 0.0780 0.3587 0.0311

Field 0.5733 0.0091 0.5567 0.0095 0.4948 0.0182 0.5323 0.0168

All 0.4579 0.0169 0.4096 0.0182 0.3374 0.0421 0.3733 0.0399
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Appendix E – Nocturnal respiration data collected under constant temperature conditions for 
this study and extracted from the existing literature. 

Column1Reference Species Biome Replicate
Time (hours since 
onset of darkness)

Temperature 
(C)

RTo/RTo-initial
Raw respiration

(µmol CO2 m-2 s-1)
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 1 0 25 1.00 17.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 1 1.5 25 1.00 17.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 1 5 25 0.85 14.50
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 1 11 25 1.00 17.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 2 0 25 1.00 13.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 2 1.5 25 1.08 14.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 2 5 25 1.08 14.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 2 11 25 1.00 13.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 3 0 25 1.00 14.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 3 1.5 25 0.82 11.50
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 3 5 25 0.79 11.00
Noguchi et al. 1996 Alocasia macrorrhiza Tropical 3 11 25 0.64 9.00
Noguchi & Terashima 1997 Alocasia odora Tropical 1 0 20 1.00 25.00
Noguchi & Terashima 1997 Alocasia odora Tropical 1 1.5 20 0.86 21.50
Noguchi & Terashima 1997 Alocasia odora Tropical 1 3 20 0.80 20.00
Noguchi & Terashima 1997 Alocasia odora Tropical 1 11 20 0.78 19.50
Noguchi et al. 2001 Alocasia odora Tropical 2 0 20 1.00 35.00
Noguchi et al. 2001 Alocasia odora Tropical 2 2 20 0.93 32.50
Noguchi et al. 2001 Alocasia odora Tropical 2 5 20 0.93 32.50
Noguchi et al. 2001 Alocasia odora Tropical 2 10 20 0.83 29.00
Bunce 2007 Amaranthus hypochondriacus Tropical 1 0 20 1.00 1.20
Bunce 2007 Amaranthus hypochondriacus Tropical 1 8 20 1.00 1.20
Bunce 2007 Amaranthus hypochondriacus Tropical 2 0 25 1.00 2.00
Bunce 2007 Amaranthus hypochondriacus Tropical 2 8 25 0.70 1.40
Bunce 2007 Amaranthus hypochondriacus Tropical 3 0 30 1.00 3.10
Bunce 2007 Amaranthus hypochondriacus Tropical 3 8 30 0.52 1.60
Bunce 2007 Amaranthus hypochondriacus Tropical 4 0 35 1.00 4.20
Bunce 2007 Amaranthus hypochondriacus Tropical 4 8 35 0.38 1.60
Bunce 2007 Amaranthus hypochondriacus Tropical 5 0 20 1.00 1.30
Bunce 2007 Amaranthus hypochondriacus Tropical 5 8 20 0.92 1.20
Bunce 2007 Amaranthus hypochondriacus Tropical 6 0 30 1.00 2.10
Bunce 2007 Amaranthus hypochondriacus Tropical 6 8 30 0.71 1.50
O'Leary et al. 2017 Arabidopsis thaliana Temperate 1 0 17 1.00 55.00
O'Leary et al. 2017 Arabidopsis thaliana Temperate 1 1 17 1.02 56.00
O'Leary et al. 2017 Arabidopsis thaliana Temperate 1 5 17 1.10 60.50
O'Leary et al. 2017 Arabidopsis thaliana Temperate 1 14 17 0.96 53.00
O'Leary et al. 2017 Arabidopsis thaliana Temperate 2 0 17 1.00 27.50
O'Leary et al. 2017 Arabidopsis thaliana Temperate 2 1 17 1.00 27.50
O'Leary et al. 2017 Arabidopsis thaliana Temperate 2 5 17 1.05 29.00
O'Leary et al. 2017 Arabidopsis thaliana Temperate 2 14 17 1.09 30.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 3 0 20 1.00 84.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 3 1 20 0.60 50.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 3 3 20 0.60 50.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 3 11 20 0.54 45.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 4 0 20 1.00 80.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 4 1 20 0.63 50.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 4 3 20 0.29 23.00
Trethewey & ap Rees 1994 Arabidopsis thaliana Temperate 4 11 20 0.50 40.00
Watanabe et al. 2014 Arabidopsis thaliana Temperate 5 0 23 1.00 49.50
Watanabe et al. 2014 Arabidopsis thaliana Temperate 5 9 23 0.69 34.00
Watanabe et al. 2014 Arabidopsis thaliana Temperate 6 0 23 1.00 51.50
Watanabe et al. 2014 Arabidopsis thaliana Temperate 6 9 23 0.81 41.50
Slot (unpublished) Astronium graveolens Tropical 1 0 25 1.00 0.47
Slot (unpublished) Astronium graveolens Tropical 1 1 25 1.05 0.49
Slot (unpublished) Astronium graveolens Tropical 1 2 25 0.79 0.37
Slot (unpublished) Astronium graveolens Tropical 1 3 25 1.08 0.51
Slot (unpublished) Astronium graveolens Tropical 1 4 25 0.78 0.37
Slot (unpublished) Astronium graveolens Tropical 1 5 25 0.70 0.33
Slot (unpublished) Astronium graveolens Tropical 1 6 25 0.58 0.27
Slot (unpublished) Astronium graveolens Tropical 1 7 25 0.56 0.26
Slot (unpublished) Astronium graveolens Tropical 1 8 25 0.56 0.26
Slot (unpublished) Astronium graveolens Tropical 1 9 25 0.60 0.28
Slot (unpublished) Astronium graveolens Tropical 1 10 25 0.67 0.32
Slot (unpublished) Astronium graveolens Tropical 1 11 25 0.69 0.32
Slot (unpublished) Astronium graveolens Tropical 2 0 25 1.00 0.35
Slot (unpublished) Astronium graveolens Tropical 2 1 25 1.23 0.43
Slot (unpublished) Astronium graveolens Tropical 2 2 25 1.18 0.41
Slot (unpublished) Astronium graveolens Tropical 2 3 25 1.34 0.47
Slot (unpublished) Astronium graveolens Tropical 2 4 25 1.18 0.41
Slot (unpublished) Astronium graveolens Tropical 2 5 25 0.94 0.33
Slot (unpublished) Astronium graveolens Tropical 2 6 25 0.93 0.33
Slot (unpublished) Astronium graveolens Tropical 2 7 25 1.06 0.37
Slot (unpublished) Astronium graveolens Tropical 2 8 25 0.83 0.29
Slot (unpublished) Astronium graveolens Tropical 2 9 25 1.00 0.35
Slot (unpublished) Astronium graveolens Tropical 2 10 25 1.17 0.41
Slot (unpublished) Astronium graveolens Tropical 3 0 25 1.00 0.74
Slot (unpublished) Astronium graveolens Tropical 3 1 25 1.08 0.79
Slot (unpublished) Astronium graveolens Tropical 3 2 25 1.03 0.76
Slot (unpublished) Astronium graveolens Tropical 3 3 25 1.01 0.74
Slot (unpublished) Astronium graveolens Tropical 3 4 25 0.85 0.62

(ºC) (arbitrary units)
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Slot (unpublished) Astronium graveolens Tropical 3 5 25 0.79 0.58
Slot (unpublished) Astronium graveolens Tropical 3 6 25 0.76 0.56
Slot (unpublished) Astronium graveolens Tropical 3 7 25 0.80 0.59
Slot (unpublished) Astronium graveolens Tropical 3 8 25 0.76 0.56
Slot (unpublished) Astronium graveolens Tropical 3 9 25 0.85 0.63
Slot (unpublished) Astronium graveolens Tropical 3 10 25 0.76 0.56
Slot (unpublished) Astronium graveolens Tropical 3 11 25 0.75 0.55
Fondy & Geiger 1982 Beta vulgaris Temperate 1 0 1.00 5.00
Fondy & Geiger 1982 Beta vulgaris Temperate 1 9.5 0.30 1.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 1 0 5 1.00 58.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 1 5 5 1.00 58.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 2 0 5 1.00 33.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 2 5 5 1.39 46.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 3 0 5 1.00 59.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 3 5 5 1.03 61.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 4 0 5 1.00 58.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 4 5 5 0.80 47.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 5 0 5 1.00 53.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 5 5 5 0.86 46.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 6 0 5 1.00 47.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 6 5 5 0.96 45.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 7 0 5 1.00 61.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 7 6 5 0.53 32.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 8 0 5 1.00 51.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 8 6 5 0.79 40.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 9 0 15 1.00 36.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 9 5 15 1.33 48.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 10 0 15 1.00 34.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 10 5 15 1.07 36.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 11 0 15 1.00 47.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 11 5 15 0.84 40.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 12 0 15 1.00 51.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 12 5 15 0.57 29.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 13 0 15 1.00 47.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 13 5 15 0.81 38.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 14 0 15 1.00 23.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 14 5 15 1.49 35.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 15 0 15 1.00 51.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 15 6 15 0.68 35.00
McCutchan & Monson 2001 Bistorta bistortoides Temperate 16 0 15 1.00 39.50
McCutchan & Monson 2001 Bistorta bistortoides Temperate 16 6 15 0.70 27.50
McCutchan & Monson 2001 Campanula rotundifolia Temperate 1 0 5 1.00 71.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 1 6 5 0.67 47.50
McCutchan & Monson 2001 Campanula rotundifolia Temperate 2 0 5 1.00 80.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 2 6 5 0.62 49.50
McCutchan & Monson 2001 Campanula rotundifolia Temperate 3 0 5 1.00 55.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 3 6 5 1.13 62.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 4 0 5 1.00 62.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 4 6 5 0.87 54.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 5 0 15 1.00 58.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 5 6 15 0.83 48.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 6 0 15 1.00 64.50
McCutchan & Monson 2001 Campanula rotundifolia Temperate 6 6 15 0.75 48.50
McCutchan & Monson 2001 Campanula rotundifolia Temperate 7 0 15 1.00 56.50
McCutchan & Monson 2001 Campanula rotundifolia Temperate 7 6 15 0.86 48.50
McCutchan & Monson 2001 Campanula rotundifolia Temperate 8 0 15 1.00 47.00
McCutchan & Monson 2001 Campanula rotundifolia Temperate 8 6 15 1.11 52.00
Slot (unpublished) Castilla elastica Tropical 1 0 25 1.00 0.34
Slot (unpublished) Castilla elastica Tropical 1 1 25 1.00 0.34
Slot (unpublished) Castilla elastica Tropical 1 2 25 0.84 0.29
Slot (unpublished) Castilla elastica Tropical 1 3 25 0.83 0.28
Slot (unpublished) Castilla elastica Tropical 1 4 25 0.83 0.28
Slot (unpublished) Castilla elastica Tropical 1 5 25 0.79 0.27
Slot (unpublished) Castilla elastica Tropical 1 6 25 0.78 0.26
Slot (unpublished) Castilla elastica Tropical 1 7 25 0.73 0.25
Slot (unpublished) Castilla elastica Tropical 1 8 25 0.72 0.24
Slot (unpublished) Castilla elastica Tropical 1 9 25 0.72 0.24
Slot (unpublished) Castilla elastica Tropical 1 10 25 0.67 0.23
Slot (unpublished) Castilla elastica Tropical 1 11 25 0.68 0.23
Slot (unpublished) Castilla elastica Tropical 2 0 25 1.00 0.35
Slot (unpublished) Castilla elastica Tropical 2 1 25 0.95 0.34
Slot (unpublished) Castilla elastica Tropical 2 2 25 0.78 0.27
Slot (unpublished) Castilla elastica Tropical 2 3 25 0.71 0.25
Slot (unpublished) Castilla elastica Tropical 2 4 25 0.68 0.24
Slot (unpublished) Castilla elastica Tropical 2 5 25 0.61 0.21
Slot (unpublished) Castilla elastica Tropical 2 6 25 0.65 0.23
Slot (unpublished) Castilla elastica Tropical 2 7 25 0.59 0.21
Slot (unpublished) Castilla elastica Tropical 2 8 25 0.63 0.22
Slot (unpublished) Castilla elastica Tropical 2 9 25 0.60 0.21
Slot (unpublished) Castilla elastica Tropical 2 10 25 0.62 0.22
Slot (unpublished) Castilla elastica Tropical 2 11 25 0.60 0.21
Slot (unpublished) Castilla elastica Tropical 3 0 25 1.00 0.26
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Slot (unpublished) Castilla elastica Tropical 3 1 25 0.96 0.25
Slot (unpublished) Castilla elastica Tropical 3 2 25 0.85 0.22
Slot (unpublished) Castilla elastica Tropical 3 3 25 0.78 0.20
Slot (unpublished) Castilla elastica Tropical 3 4 25 0.73 0.19
Slot (unpublished) Castilla elastica Tropical 3 5 25 0.79 0.21
Slot (unpublished) Castilla elastica Tropical 3 6 25 0.72 0.19
Slot (unpublished) Castilla elastica Tropical 3 7 25 0.76 0.20
Slot (unpublished) Castilla elastica Tropical 3 8 25 0.71 0.18
Slot (unpublished) Castilla elastica Tropical 3 9 25 0.73 0.19
Slot (unpublished) Castilla elastica Tropical 3 10 25 0.69 0.18
Slot (unpublished) Castilla elastica Tropical 3 11 25 0.72 0.19
Slot (unpublished) Castilla elastica Tropical 4 0 25 1.00 0.26
Slot (unpublished) Castilla elastica Tropical 4 1 25 0.98 0.26
Slot (unpublished) Castilla elastica Tropical 4 2 25 0.88 0.23
Slot (unpublished) Castilla elastica Tropical 4 3 25 0.93 0.24
Slot (unpublished) Castilla elastica Tropical 4 4 25 0.86 0.22
Slot (unpublished) Castilla elastica Tropical 4 5 25 0.80 0.21
Slot (unpublished) Castilla elastica Tropical 4 6 25 0.79 0.21
Slot (unpublished) Castilla elastica Tropical 4 7 25 0.72 0.19
Slot (unpublished) Castilla elastica Tropical 4 8 25 0.82 0.21
Slot (unpublished) Castilla elastica Tropical 4 9 25 0.78 0.20
Slot (unpublished) Castilla elastica Tropical 4 10 25 0.72 0.19
Slot (unpublished) Castilla elastica Tropical 4 11 25 0.77 0.20
Slot (unpublished) Cecropia longipes Tropical 1 0 25 1.00 0.33
Slot (unpublished) Cecropia longipes Tropical 1 1 25 0.93 0.31
Slot (unpublished) Cecropia longipes Tropical 1 2 25 0.81 0.27
Slot (unpublished) Cecropia longipes Tropical 1 3 25 0.79 0.26
Slot (unpublished) Cecropia longipes Tropical 1 4 25 0.60 0.20
Slot (unpublished) Cecropia longipes Tropical 1 5 25 0.41 0.14
Slot (unpublished) Cecropia longipes Tropical 1 6 25 0.43 0.14
Slot (unpublished) Cecropia longipes Tropical 1 7 25 0.51 0.17
Slot (unpublished) Cecropia longipes Tropical 1 8 25 0.46 0.15
Slot (unpublished) Cecropia longipes Tropical 1 9 25 0.43 0.14
Slot (unpublished) Cecropia longipes Tropical 1 10 25 0.44 0.15
Slot (unpublished) Cecropia longipes Tropical 1 11 25 0.37 0.12
Slot (unpublished) Cecropia longipes Tropical 2 0 25 1.00 0.30
Slot (unpublished) Cecropia longipes Tropical 2 1 25 0.87 0.26
Slot (unpublished) Cecropia longipes Tropical 2 2 25 0.65 0.19
Slot (unpublished) Cecropia longipes Tropical 2 3 25 0.68 0.20
Slot (unpublished) Cecropia longipes Tropical 2 4 25 0.52 0.16
Slot (unpublished) Cecropia longipes Tropical 2 5 25 0.43 0.13
Slot (unpublished) Cecropia longipes Tropical 3 0 25 1.00 0.48
Slot (unpublished) Cecropia longipes Tropical 3 1 25 0.92 0.44
Slot (unpublished) Cecropia longipes Tropical 3 2 25 0.79 0.38
Slot (unpublished) Cecropia longipes Tropical 3 3 25 0.65 0.31
Slot (unpublished) Cecropia longipes Tropical 3 4 25 0.56 0.27
Slot (unpublished) Cecropia longipes Tropical 3 5 25 0.60 0.29
Slot (unpublished) Cecropia longipes Tropical 3 6 25 0.44 0.21
Slot (unpublished) Cecropia longipes Tropical 3 7 25 0.46 0.22
Slot (unpublished) Cecropia longipes Tropical 3 8 25 0.48 0.23
Slot (unpublished) Cecropia longipes Tropical 3 9 25 0.46 0.22
Slot (unpublished) Cecropia longipes Tropical 3 10 25 0.48 0.23
Slot (unpublished) Cecropia longipes Tropical 3 11 25 0.43 0.20
Slot (unpublished) Cecropia longipes Tropical 4 0 25 1.00 0.30
Slot (unpublished) Cecropia longipes Tropical 4 1 25 0.92 0.27
Slot (unpublished) Cecropia longipes Tropical 4 2 25 0.68 0.20
Slot (unpublished) Cecropia longipes Tropical 4 3 25 0.77 0.23
Slot (unpublished) Cecropia longipes Tropical 4 4 25 0.56 0.17
Slot (unpublished) Cecropia longipes Tropical 4 5 25 0.44 0.13
Slot (unpublished) Cecropia longipes Tropical 5 0 25 1.00 0.36
Slot (unpublished) Cecropia longipes Tropical 5 1 25 0.88 0.31
Slot (unpublished) Cecropia longipes Tropical 5 2 25 0.31 0.11
Slot (unpublished) Cecropia longipes Tropical 5 3 25 0.37 0.13
Slot (unpublished) Cecropia longipes Tropical 5 4 25 0.37 0.13
Slot (unpublished) Cecropia longipes Tropical 5 5 25 0.24 0.09
Slot (unpublished) Cecropia longipes Tropical 5 6 25 0.22 0.08
Slot (unpublished) Cecropia longipes Tropical 5 7 25 0.32 0.11
Slot (unpublished) Cecropia longipes Tropical 5 8 25 0.33 0.12
Slot (unpublished) Cecropia longipes Tropical 5 9 25 0.28 0.10
Slot (unpublished) Cecropia longipes Tropical 6 0 25 1.00 0.23
Slot (unpublished) Cecropia longipes Tropical 6 1 25 1.28 0.29
Slot (unpublished) Cecropia longipes Tropical 6 2 25 1.42 0.33
Slot (unpublished) Cecropia longipes Tropical 6 3 25 1.32 0.30
Slot (unpublished) Cecropia longipes Tropical 6 4 25 1.05 0.24
Slot (unpublished) Cecropia longipes Tropical 6 5 25 1.02 0.23
Slot (unpublished) Cecropia longipes Tropical 6 6 25 0.91 0.21
Slot (unpublished) Cecropia longipes Tropical 6 7 25 0.95 0.22
Slot (unpublished) Cecropia longipes Tropical 6 8 25 0.80 0.18
Slot (unpublished) Cecropia longipes Tropical 6 9 25 0.87 0.20
Slot (unpublished) Cecropia longipes Tropical 6 10 25 0.98 0.23
Slot (unpublished) Cecropia longipes Tropical 6 11 25 1.12 0.26
Slot (unpublished) Chrysophyllum cainito Tropical 1 0 25 1.00 0.53
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Slot (unpublished) Chrysophyllum cainito Tropical 1 1 25 0.89 0.47
Slot (unpublished) Chrysophyllum cainito Tropical 1 2 25 0.92 0.49
Slot (unpublished) Chrysophyllum cainito Tropical 1 3 25 0.69 0.36
Slot (unpublished) Chrysophyllum cainito Tropical 1 4 25 0.67 0.35
Slot (unpublished) Chrysophyllum cainito Tropical 1 5 25 0.66 0.35
Slot (unpublished) Chrysophyllum cainito Tropical 1 6 25 0.66 0.35
Slot (unpublished) Chrysophyllum cainito Tropical 1 7 25 0.60 0.32
Slot (unpublished) Chrysophyllum cainito Tropical 1 8 25 0.55 0.29
Slot (unpublished) Chrysophyllum cainito Tropical 1 9 25 0.66 0.35
Slot (unpublished) Chrysophyllum cainito Tropical 1 10 25 0.63 0.34
Slot (unpublished) Chrysophyllum cainito Tropical 2 0 25 1.00 0.51
Slot (unpublished) Chrysophyllum cainito Tropical 2 1 25 0.93 0.47
Slot (unpublished) Chrysophyllum cainito Tropical 2 2 25 0.85 0.43
Slot (unpublished) Chrysophyllum cainito Tropical 2 3 25 0.74 0.38
Slot (unpublished) Chrysophyllum cainito Tropical 2 4 25 0.69 0.35
Slot (unpublished) Chrysophyllum cainito Tropical 2 5 25 0.65 0.33
Slot (unpublished) Chrysophyllum cainito Tropical 2 6 25 0.67 0.34
Slot (unpublished) Chrysophyllum cainito Tropical 2 7 25 0.66 0.34
Slot (unpublished) Chrysophyllum cainito Tropical 2 8 25 0.62 0.32
Slot (unpublished) Chrysophyllum cainito Tropical 2 9 25 0.62 0.32
Slot (unpublished) Chrysophyllum cainito Tropical 2 10 25 0.69 0.35
Slot (unpublished) Chrysophyllum cainito Tropical 3 0 25 1.00 0.64
Slot (unpublished) Chrysophyllum cainito Tropical 3 1 25 1.08 0.70
Slot (unpublished) Chrysophyllum cainito Tropical 3 2 25 0.95 0.61
Slot (unpublished) Chrysophyllum cainito Tropical 3 3 25 1.03 0.67
Slot (unpublished) Chrysophyllum cainito Tropical 3 4 25 0.95 0.61
Slot (unpublished) Chrysophyllum cainito Tropical 3 5 25 0.98 0.63
Slot (unpublished) Chrysophyllum cainito Tropical 3 6 25 0.94 0.60
Slot (unpublished) Chrysophyllum cainito Tropical 3 7 25 0.95 0.61
Slot (unpublished) Chrysophyllum cainito Tropical 3 8 25 0.85 0.55
Slot (unpublished) Chrysophyllum cainito Tropical 3 9 25 0.91 0.58
Slot (unpublished) Chrysophyllum cainito Tropical 3 10 25 0.87 0.56
Slot (unpublished) Chrysophyllum cainito Tropical 4 0 25 1.00 0.33
Slot (unpublished) Chrysophyllum cainito Tropical 4 1 25 0.89 0.29
Slot (unpublished) Chrysophyllum cainito Tropical 4 2 25 0.68 0.22
Slot (unpublished) Chrysophyllum cainito Tropical 4 3 25 0.69 0.23
Slot (unpublished) Chrysophyllum cainito Tropical 4 4 25 0.60 0.20
Slot (unpublished) Chrysophyllum cainito Tropical 4 5 25 0.59 0.19
Slot (unpublished) Chrysophyllum cainito Tropical 4 6 25 0.58 0.19
Slot (unpublished) Chrysophyllum cainito Tropical 4 7 25 0.55 0.18
Slot (unpublished) Chrysophyllum cainito Tropical 4 8 25 0.51 0.17
Slot (unpublished) Chrysophyllum cainito Tropical 4 9 25 0.62 0.20
Slot (unpublished) Chrysophyllum cainito Tropical 4 10 25 0.48 0.16
Slot (unpublished) Chrysophyllum cainito Tropical 5 0 25 1.00 0.42
Slot (unpublished) Chrysophyllum cainito Tropical 5 1 25 0.98 0.41
Slot (unpublished) Chrysophyllum cainito Tropical 5 2 25 0.87 0.36
Slot (unpublished) Chrysophyllum cainito Tropical 5 3 25 0.88 0.36
Slot (unpublished) Chrysophyllum cainito Tropical 5 4 25 0.74 0.31
Slot (unpublished) Chrysophyllum cainito Tropical 5 5 25 0.79 0.33
Slot (unpublished) Chrysophyllum cainito Tropical 5 6 25 0.66 0.27
Slot (unpublished) Chrysophyllum cainito Tropical 5 7 25 0.66 0.27
Slot (unpublished) Chrysophyllum cainito Tropical 5 8 25 0.61 0.25
Slot (unpublished) Chrysophyllum cainito Tropical 6 0 25 1.00 0.42
Slot (unpublished) Chrysophyllum cainito Tropical 6 1 25 0.97 0.40
Slot (unpublished) Chrysophyllum cainito Tropical 6 2 25 0.78 0.33
Slot (unpublished) Chrysophyllum cainito Tropical 6 3 25 0.85 0.36
Slot (unpublished) Chrysophyllum cainito Tropical 6 4 25 0.79 0.33
Slot (unpublished) Chrysophyllum cainito Tropical 6 5 25 0.65 0.27
Slot (unpublished) Chrysophyllum cainito Tropical 6 6 25 0.64 0.27
Slot (unpublished) Chrysophyllum cainito Tropical 6 7 25 0.54 0.22
Slot (unpublished) Chrysophyllum cainito Tropical 6 8 25 0.52 0.22
Slot (unpublished) Chrysophyllum cainito Tropical 6 9 25 0.55 0.23
Slot (unpublished) Chrysophyllum cainito Tropical 6 10 25 0.48 0.20
Slot (unpublished) Chrysophyllum cainito Tropical 6 11 25 0.50 0.21
Slot (unpublished) Chrysophyllum cainito Tropical 7 0 25 1.00 0.28
Slot (unpublished) Chrysophyllum cainito Tropical 7 1 25 1.03 0.29
Slot (unpublished) Chrysophyllum cainito Tropical 7 2 25 1.05 0.29
Slot (unpublished) Chrysophyllum cainito Tropical 7 3 25 0.89 0.25
Slot (unpublished) Chrysophyllum cainito Tropical 7 4 25 0.94 0.26
Slot (unpublished) Chrysophyllum cainito Tropical 7 5 25 0.80 0.22
Slot (unpublished) Chrysophyllum cainito Tropical 7 6 25 0.90 0.25
Slot (unpublished) Chrysophyllum cainito Tropical 7 7 25 0.78 0.22
Slot (unpublished) Chrysophyllum cainito Tropical 7 8 25 1.00 0.28
Slot (unpublished) Chrysophyllum cainito Tropical 7 9 25 0.83 0.23
Slot (unpublished) Chrysophyllum cainito Tropical 7 10 25 0.85 0.24
Slot (unpublished) Chrysophyllum cainito Tropical 8 0 25 1.00 0.40
Slot (unpublished) Chrysophyllum cainito Tropical 8 1 25 1.01 0.41
Slot (unpublished) Chrysophyllum cainito Tropical 8 2 25 0.80 0.32
Slot (unpublished) Chrysophyllum cainito Tropical 8 3 25 0.70 0.28
Slot (unpublished) Chrysophyllum cainito Tropical 8 4 25 0.77 0.31
Slot (unpublished) Chrysophyllum cainito Tropical 8 5 25 0.60 0.24
Slot (unpublished) Chrysophyllum cainito Tropical 8 6 25 0.56 0.23
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Slot (unpublished) Chrysophyllum cainito Tropical 8 7 25 0.70 0.28
Slot (unpublished) Chrysophyllum cainito Tropical 8 8 25 0.62 0.25
Slot (unpublished) Chrysophyllum cainito Tropical 8 9 25 0.58 0.24
Slot (unpublished) Chrysophyllum cainito Tropical 8 10 25 0.67 0.27
Slot (unpublished) Chrysophyllum cainito Tropical 8 11 25 0.69 0.28
Slot (unpublished) Chrysophyllum cainito Tropical 9 0 25 1.00 0.58
Slot (unpublished) Chrysophyllum cainito Tropical 9 1 25 1.02 0.60
Slot (unpublished) Chrysophyllum cainito Tropical 9 2 25 0.90 0.53
Slot (unpublished) Chrysophyllum cainito Tropical 9 3 25 0.78 0.45
Slot (unpublished) Chrysophyllum cainito Tropical 9 4 25 0.70 0.41
Slot (unpublished) Chrysophyllum cainito Tropical 9 5 25 0.71 0.41
Slot (unpublished) Chrysophyllum cainito Tropical 9 6 25 0.54 0.31
Slot (unpublished) Chrysophyllum cainito Tropical 9 7 25 0.78 0.45
Scafaro et al. 2017 Eucalyptus camaldulensis Temperate 1 0 21.5 1.00 54.00
Scafaro et al. 2017 Eucalyptus camaldulensis Temperate 1 0.5 21.5 0.56 30.50
Scafaro et al. 2017 Eucalyptus camaldulensis Temperate 1 2.5 21.5 0.60 32.50
Scafaro et al. 2017 Eucalyptus camaldulensis Temperate 1 6.5 21.5 0.50 27.00
Leonardos et al. 2006 Flaveria linearis Tropical 1 0 25 1.00 25.00
Leonardos et al. 2006 Flaveria linearis Tropical 1 1.5 25 0.90 22.50
Leonardos et al. 2006 Flaveria linearis Tropical 1 7.5 25 0.80 20.00
Sitch (unpublished) Forsythia Temperate 1 0 17.6 1.00 0.80
Sitch (unpublished) Forsythia Temperate 1 1 17.6 0.99 0.79
Sitch (unpublished) Forsythia Temperate 1 2 17.6 0.97 0.77
Sitch (unpublished) Forsythia Temperate 1 3 17.6 0.91 0.72
Sitch (unpublished) Forsythia Temperate 1 4 17.6 0.88 0.70
Sitch (unpublished) Forsythia Temperate 1 5 17.6 0.86 0.68
Sitch (unpublished) Forsythia Temperate 1 6 17.6 0.83 0.66
Sitch (unpublished) Forsythia Temperate 1 7 17.6 0.82 0.65
Sitch (unpublished) Forsythia Temperate 1 8 17.6 0.79 0.63
Sitch (unpublished) Forsythia Temperate 1 9 17.6 0.78 0.62
Sitch (unpublished) Forsythia Temperate 1 10 17.6 0.78 0.63
Sitch (unpublished) Forsythia Temperate 2 0 18.4 1.00 0.71
Sitch (unpublished) Forsythia Temperate 2 1 18.4 0.98 0.70
Sitch (unpublished) Forsythia Temperate 2 2 18.4 0.95 0.68
Sitch (unpublished) Forsythia Temperate 2 3 18.4 0.93 0.66
Sitch (unpublished) Forsythia Temperate 2 4 18.4 0.93 0.66
Sitch (unpublished) Forsythia Temperate 2 5 18.4 0.94 0.67
Sitch (unpublished) Forsythia Temperate 2 6 18.4 0.95 0.67
Sitch (unpublished) Forsythia Temperate 2 7 18.4 0.93 0.66
Sitch (unpublished) Forsythia Temperate 2 8 18.4 0.93 0.66
Sitch (unpublished) Forsythia Temperate 2 9 18.4 0.88 0.62
Sitch (unpublished) Forsythia Temperate 2 10 18.4 0.83 0.59
Sitch (unpublished) Forsythia Temperate 3 0 16.4 1.00 0.54
Sitch (unpublished) Forsythia Temperate 3 1 16.4 0.98 0.53
Sitch (unpublished) Forsythia Temperate 3 2 16.4 1.01 0.54
Sitch (unpublished) Forsythia Temperate 3 3 16.4 1.03 0.55
Sitch (unpublished) Forsythia Temperate 3 4 16.4 1.05 0.56
Sitch (unpublished) Forsythia Temperate 3 5 16.4 1.01 0.54
Sitch (unpublished) Forsythia Temperate 3 6 16.4 0.98 0.53
Sitch (unpublished) Forsythia Temperate 3 7 16.4 0.97 0.52
Sitch (unpublished) Forsythia Temperate 3 8 16.4 0.95 0.51
Sitch (unpublished) Forsythia Temperate 3 9 16.4 0.91 0.49
Sitch (unpublished) Forsythia Temperate 3 10 16.4 0.90 0.49
Sitch (unpublished) Forsythia Temperate 4 0 17.9 1.00 0.57
Sitch (unpublished) Forsythia Temperate 4 1 17.9 1.00 0.57
Sitch (unpublished) Forsythia Temperate 4 2 17.9 0.98 0.56
Sitch (unpublished) Forsythia Temperate 4 3 17.9 1.00 0.57
Sitch (unpublished) Forsythia Temperate 4 4 17.9 0.97 0.55
Sitch (unpublished) Forsythia Temperate 4 5 17.9 0.94 0.54
Sitch (unpublished) Forsythia Temperate 4 6 17.9 0.86 0.49
Sitch (unpublished) Forsythia Temperate 4 7 17.9 0.84 0.48
Sitch (unpublished) Forsythia Temperate 4 8 17.9 0.77 0.44
Sitch (unpublished) Forsythia Temperate 4 9 17.9 0.72 0.41
Sitch (unpublished) Forsythia Temperate 4 10 17.9 0.65 0.37
Sitch (unpublished) Forsythia Temperate 5 0 18.9 1.00 0.54
Sitch (unpublished) Forsythia Temperate 5 1 18.9 1.00 0.54
Sitch (unpublished) Forsythia Temperate 5 2 18.9 0.91 0.49
Sitch (unpublished) Forsythia Temperate 5 3 18.9 0.82 0.44
Sitch (unpublished) Forsythia Temperate 5 4 18.9 0.78 0.42
Sitch (unpublished) Forsythia Temperate 5 5 18.9 0.75 0.41
Sitch (unpublished) Forsythia Temperate 5 6 18.9 0.70 0.38
Sitch (unpublished) Forsythia Temperate 5 7 18.9 0.66 0.35
Sitch (unpublished) Forsythia Temperate 5 8 18.9 0.65 0.35
Sitch (unpublished) Forsythia Temperate 5 9 18.9 0.65 0.35
Sitch (unpublished) Forsythia Temperate 5 10 18.9 0.62 0.33
Sitch (unpublished) Forsythia Temperate 6 0 18.4 1.00 0.60
Sitch (unpublished) Forsythia Temperate 6 1 18.4 1.03 0.62
Sitch (unpublished) Forsythia Temperate 6 2 18.4 1.02 0.61
Sitch (unpublished) Forsythia Temperate 6 3 18.4 0.98 0.58
Sitch (unpublished) Forsythia Temperate 6 4 18.4 0.90 0.54
Sitch (unpublished) Forsythia Temperate 6 5 18.4 0.82 0.49
Sitch (unpublished) Forsythia Temperate 6 6 18.4 0.76 0.45
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Sitch (unpublished) Forsythia Temperate 6 7 18.4 0.70 0.42
Sitch (unpublished) Forsythia Temperate 6 8 18.4 0.68 0.41
Sitch (unpublished) Forsythia Temperate 6 9 18.4 0.66 0.40
Sitch (unpublished) Forsythia Temperate 6 10 18.4 0.65 0.39
Bunce 2007 Glycine max Tropical 1 0 20 1.00 1.20
Bunce 2007 Glycine max Tropical 1 8 20 1.08 1.30
Bunce 2007 Glycine max Tropical 2 0 25 1.00 1.80
Bunce 2007 Glycine max Tropical 2 8 25 1.17 2.10
Bunce 2007 Glycine max Tropical 3 0 30 1.00 3.00
Bunce 2007 Glycine max Tropical 3 8 30 0.77 2.30
Bunce 2007 Glycine max Tropical 4 0 35 1.00 4.20
Bunce 2007 Glycine max Tropical 4 8 35 0.55 2.30
Bunce 2007 Glycine max Tropical 5 0 20 1.00 1.70
Bunce 2007 Glycine max Tropical 5 8 20 0.94 1.60
Bunce 2007 Glycine max Tropical 6 0 30 1.00 1.70
Bunce 2007 Glycine max Tropical 6 8 30 1.00 1.70
Gessler et al. 2017 Gossypium Temperate 1 0 19 1.00 38.50
Gessler et al. 2017 Gossypium Temperate 1 6 19 0.52 20.00
Gessler et al. 2017 Gossypium Temperate 1 12 19 0.73 28.00
Lehmann et al. 2016 Halimium halimifolium Temperate 1 0 15 1.00 42.00
Lehmann et al. 2016 Halimium halimifolium Temperate 1 1 15 0.79 33.00
Lehmann et al. 2016 Halimium halimifolium Temperate 1 1.5 15 0.90 38.00
Lehmann et al. 2016 Halimium halimifolium Temperate 1 2.5 15 0.62 26.00
Lehmann et al. 2016 Halimium halimifolium Temperate 1 11.5 15 0.38 16.00
Bruhn (unpublished) Hedera helix Temperate 1 0 17.8 1.00 1.19
Bruhn (unpublished) Hedera helix Temperate 1 1 17.8 1.02 1.22
Bruhn (unpublished) Hedera helix Temperate 1 2 17.8 0.98 1.18
Bruhn (unpublished) Hedera helix Temperate 1 3 17.8 0.77 0.92
Bruhn (unpublished) Hedera helix Temperate 1 4 17.8 0.71 0.85
Bruhn (unpublished) Hedera helix Temperate 1 5 17.8 0.71 0.85
Bruhn (unpublished) Hedera helix Temperate 1 6 17.8 0.62 0.74
Bruhn (unpublished) Hedera helix Temperate 1 7 17.8 0.60 0.71
Bruhn (unpublished) Hedera helix Temperate 1 8 17.8 0.58 0.69
Bruhn (unpublished) Hedera helix Temperate 1 9 17.8 0.44 0.52
Bruhn (unpublished) Hedera helix Temperate 2 0 19.8 1.00 0.50
Bruhn (unpublished) Hedera helix Temperate 2 1 19.8 1.14 0.57
Bruhn (unpublished) Hedera helix Temperate 2 2 19.8 1.09 0.55
Bruhn (unpublished) Hedera helix Temperate 2 3 19.8 0.93 0.47
Bruhn (unpublished) Hedera helix Temperate 2 4 19.8 0.88 0.44
Bruhn (unpublished) Hedera helix Temperate 2 5 19.8 0.88 0.44
Bruhn (unpublished) Hedera helix Temperate 2 6 19.8 0.85 0.43
Bruhn (unpublished) Hedera helix Temperate 2 7 19.8 0.87 0.44
Bruhn (unpublished) Hedera helix Temperate 2 8 19.8 0.87 0.44
Bruhn (unpublished) Hedera helix Temperate 2 9 19.8 0.76 0.38
Bruhn (unpublished) Hedera helix Temperate 2 10 19.8 0.78 0.39
Newman (unpublished) Heliconia Tropical 1 0 24 1.00 0.28
Newman (unpublished) Heliconia Tropical 1 1 24 1.00 0.28
Newman (unpublished) Heliconia Tropical 1 2 24 1.07 0.30
Newman (unpublished) Heliconia Tropical 1 3 24 0.94 0.26
Newman (unpublished) Heliconia Tropical 1 4 24 0.59 0.17
Newman (unpublished) Heliconia Tropical 1 5 24 0.51 0.14
Newman (unpublished) Heliconia Tropical 1 6 24 0.56 0.16
Newman (unpublished) Heliconia Tropical 1 7 24 0.62 0.17
Newman (unpublished) Heliconia Tropical 1 8 24 0.64 0.18
Newman (unpublished) Heliconia Tropical 1 9 24 0.50 0.14
Newman (unpublished) Heliconia Tropical 1 10 24 0.50 0.14
Newman (unpublished) Heliconia Tropical 1 11 24 0.43 0.12
Newman (unpublished) Heliconia Tropical 1 12 24 0.42 0.12
Newman (unpublished) Heliconia Tropical 2 0 24 1.00 0.22
Newman (unpublished) Heliconia Tropical 2 1 24 1.14 0.26
Newman (unpublished) Heliconia Tropical 2 2 24 1.00 0.22
Newman (unpublished) Heliconia Tropical 2 3 24 0.74 0.17
Newman (unpublished) Heliconia Tropical 2 4 24 0.69 0.15
Newman (unpublished) Heliconia Tropical 2 5 24 0.86 0.19
Newman (unpublished) Heliconia Tropical 2 6 24 0.77 0.17
Newman (unpublished) Heliconia Tropical 2 7 24 0.80 0.18
Newman (unpublished) Heliconia Tropical 2 8 24 0.74 0.16
Newman (unpublished) Heliconia Tropical 2 9 24 0.61 0.14
Newman (unpublished) Heliconia Tropical 2 10 24 0.75 0.17
Newman (unpublished) Heliconia Tropical 2 11 24 0.69 0.15
Newman (unpublished) Heliconia Tropical 2 12 24 0.51 0.12
Newman (unpublished) Heliconia Tropical 3 0 24 1.00 0.18
Newman (unpublished) Heliconia Tropical 3 1 24 0.98 0.18
Newman (unpublished) Heliconia Tropical 3 2 24 0.86 0.16
Newman (unpublished) Heliconia Tropical 3 3 24 0.75 0.14
Newman (unpublished) Heliconia Tropical 3 4 24 0.65 0.12
Newman (unpublished) Heliconia Tropical 3 5 24 0.70 0.13
Newman (unpublished) Heliconia Tropical 3 6 24 0.60 0.11
Newman (unpublished) Heliconia Tropical 3 7 24 0.44 0.08
Newman (unpublished) Heliconia Tropical 3 8 24 0.45 0.08
Newman (unpublished) Heliconia Tropical 3 9 24 0.43 0.08
Newman (unpublished) Heliconia Tropical 3 10 24 0.50 0.09
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 Newman (unpublished) Heliconia Tropical 3 11 24 0.52 0.10
Newman (unpublished) Heliconia Tropical 3 12 24 0.46 0.09
Farrar & Farrar 1985 Hordeum distichum Temperate 1 0 18 1.00 0.70
Farrar & Farrar 1985 Hordeum distichum Temperate 1 7.5 18 0.87 0.61
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 0 20 1.00 62.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 0.5 20 0.77 47.50
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 1.5 20 0.69 43.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 2.5 20 0.69 43.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 3.5 20 0.60 37.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 4.5 20 0.53 33.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 5.5 20 0.49 30.50
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 6.5 20 0.47 29.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 7.5 20 0.40 25.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 8.5 20 0.37 23.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 9.5 20 0.30 18.50
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 10.5 20 0.32 20.00
Baysdorfer et al. 1987 Hordeum vulgare Temperate 1 11.5 20 0.32 20.00
Newman (unpublished) Inga villosissima Tropical 1 0 22 1.00 0.71
Newman (unpublished) Inga villosissima Tropical 1 1 22 0.93 0.67
Newman (unpublished) Inga villosissima Tropical 1 2 22 0.95 0.68
Newman (unpublished) Inga villosissima Tropical 1 3 22 0.87 0.62
Newman (unpublished) Inga villosissima Tropical 1 4 22 0.82 0.59
Newman (unpublished) Inga villosissima Tropical 1 5 22 0.67 0.48
Newman (unpublished) Inga villosissima Tropical 1 6 22 0.63 0.45
Newman (unpublished) Inga villosissima Tropical 1 7 22 0.63 0.45
Newman (unpublished) Inga villosissima Tropical 1 8 22 0.66 0.47
Newman (unpublished) Inga villosissima Tropical 1 9 22 0.59 0.42
Newman (unpublished) Inga villosissima Tropical 1 10 22 0.57 0.41
Newman (unpublished) Inga villosissima Tropical 1 11 22 0.58 0.41
Newman (unpublished) Inga villosissima Tropical 1 12 22 0.60 0.43
Newman (unpublished) Inga villosissima Tropical 2 0 22 1.00 0.64
Newman (unpublished) Inga villosissima Tropical 2 1 22 1.02 0.66
Newman (unpublished) Inga villosissima Tropical 2 2 22 0.98 0.63
Newman (unpublished) Inga villosissima Tropical 2 3 22 0.92 0.59
Newman (unpublished) Inga villosissima Tropical 2 4 22 0.91 0.58
Newman (unpublished) Inga villosissima Tropical 2 5 22 0.84 0.54
Newman (unpublished) Inga villosissima Tropical 2 6 22 0.78 0.50
Newman (unpublished) Inga villosissima Tropical 2 7 22 0.76 0.49
Newman (unpublished) Inga villosissima Tropical 2 8 22 0.81 0.52
Newman (unpublished) Inga villosissima Tropical 2 9 22 0.78 0.50
Newman (unpublished) Inga villosissima Tropical 2 10 22 0.74 0.48
Newman (unpublished) Inga villosissima Tropical 2 11 22 0.76 0.49
Newman (unpublished) Inga villosissima Tropical 2 12 22 0.74 0.48
Newman (unpublished) Inga villosissima Tropical 3 0 22 1.00 0.67
Newman (unpublished) Inga villosissima Tropical 3 1 22 0.94 0.63
Newman (unpublished) Inga villosissima Tropical 3 2 22 0.92 0.62
Newman (unpublished) Inga villosissima Tropical 3 3 22 0.91 0.61
Newman (unpublished) Inga villosissima Tropical 3 4 22 0.83 0.56
Newman (unpublished) Inga villosissima Tropical 3 5 22 0.76 0.51
Newman (unpublished) Inga villosissima Tropical 3 6 22 0.86 0.58
Newman (unpublished) Inga villosissima Tropical 3 7 22 0.92 0.62
Newman (unpublished) Inga villosissima Tropical 3 8 22 0.79 0.53
Newman (unpublished) Inga villosissima Tropical 3 9 22 0.72 0.48
Newman (unpublished) Inga villosissima Tropical 3 10 22 0.74 0.50
Newman (unpublished) Inga villosissima Tropical 3 11 22 0.69 0.47
Newman (unpublished) Inga villosissima Tropical 3 12 22 0.77 0.52
Newman (unpublished) Inga villosissima Tropical 4 0 18 1.00 0.71
Newman (unpublished) Inga villosissima Tropical 4 1 18 0.99 0.71
Newman (unpublished) Inga villosissima Tropical 4 2 18 1.00 0.71
Newman (unpublished) Inga villosissima Tropical 4 3 18 0.97 0.69
Newman (unpublished) Inga villosissima Tropical 4 4 18 0.91 0.65
Newman (unpublished) Inga villosissima Tropical 4 5 18 0.92 0.65
Newman (unpublished) Inga villosissima Tropical 4 6 18 0.84 0.60
Newman (unpublished) Inga villosissima Tropical 4 7 18 0.84 0.60
Newman (unpublished) Inga villosissima Tropical 4 8 18 0.83 0.59
Newman (unpublished) Inga villosissima Tropical 4 9 18 0.86 0.61
Newman (unpublished) Inga villosissima Tropical 4 10 18 0.80 0.57
Newman (unpublished) Inga villosissima Tropical 4 11 18 0.78 0.56
Newman (unpublished) Inga villosissima Tropical 4 12 18 0.91 0.64
Newman (unpublished) Inga villosissima Tropical 5 0 18 1.00 0.80
Newman (unpublished) Inga villosissima Tropical 5 1 18 0.91 0.73
Newman (unpublished) Inga villosissima Tropical 5 2 18 1.15 0.92
Newman (unpublished) Inga villosissima Tropical 5 3 18 0.90 0.73
Newman (unpublished) Inga villosissima Tropical 5 4 18 0.88 0.71
Newman (unpublished) Inga villosissima Tropical 5 5 18 0.99 0.80
Newman (unpublished) Inga villosissima Tropical 5 6 18 1.02 0.82
Newman (unpublished) Inga villosissima Tropical 5 7 18 0.83 0.67
Newman (unpublished) Inga villosissima Tropical 5 8 18 0.86 0.69
Newman (unpublished) Inga villosissima Tropical 5 9 18 0.81 0.65
Newman (unpublished) Inga villosissima Tropical 5 10 18 0.68 0.55
Newman (unpublished) Inga villosissima Tropical 5 11 18 0.79 0.63
Newman (unpublished) Inga villosissima Tropical 5 12 18 0.84 0.68
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 Newman (unpublished) Inga villosissima Tropical 6 0 23 1.00 0.87
Newman (unpublished) Inga villosissima Tropical 6 1 23 1.02 0.89
Newman (unpublished) Inga villosissima Tropical 6 2 23 1.03 0.90
Newman (unpublished) Inga villosissima Tropical 6 3 23 1.06 0.92
Newman (unpublished) Inga villosissima Tropical 6 4 23 0.89 0.77
Newman (unpublished) Inga villosissima Tropical 6 5 23 0.87 0.75
Newman (unpublished) Inga villosissima Tropical 6 6 23 0.85 0.74
Newman (unpublished) Inga villosissima Tropical 6 7 23 0.85 0.74
Newman (unpublished) Inga villosissima Tropical 6 8 23 0.85 0.74
Newman (unpublished) Inga villosissima Tropical 6 9 23 0.89 0.77
Newman (unpublished) Inga villosissima Tropical 6 10 23 0.90 0.79
Newman (unpublished) Inga villosissima Tropical 6 11 23 0.91 0.79
Newman (unpublished) Inga villosissima Tropical 6 12 23 0.90 0.78
Newman (unpublished) Inga villosissima Tropical 7 0 23 1.00 1.35
Newman (unpublished) Inga villosissima Tropical 7 1 23 0.94 1.26
Newman (unpublished) Inga villosissima Tropical 7 2 23 0.84 1.13
Newman (unpublished) Inga villosissima Tropical 7 3 23 0.79 1.07
Newman (unpublished) Inga villosissima Tropical 7 4 23 0.72 0.98
Newman (unpublished) Inga villosissima Tropical 7 5 23 0.68 0.92
Newman (unpublished) Inga villosissima Tropical 7 6 23 0.65 0.88
Newman (unpublished) Inga villosissima Tropical 7 7 23 0.65 0.87
Newman (unpublished) Inga villosissima Tropical 7 8 23 0.64 0.87
Newman (unpublished) Inga villosissima Tropical 7 9 23 0.65 0.87
Newman (unpublished) Inga villosissima Tropical 7 10 23 0.66 0.89
Newman (unpublished) Inga villosissima Tropical 7 11 23 0.66 0.89
Newman (unpublished) Inga villosissima Tropical 7 12 23 0.66 0.89
Newman (unpublished) Inga villosissima Tropical 8 0 23 1.00 0.65
Newman (unpublished) Inga villosissima Tropical 8 1 23 0.97 0.62
Newman (unpublished) Inga villosissima Tropical 8 2 23 0.92 0.60
Newman (unpublished) Inga villosissima Tropical 8 3 23 0.89 0.58
Newman (unpublished) Inga villosissima Tropical 8 4 23 0.89 0.58
Newman (unpublished) Inga villosissima Tropical 8 5 23 0.92 0.59
Newman (unpublished) Inga villosissima Tropical 8 6 23 0.94 0.61
Newman (unpublished) Inga villosissima Tropical 8 7 23 0.93 0.60
Newman (unpublished) Inga villosissima Tropical 8 8 23 0.90 0.58
Newman (unpublished) Inga villosissima Tropical 8 9 23 0.87 0.56
Newman (unpublished) Inga villosissima Tropical 8 10 23 0.85 0.55
Newman (unpublished) Inga villosissima Tropical 8 11 23 0.85 0.55
Newman (unpublished) Inga villosissima Tropical 8 12 23 0.85 0.55
Slot (unpublished) Luehea seemannii Tropical 1 0 25 1.00 0.73
Slot (unpublished) Luehea seemannii Tropical 1 1 25 1.01 0.73
Slot (unpublished) Luehea seemannii Tropical 1 2 25 0.93 0.68
Slot (unpublished) Luehea seemannii Tropical 1 3 25 0.93 0.68
Slot (unpublished) Luehea seemannii Tropical 1 4 25 1.00 0.72
Slot (unpublished) Luehea seemannii Tropical 1 5 25 0.97 0.71
Slot (unpublished) Luehea seemannii Tropical 1 6 25 0.97 0.71
Slot (unpublished) Luehea seemannii Tropical 1 7 25 0.84 0.61
Slot (unpublished) Luehea seemannii Tropical 1 8 25 0.65 0.47
Slot (unpublished) Luehea seemannii Tropical 1 9 25 0.59 0.43
Slot (unpublished) Luehea seemannii Tropical 1 10 25 0.46 0.33
Slot (unpublished) Luehea seemannii Tropical 2 0 25 1.00 0.28
Slot (unpublished) Luehea seemannii Tropical 2 1 25 0.97 0.27
Slot (unpublished) Luehea seemannii Tropical 2 2 25 0.92 0.26
Slot (unpublished) Luehea seemannii Tropical 2 3 25 0.99 0.28
Slot (unpublished) Luehea seemannii Tropical 2 4 25 0.93 0.26
Slot (unpublished) Luehea seemannii Tropical 2 5 25 0.90 0.25
Slot (unpublished) Luehea seemannii Tropical 2 6 25 0.89 0.25
Slot (unpublished) Luehea seemannii Tropical 2 7 25 0.88 0.25
Slot (unpublished) Luehea seemannii Tropical 2 8 25 0.84 0.24
Slot (unpublished) Luehea seemannii Tropical 2 9 25 0.87 0.25
Slot (unpublished) Luehea seemannii Tropical 2 10 25 0.85 0.24
Slot (unpublished) Luehea seemannii Tropical 2 11 25 0.85 0.24
Slot (unpublished) Luehea seemannii Tropical 3 0 25 1.00 0.39
Slot (unpublished) Luehea seemannii Tropical 3 1 25 0.97 0.37
Slot (unpublished) Luehea seemannii Tropical 3 2 25 0.85 0.33
Slot (unpublished) Luehea seemannii Tropical 3 3 25 0.79 0.30
Slot (unpublished) Luehea seemannii Tropical 3 4 25 0.78 0.30
Slot (unpublished) Luehea seemannii Tropical 3 5 25 0.67 0.26
Slot (unpublished) Luehea seemannii Tropical 3 6 25 0.70 0.27
Slot (unpublished) Luehea seemannii Tropical 3 7 25 0.65 0.25
Slot (unpublished) Luehea seemannii Tropical 3 8 25 0.65 0.25
Slot (unpublished) Luehea seemannii Tropical 3 9 25 0.64 0.25
Slot (unpublished) Luehea seemannii Tropical 3 10 25 0.64 0.24
Slot (unpublished) Luehea seemannii Tropical 3 11 25 0.66 0.25
Slot (unpublished) Luehea seemannii Tropical 4 0 25 1.00 0.23
Slot (unpublished) Luehea seemannii Tropical 4 1 25 1.10 0.25
Slot (unpublished) Luehea seemannii Tropical 4 2 25 1.14 0.26
Slot (unpublished) Luehea seemannii Tropical 4 3 25 1.02 0.23
Slot (unpublished) Luehea seemannii Tropical 4 4 25 0.89 0.20
Slot (unpublished) Luehea seemannii Tropical 4 5 25 0.97 0.22
Slot (unpublished) Luehea seemannii Tropical 4 6 25 0.93 0.21
Slot (unpublished) Luehea seemannii Tropical 4 7 25 0.96 0.22
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  Slot (unpublished) Luehea seemannii Tropical 4 8 25 0.86 0.19
Slot (unpublished) Luehea seemannii Tropical 4 9 25 0.91 0.20
Slot (unpublished) Luehea seemannii Tropical 4 10 25 0.83 0.19
Slot (unpublished) Luehea seemannii Tropical 4 11 25 0.87 0.20
Slot (unpublished) Luehea seemannii Tropical 5 0 25 1.00 0.37
Slot (unpublished) Luehea seemannii Tropical 5 1 25 0.93 0.35
Slot (unpublished) Luehea seemannii Tropical 5 2 25 0.88 0.32
Slot (unpublished) Luehea seemannii Tropical 5 3 25 0.76 0.28
Slot (unpublished) Luehea seemannii Tropical 5 4 25 0.76 0.28
Slot (unpublished) Luehea seemannii Tropical 5 5 25 0.74 0.27
Slot (unpublished) Luehea seemannii Tropical 5 6 25 0.75 0.28
Slot (unpublished) Luehea seemannii Tropical 5 7 25 0.74 0.28
Slot (unpublished) Luehea seemannii Tropical 5 8 25 0.76 0.28
Slot (unpublished) Luehea seemannii Tropical 5 9 25 0.75 0.28
Slot (unpublished) Luehea seemannii Tropical 5 10 25 0.75 0.28
Slot (unpublished) Luehea seemannii Tropical 5 11 25 0.79 0.29
Newman (unpublished) Miconia Tropical 1 0 25 1.00 0.44
Newman (unpublished) Miconia Tropical 1 1 25 0.89 0.39
Newman (unpublished) Miconia Tropical 1 2 25 0.67 0.29
Newman (unpublished) Miconia Tropical 1 3 25 0.59 0.26
Newman (unpublished) Miconia Tropical 1 4 25 0.66 0.29
Newman (unpublished) Miconia Tropical 1 5 25 0.58 0.25
Newman (unpublished) Miconia Tropical 1 6 25 0.53 0.23
Newman (unpublished) Miconia Tropical 1 7 25 0.51 0.22
Newman (unpublished) Miconia Tropical 1 8 25 0.55 0.24
Newman (unpublished) Miconia Tropical 1 9 25 0.54 0.23
Newman (unpublished) Miconia Tropical 1 10 25 0.60 0.26
Newman (unpublished) Miconia Tropical 2 0 25 1.00 0.41
Newman (unpublished) Miconia Tropical 2 1 25 0.77 0.32
Newman (unpublished) Miconia Tropical 2 2 25 0.75 0.31
Newman (unpublished) Miconia Tropical 2 3 25 0.87 0.36
Newman (unpublished) Miconia Tropical 2 4 25 0.73 0.30
Newman (unpublished) Miconia Tropical 2 5 25 0.63 0.26
Newman (unpublished) Miconia Tropical 2 6 25 0.62 0.25
Newman (unpublished) Miconia Tropical 2 7 25 0.45 0.19
Newman (unpublished) Miconia Tropical 2 8 25 0.55 0.23
Newman (unpublished) Miconia Tropical 2 9 25 0.55 0.23
Newman (unpublished) Miconia Tropical 2 10 25 0.60 0.25
Newman (unpublished) Musa Tropical 1 0 26.5 1.00 0.88
Newman (unpublished) Musa Tropical 1 1 26.5 1.00 0.88
Newman (unpublished) Musa Tropical 1 2 26.5 1.07 0.94
Newman (unpublished) Musa Tropical 1 3 26.5 0.88 0.78
Newman (unpublished) Musa Tropical 1 4 26.5 0.85 0.75
Newman (unpublished) Musa Tropical 1 5 26.5 0.87 0.77
Newman (unpublished) Musa Tropical 1 6 26.5 0.80 0.70
Newman (unpublished) Musa Tropical 1 7 26.5 0.70 0.62
Newman (unpublished) Musa Tropical 1 8 26.5 0.65 0.57
Newman (unpublished) Musa Tropical 1 9 26.5 0.67 0.59
Newman (unpublished) Musa Tropical 1 10 26.5 0.69 0.61
Newman (unpublished) Musa Tropical 1 11 26.5 0.77 0.68
Newman (unpublished) Musa Tropical 1 12 26.5 0.84 0.74
Newman (unpublished) Musa Tropical 2 0 25 1.00 0.81
Newman (unpublished) Musa Tropical 2 1 25 0.85 0.69
Newman (unpublished) Musa Tropical 2 2 25 0.81 0.66
Newman (unpublished) Musa Tropical 2 3 25 0.65 0.52
Newman (unpublished) Musa Tropical 2 4 25 0.56 0.45
Newman (unpublished) Musa Tropical 2 5 25 0.58 0.48
Newman (unpublished) Musa Tropical 2 6 25 0.57 0.46
Newman (unpublished) Musa Tropical 2 7 25 0.48 0.39
Newman (unpublished) Musa Tropical 2 8 25 0.49 0.40
Newman (unpublished) Musa Tropical 2 9 25 0.45 0.37
Newman (unpublished) Musa Tropical 2 10 25 0.55 0.44
Newman (unpublished) Musa Tropical 2 11 25 0.59 0.48
Newman (unpublished) Musa Tropical 2 12 25 0.54 0.44
Newman (unpublished) Musa Tropical 3 0 25 1.00 0.47
Newman (unpublished) Musa Tropical 3 1 25 0.99 0.47
Newman (unpublished) Musa Tropical 3 2 25 0.94 0.44
Newman (unpublished) Musa Tropical 3 3 25 0.81 0.38
Newman (unpublished) Musa Tropical 3 4 25 0.73 0.35
Newman (unpublished) Musa Tropical 3 5 25 0.82 0.39
Newman (unpublished) Musa Tropical 3 6 25 0.78 0.37
Newman (unpublished) Musa Tropical 3 7 25 0.89 0.42
Newman (unpublished) Musa Tropical 3 8 25 0.74 0.35
Newman (unpublished) Musa Tropical 3 9 25 0.67 0.32
Newman (unpublished) Musa Tropical 3 10 25 0.77 0.36
Newman (unpublished) Musa Tropical 3 11 25 0.86 0.40
Newman (unpublished) Musa Tropical 3 12 25 0.90 0.42
Newman (unpublished) Musa Tropical 4 0 25 1.00 0.48
Newman (unpublished) Musa Tropical 4 1 25 1.17 0.56
Newman (unpublished) Musa Tropical 4 2 25 1.05 0.51
Newman (unpublished) Musa Tropical 4 3 25 0.89 0.43
Newman (unpublished) Musa Tropical 4 4 25 0.85 0.41
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Newman (unpublished) Musa Tropical 4 5 25 0.82 0.40
Newman (unpublished) Musa Tropical 4 6 25 0.74 0.36
Newman (unpublished) Musa Tropical 4 7 25 0.72 0.35
Newman (unpublished) Musa Tropical 4 8 25 0.58 0.28
Newman (unpublished) Musa Tropical 4 9 25 0.70 0.34
Newman (unpublished) Musa Tropical 4 10 25 0.64 0.31
Newman (unpublished) Musa Tropical 4 11 25 0.68 0.33
Newman (unpublished) Musa Tropical 4 12 25 0.55 0.26
Newman (unpublished) Musa Tropical 5 0 26.4 1.00 0.80
Newman (unpublished) Musa Tropical 5 1 26.4 0.99 0.79
Newman (unpublished) Musa Tropical 5 2 26.4 1.00 0.79
Newman (unpublished) Musa Tropical 5 3 26.4 0.98 0.78
Newman (unpublished) Musa Tropical 5 4 26.4 0.93 0.74
Newman (unpublished) Musa Tropical 5 5 26.4 0.89 0.71
Newman (unpublished) Musa Tropical 5 6 26.4 0.82 0.65
Newman (unpublished) Musa Tropical 5 7 26.4 0.80 0.63
Newman (unpublished) Musa Tropical 5 8 26.4 0.86 0.68
Newman (unpublished) Musa Tropical 5 9 26.4 0.86 0.68
Newman (unpublished) Musa Tropical 5 10 26.4 0.97 0.77
Newman (unpublished) Musa Tropical 5 11 26.4 0.83 0.66
Newman (unpublished) Musa Tropical 5 12 26.4 0.77 0.61
Giuliani et al. 2019 Oryza sativa Tropical 1 0 22 1.00 1.98
Giuliani et al. 2019 Oryza sativa Tropical 1 1 22 0.76 1.51
Giuliani et al. 2019 Oryza sativa Tropical 1 2 22 0.62 1.23
Giuliani et al. 2019 Oryza sativa Tropical 1 3 22 0.57 1.13
Giuliani et al. 2019 Oryza sativa Tropical 1 4 22 0.53 1.05
Gessler et al. 2017 Phaseolus vulgaris Temperate 1 0 19 1.00 33.00
Gessler et al. 2017 Phaseolus vulgaris Temperate 1 6 19 0.82 27.00
Gessler et al. 2017 Phaseolus vulgaris Temperate 1 12 19 0.48 16.00
Noguchi et al. 2001 Phaseolus vulgaris Temperate 2 0 20 1.00 97.50
Noguchi et al. 2001 Phaseolus vulgaris Temperate 2 2 20 0.94 91.50
Noguchi et al. 2001 Phaseolus vulgaris Temperate 2 5 20 0.68 66.50
Noguchi et al. 2001 Phaseolus vulgaris Temperate 2 10 20 0.61 59.50
Azcon-Bieto et al. 1983 Pisum sativum Temperate 1 0 21 1.00 0.67
Azcon-Bieto et al. 1983 Pisum sativum Temperate 1 10 21 1.06 0.71
Newman (unpublished) Quercus humboldtii Tropical 1 0 22 1.00 0.91
Newman (unpublished) Quercus humboldtii Tropical 1 1 22 1.01 0.91
Newman (unpublished) Quercus humboldtii Tropical 1 2 22 1.04 0.95
Newman (unpublished) Quercus humboldtii Tropical 1 3 22 1.03 0.94
Newman (unpublished) Quercus humboldtii Tropical 1 4 22 0.99 0.90
Newman (unpublished) Quercus humboldtii Tropical 1 5 22 0.95 0.86
Newman (unpublished) Quercus humboldtii Tropical 1 6 22 0.91 0.83
Newman (unpublished) Quercus humboldtii Tropical 1 7 22 0.91 0.83
Newman (unpublished) Quercus humboldtii Tropical 1 8 22 0.89 0.81
Newman (unpublished) Quercus humboldtii Tropical 1 9 22 0.92 0.84
Newman (unpublished) Quercus humboldtii Tropical 1 10 22 0.92 0.83
Newman (unpublished) Quercus humboldtii Tropical 1 11 22 0.88 0.80
Newman (unpublished) Quercus humboldtii Tropical 2 0 22 1.00 0.75
Newman (unpublished) Quercus humboldtii Tropical 2 1 22 0.88 0.66
Newman (unpublished) Quercus humboldtii Tropical 2 2 22 0.90 0.68
Newman (unpublished) Quercus humboldtii Tropical 2 3 22 0.82 0.62
Newman (unpublished) Quercus humboldtii Tropical 2 4 22 0.82 0.62
Newman (unpublished) Quercus humboldtii Tropical 2 5 22 0.76 0.58
Newman (unpublished) Quercus humboldtii Tropical 2 6 22 0.74 0.56
Newman (unpublished) Quercus humboldtii Tropical 2 7 22 0.75 0.56
Newman (unpublished) Quercus humboldtii Tropical 2 8 22 0.76 0.57
Newman (unpublished) Quercus humboldtii Tropical 2 9 22 0.74 0.56
Newman (unpublished) Quercus humboldtii Tropical 2 10 22 0.70 0.53
Newman (unpublished) Quercus humboldtii Tropical 2 11 22 0.70 0.53
Newman (unpublished) Quercus humboldtii Tropical 2 12 22 0.71 0.53
Newman (unpublished) Quercus humboldtii Tropical 3 0 22 1.00 1.26
Newman (unpublished) Quercus humboldtii Tropical 3 1 22 0.91 1.15
Newman (unpublished) Quercus humboldtii Tropical 3 2 22 0.98 1.23
Newman (unpublished) Quercus humboldtii Tropical 3 3 22 0.91 1.15
Newman (unpublished) Quercus humboldtii Tropical 3 4 22 0.80 1.01
Newman (unpublished) Quercus humboldtii Tropical 3 5 22 0.78 0.98
Newman (unpublished) Quercus humboldtii Tropical 3 6 22 0.73 0.92
Newman (unpublished) Quercus humboldtii Tropical 3 7 22 0.72 0.91
Newman (unpublished) Quercus humboldtii Tropical 3 8 22 0.70 0.88
Newman (unpublished) Quercus humboldtii Tropical 3 9 22 0.68 0.86
Newman (unpublished) Quercus humboldtii Tropical 3 10 22 0.64 0.80
Newman (unpublished) Quercus humboldtii Tropical 3 11 22 0.60 0.75
Newman (unpublished) Quercus humboldtii Tropical 3 12 22 0.59 0.74
Noguchi & Terashima 1995 Spinacia oleracea Temperate 1 0 20 1.00 64.00
Noguchi & Terashima 1995 Spinacia oleracea Temperate 1 1.5 20 0.92 59.00
Noguchi & Terashima 1995 Spinacia oleracea Temperate 1 3 20 0.73 47.00
Noguchi & Terashima 1995 Spinacia oleracea Temperate 1 11 20 0.55 35.50
Noguchi et al. 1996 Spinacia oleracea Temperate 2 0 25 1.00 54.50
Noguchi et al. 1996 Spinacia oleracea Temperate 2 1.5 25 0.94 51.50
Noguchi et al. 1996 Spinacia oleracea Temperate 2 5 25 0.64 35.00
Noguchi et al. 1996 Spinacia oleracea Temperate 2 11 25 0.61 33.50
Noguchi et al. 1996 Spinacia oleracea Temperate 3 0 25 1.00 43.00
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Noguchi et al. 1996 Spinacia oleracea Temperate 3 1.5 25 0.93 40.00
Noguchi et al. 1996 Spinacia oleracea Temperate 3 5 25 0.63 27.00
Noguchi et al. 1996 Spinacia oleracea Temperate 3 11 25 0.45 19.50
Noguchi et al. 1996 Spinacia oleracea Temperate 4 0 25 1.00 25.00
Noguchi et al. 1996 Spinacia oleracea Temperate 4 1.5 25 0.98 24.50
Noguchi et al. 1996 Spinacia oleracea Temperate 4 5 25 0.72 18.00
Noguchi et al. 1996 Spinacia oleracea Temperate 4 11 25 0.64 16.00
Azcon-Bieto et al. 1983 Spinacia oleracea Temperate 5 0 21 1.00 0.80
Azcon-Bieto et al. 1983 Spinacia oleracea Temperate 5 10 21 0.64 0.51
Newman (unpublished) Tabebuia rosea Tropical 1 0 23 1.00 0.84
Newman (unpublished) Tabebuia rosea Tropical 1 1 23 0.78 0.66
Newman (unpublished) Tabebuia rosea Tropical 1 2 23 0.75 0.63
Newman (unpublished) Tabebuia rosea Tropical 1 3 23 0.72 0.60
Newman (unpublished) Tabebuia rosea Tropical 1 4 23 0.75 0.62
Newman (unpublished) Tabebuia rosea Tropical 1 5 23 0.74 0.62
Newman (unpublished) Tabebuia rosea Tropical 1 6 23 0.65 0.55
Newman (unpublished) Tabebuia rosea Tropical 1 7 23 0.68 0.57
Newman (unpublished) Tabebuia rosea Tropical 1 8 23 0.68 0.57
Newman (unpublished) Tabebuia rosea Tropical 1 9 23 0.69 0.57
Newman (unpublished) Tabebuia rosea Tropical 1 10 23 0.69 0.57
Newman (unpublished) Tabebuia rosea Tropical 1 11 23 0.72 0.60
Newman (unpublished) Tabebuia rosea Tropical 1 12 23 0.71 0.59
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 1 0 30 1.00 40.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 1 0.5 30 0.75 30.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 1 1 30 0.65 26.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 1 1.5 30 0.58 23.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 1 11 30 0.56 22.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 2 0 27 1.00 33.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 2 0.5 27 0.82 27.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 2 1 27 0.65 21.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 2 1.5 27 0.53 17.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 2 11 27 0.52 17.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 3 0 24 1.00 28.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 3 0.5 24 0.95 26.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 3 1 24 0.86 24.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 3 1.5 24 0.70 19.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 3 11 24 0.43 12.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 4 0 20 1.00 27.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 4 0.5 20 0.94 25.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 4 1 20 0.85 23.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 4 1.5 20 0.76 20.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 4 11 20 0.35 9.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 5 0 13.5 1.00 15.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 5 0.5 13.5 0.97 15.00
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 5 1 13.5 0.94 14.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 5 1.5 13.5 0.87 13.50
Azcon-Bieto & Osmon 1983 Triticum aestivum Temperate 5 11 13.5 0.39 6.00
Scafaro et al. 2017 Triticum aestivum Temperate 6 0 21.5 1.00 45.00
Scafaro et al. 2017 Triticum aestivum Temperate 6 0.5 21.5 0.53 24.00
Scafaro et al. 2017 Triticum aestivum Temperate 6 2.5 21.5 0.41 18.50
Scafaro et al. 2017 Triticum aestivum Temperate 6 6.5 21.5 0.47 21.00
Averill & ap Rees 1994 Triticum aestivum Temperate 7 0 25 1.00 8.53
Averill & ap Rees 1994 Triticum aestivum Temperate 7 17 25 0.73 6.25
Averill & ap Rees 1994 Triticum aestivum Temperate 8 0 25 1.00 11.68
Averill & ap Rees 1994 Triticum aestivum Temperate 8 17 25 0.68 7.90
Averill & ap Rees 1994 Triticum aestivum Temperate 9 0 25 1.00 9.78
Averill & ap Rees 1994 Triticum aestivum Temperate 9 17 25 0.64 6.28
Averill & ap Rees 1994 Triticum aestivum Temperate 10 0 25 1.00 13.35
Averill & ap Rees 1994 Triticum aestivum Temperate 10 17 25 0.65 8.64
Azcon-Bieto et al. 1983 Triticum aestivum Temperate 11 0 21 1.00 0.73
Azcon-Bieto et al. 1983 Triticum aestivum Temperate 11 10 21 0.75 0.55
Newman (unpublished) Unidentified Tropical 1 0 25 1.00 0.62
Newman (unpublished) Unidentified Tropical 1 1 25 1.05 0.65
Newman (unpublished) Unidentified Tropical 1 2 25 1.04 0.64
Newman (unpublished) Unidentified Tropical 1 3 25 0.91 0.57
Newman (unpublished) Unidentified Tropical 1 4 25 0.78 0.48
Newman (unpublished) Unidentified Tropical 1 5 25 0.65 0.40
Newman (unpublished) Unidentified Tropical 1 6 25 0.68 0.42
Newman (unpublished) Unidentified Tropical 1 7 25 0.65 0.40
Newman (unpublished) Unidentified Tropical 1 8 25 0.63 0.39
Newman (unpublished) Unidentified Tropical 1 9 25 0.63 0.39
Newman (unpublished) Unidentified Tropical 1 10 25 0.58 0.36
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