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Supplementary Appendix A.    
Methods to measure GPP and NPP
Biomass pool methods
These methods are based on the principle that NPP can be determined by measuring the oven-dry biomass of the plants in the ecosystem at the start and end of a growth period (B1 and B2, respectively, determined per unit ground area of a stand) as well as the biomass losses from them during the period (BD). Suppose BL is the biomass at the start of the growth period of the plants that survive the period (BL≤B1). Then:
B1 = BL + BD	,					  				     							(A.1)
and, following the definition of NPP as biomass growth over the period (see Introduction to the main text),
B2 = BL + NPP	   . 								                 			(A.2)
B1, B2 and BL may all determined by measurement of the biomass of the individual plants in the ecosystem. With straightforward algebraic manipulation of Eqs. (A.1) and (A.2), it follows that NPP may be determined as:
NPP = B2 ‒ B1 + BD	.							                 				(A.3)
Note that, rather confusingly, another measure of growth used quite commonly in forest science is termed “net growth rate” (GNET). It ignores BD altogether and is determined simply as change in biomass over a growth period, that is:
GNET = B2 ‒ B1    .							      	                 		(A.4)
All of B1, B2 and BD constitute “biomass pools” (or “sinks” as they are termed also), described in detail by Clark et al. (2001, Fig. 1b). 
In practice, measurements are made over some prescribed growth period, commonly of a year or so in forest ecosystems, to allow for seasonal variations in forest growth behaviour. For large forest trees, measurement in the field of B1 and B2, that are made up of all of leaves, branches, stems and roots, is a major undertaking especially in root system excavation (West 2015, Chap. 7). A number of biomass sub-pools together make up the losses over a growth period that constitute BD. These are measured separately. They include the biomass losses above- and below-ground of the trees that die during the growth period. Then, from the trees that survive the growth period, there are biomass losses as above-ground litterfall (usually measured using litter traps), losses due to animal consumers (herbivory, frugivory and sap-sucking), losses of roots that die and are shed (usually measured using soil coring techniques e.g. Vogt et al. 1998) as well as losses due to root herbivory, root exudates and carbohydrate losses to root symbionts (root nodules and mycorrhizal fungi). These sub-pools can be difficult (and expensive) to measure, particularly where root excavations are involved. Some sub-pools (such as losses due to animal consumers or due to root herbivory, exudates and symbionts) are particularly difficult to measure in the field and are often ignored, but may make up to 10-20% of the total of all the other pools (Luyssaert et al. 2007, p. 2511). 
Because of the difficulty of making below ground measurements, the below ground sub-pool may be measured using what is termed the “total belowground carbon allocation” TBCA (also called TBCF or TRCA) approach as espoused by Giardina and Ryan (2002). This method involves soil, litter layer, litterfall and root carbon measurements. As well, below ground respiration rates must be measured as CO2 evolution from the soil surface; chamber techniques (see below) may be used to do this. This information yields an estimate of the amount of the total GPP of the tree canopy that is allocated below ground to roots; root NPP and autotrophic respiration rates are not separated using this method, only their sum is obtained as a measure of the amount of GPP that is partitioned to roots. 
Sometimes research may have developed relationships that allow estimation of some of the pools described above from allometric relationships between more easily measured tree characteristics (Ryan 1991; West 2015, Chap. 7 and Sect. 8.9). Examples of use of biomass pool methods can be found in Ryan (1991) and Ryan et al. (2004). 
Chamber methods
Chamber methods measure net CO2 (and/or water) efflux from different tissues (leaves, wood branches, stems, coarse and fine roots) and from the soil surface. They use instruments where a small (a few cubic centimetres in volume) chamber encloses the tissue (or in the case of stems or soil is positioned on their surface). Using infrared gas analysis, CO2 efflux is measured, usually over short time periods (perhaps minutes) and often on numerous occasions over the growth period being considered. Uncertainty in results may arise from factors such as CO2 efflux from roots being dissolved in and transported in the xylem stream and measured as efflux from stems (e.g. Macinnis-Ng et al. 2017). 
Measurements on leaves are usually made at several positions from the top to the bottom of the canopy and at night so that respiration rates are not confused by the influx of CO2 as photosynthesis occurs during the day. Small portions of the fine and coarse root systems may be carefully excavated, perhaps to a depth of some tens of centimetres, and similar chamber measurements of respiration rates made on those tissues. These instruments allow measurements to be made at various controlled temperatures, respiration rate varying substantially with temperature (Landsberg and Gower 1997, p. 139). 
Based on biomass pool measurements of the various tissues in the whole forest ecosystem and with knowledge of the air temperature variations over the growth period being considered, the total autotrophic respiration over the growth period may be estimated from chamber measurements. Examples of this approach may be found in various sources (Ryan et al. 1996, 2004; Vose and Ryan 2002). Root respiration may also be determined using excavated soil cores from which fine roots are extracted and their respiration measured in a chamber shortly after obtaining the sample (e.g. Drake et al. 2008; Jarvi and Burton 2013). Adding autotrophic respiration to NPP determined using biomass pool methods (see above) is used to yield an estimate of GPP (see Eq. (1) in main text).
Mori et al. (2010) modified the chamber approach by enclosing the above-ground parts of an entire tree in a plastic cylinder as a “chamber”. If a tree is too large to do this, it is felled, cut up and its parts enclosed rapidly in a large plastic chamber on the ground for gas exchange measurements. Root systems are excavated whole and enclosed also in large plastic chambers. Through these techniques it is hoped to obtain better estimates of whole tree respiration than is possible with measurements of small sections only with hand held devices. Needless to say, such methods are cumbersome and expensive to apply. 
Eddy covariance methods
Biomass pool and chamber methods can be considered as small scale approaches, where measurements are made on individual parts of individual trees or in litter traps or soil cores in forest plots. Over the last three decades, much attention has been given to eddy covariance methods that attempt to measure gas exchange at a much broader scale, over a whole forest canopy (Baldocchi et al. 1988; Moncrief 2004; Baldocchi 2008; Burba 2013). 
To do this, micro-meteorological instruments are placed on a tower that positions them a few metres above the forest canopy. These measure air temperature, humidity and concentrations of gases (CO2, water vapour and other gases may be measured). Wind passing over the canopy creates turbulence and, through this, the exchange of gases between the air above and the canopy below can be measured. During the day there is a net influx of CO2 to the canopy, being the difference between that taken in by leaves for photosynthesis (GPP) and that released as respiration. At night, there is CO2 efflux due to respiration. Daytime respiration may be estimated from night time respiration using functions that relate respiration rates to temperature (Reichstein et al. 2005); more recently, additional measurement of the 13C/12C ratio has been used to distinguish respiration from photosynthesis during daytime (Wehr and Saleska 2015; Wehr et al. 2016). 
One major problem with these methods is that they measure autotrophic and heterotrophic respiration combined. Heterotrophic respiration is that by organisms other than the plants in the ecosystem. These include animals that live above ground and the flora and fauna that inhabit the litter layer and the soil. The latter decompose the organic matter that is deposited on the floor of the ecosystem and in the soil. Chamber methods (see above) may be used to attempt to distinguish between the two or to separate autotrophic respiration into that by different parts of the trees. Examples of this are given by Tang et al. (2008) and Brændholt et al. (2018). 
Saigusa et al. (2002) gave an example of the use of eddy covariance to estimate GPP of mixed hardwood forest in Japan. Subtraction of estimates of autotrophic respiration, however determined, from GPP will give an estimate of NPP (see Eq. (1) in main text). A number of authors have reviewed and compared the efficacy of eddy covariance techniques to estimate GPP and/or NPP, often in combination with biomass pool and chamber techniques (Wang et al. 2010; Fenn et al. 2015; Campioli et al. 2016; Tan et al. 2017; Aníc et al. 2018; Heskel and Tang 2018). Satellite imagery is now being employed also to make estimates of GPP (e.g. Park et al. 2019).
Model-based methods
Model systems used to estimate GPP and/or NPP predict photosynthetic and respiratory processes over a growth period in relation to vegetation physiological characteristics and site soil and climatic characteristics (Landsberg and Gower 1997, Chap. 9; Landsberg and Sands 2011; Weiskittel et al. 2011, Chap. 12). 
An example of such use is given by Ryan and Waring (1992) who applied the model FOREST-BGC (Running and Coughlan 1988) to estimate GPP of subalpine lodgepole pine (Pinus contorta Douglas var. latifolia Englm.) in Colorado, USA. Coops et al. (2001) compared the ability of two models, 3-PGS (Coops et al. 1998) and BIOME-BGC (Running and Hunt 1993), to predict NPP of softwood and hardwood forests at a number of sites in California, USA. A recent example is the model of Zhang et al. (2016) developed to estimate GPP (and water use) for a wide range of forest types. Alton (2016) has given an interesting comparison of the ability to predict GPP between models of these types that have rather different formulations.


Supplementary Appendix B
Critical assessment of the growth analysis of Michaletz et al. (2014)
Michaletz et al. (2014) examined forest NPP in a global data set that included the data of Luyssaert et al. (2007), which was used in the present work, plus additional data from the literature that had been published subsequently. They confirmed that NPP declined with forest age but concluded that climate, through mean annual temperature and precipitation, did not influence NPP directly but rather that forest biomass did. 
Their conclusion must be considered in the context that NPP itself largely determines biomass growth. Thus if, as suggested in the present work, mean annual temperature is a principal determinant of NPP, then at any particular age a forest growing in a region with a higher temperature would have a higher NPP than that of a forest growing under a lower temperature regime. But, the biomass of that forest at that age would also be higher because its NPP will have been continuously higher over all the years leading up to that age. Thus, at that age there will be a positive relationship between NPP and biomass of forests that have grown under different temperature regimes. This is exactly the relationship displayed in Fig. 1d of Michaletz et al. which shows also the consequences of the decline with age of NPP; the increase in NPP with increasing biomass at any age shown in that figure is simply a consequence of the increase of both biomass and NPP with increasing temperature. 
Michaletz et al. then used multiple linear regression analysis to relate NPP to all of annual precipitation, length of growing season, age, mean annual temperature and biomass (their Eqs. (3), (4)). They concluded that age and biomass were the only variables that needed to be retained in their fitted relationships to predict NPP; this led them to their conclusion that climatic factors did not influence NPP directly.
Michaletz et al. based their discussion about a model (their Eq. (1)) that relates NPP to climatic factors and forest biomass. However, in considering that model it is necessary to realise that NPP is a function of biomass itself. In the definition of NPP given in Eq. (A.3) of Supplementary Appendix A, the biomass growth term (B2 ‒ B1) can be represented as the rate of change of biomass with time (t), that is (B2 ‒ B1) ≈ dMtot/dt where Mtot is forest biomass (the symbol used for biomass by Michaletz et al.) at time t; this is known also as net growth (Supplementary Appendix A, Eq. (A.4)). The term for biomass losses in Eq. (1.3) can be represented as BD = μ(t), where μ(t) represents some function with time that determines the proportion of the biomass that is lost at time t. It then follows from its definition, that NPP at time t can be written as [dMtot/dt + μ(t)Mtot]. Substituting this for NPP in Michaletz et al’s Eq. (3), which was their applied version of their basic model, their Eq. (1), leads to (with some changes in symbol usage for convenience here):
[dMtot/dt + μ(t)Mtot] = β Pγ lgsδ tεexp[E/(kT)] Mtotα 	,				     			 (B.1)
where the independent variables are, for a site, its mean annual precipitation (P), the length of its growing season (lgs) and its mean annual temperature (T), k is Boltzmann’s constant and β, γ, δ, ε, E, and α are parameters to be estimated. Of course, the function μ(t) may well have to include climatic factors that affect litter losses and tree mortality. Eq. (B.1) is a rather complex differential equation that may prove difficult to apply in practice. But in this form, it is clear that Michaletz et al’s model relates biomass growth, as the dependent variable, to age and climatic factors as the independent variables. Their conclusion that climatic factors do not influence NPP directly simply reflects the fact that, if the biomass of a forest stand is known at some age ‒ a biomass that will have been determined by the climatic circumstances under which it developed ‒ its subsequent biomass growth may well be represented by a model that includes biomass and age only.


Supplementary Appendix C
Critical assessment of the data analysis of Tang et al. (2014)
The problem with the analysis used by Tang et al. (2014) arises from the function they chose to describe their data. This related productivity (P, g C m‒2 yr‒1) (GPP or NPP) to forest age (A, yr) as:
P = dAeexp(fA)     ,							                             (C.1)
where d, e and f are parameters to be estimated. This function is such that for positive A, productivity either increases with increasing A to a maximum and declines thereafter or decreases with increasing A to a minimum and increases thereafter. The maximum or minimum occurs at an age of –e/f. If either e=0 or f=0, productivity will necessarily either increase or decrease as A increases. The only circumstance that will lead to this function not displaying increasing or decreasing productivity with age is the trivial case with e=f=0 when the function becomes a horizontal line where P=d for all ages.
It is certainly to be expected that productivity will rise during earlier life of the forest as the trees grow larger and they increase their canopy size allowing increasing photosynthesis, hence increasing GPP. Through their use of Eq. (C.1), Tang et al. (2014) assumed implicitly that GPP would decline with age after reaching a maximum and, inevitably, they then proceeded to conclude that was so. The following discussion attempts to illustrate how it is possible to reach that conclusion even though the data do not support it.
Unfortunately, the present author was unable to identify exactly which of the observations in the data set of Luyssaert et al. (2007) Tang et al. (2014) used to draw their conclusions. For the purposes of illustration here, a subset of the Luyssaert et al. (2007) data was used that included results of GPP measurement at sites for which the mean annual temperature had been measured. At many sites GPP had been measured at a number of forest ages. As discussed in the main text, problems arise with hypothesis testing of regression results when multiple measurements (several GPP measurements at various ages) are available from individual sampling units (the sites) (West et al. 1984). To avoid this problem, the available data were reduced by random selection to include no more then one GPP observation from any site
Fig. C.1 shows a scatter plot of 34 selected estimates of GPP plotted against forest age. To the eye, there is no hint of any relationship existing between GPP and age. When Eq. (C.1) was fitted to these data (it was done so using multiple linear least-squares regression after logarithmic conversion of the data), it yielded the model: 
GP = 961 A0.143exp(-0.00241A)	.					                 			 (C.2)
Note that this model includes a bias correction factor (value 1.04) as discussed earlier in the Results section of the main text. However, its r2 value was only 0.074. This fitted relationship is shown as the solid line on Fig. C.1. It has a shape that implies GPP increases with age to a maximum of 1,490 g C m‒2 yr-1 at 59 years of age and then declines progressively at later ages. However, that shape exists only because it is inherent to the model used and can in no way be said to fit the data.
Drawn with dotted lines on Fig. C.1 is the 95% confidence interval of the true mean value of GPP predicted at any age from the fitted Eq. (C.2). The confidence interval is very wide, as might be expected given the lack of fit of the model. In their Fig. 2, Tang et al. (2014) showed much narrower confidence intervals about the same model, fitted to NPP rather than GPP data, for data from each of boreal and temperate climates. However, the data they used consisted of around 100 observations and so must have contained multiple measurements of NPP from individual sites. This will have led to under-estimation of the covariance matrix of the parameter estimates and consequent under-estimation of the width of the confidence intervals they showed.
[image: ]
Fig. C.1 Scatter plot of gross primary production (GPP) against forest age for 34 sites from the data set of Luyssaert et al. (2007). The line (____) shows the fit to the data of Eq. (C.2) and the lines (…..….) show the 95% confidence interval of the true mean value of GPP predicted at any age from that model. The lines (_ _ _) show the predicted value of GPP at any age from Eq. (4) of the main text for three mean annual temperatures as indicated.
Given the shape of the fitted model (Eq. C.2) in Fig. C.1, it is clearly inviting to suggest that GPP declines with age after reaching a maximum. That is how Tang et al. (2014) arrived at their conclusion. However, the present discussion suggests their conclusion is simply an inevitable consequence of the model they chose to use, a model that simply does not fit the data.
Piper and Fajardo (2011) undertook a similar exercise examining individual tree basal area increments in relation to stand age age in uneven-aged, monospecific forests of lenga beech (Nothofagus pumilio (Poepp. et Endl.) Krasser) in the Andes of Chile and Patagonia. They tested various models including that used by Tang et al. In the forest growing in Mediterranean climate circumstances that model appeared to give a reasonable fit to the data (their Fig. 1, top left), but there appears to be little evidence of any such relationship in their data for forest from the more temperate climate (their Fig. 1, bottom left). Nevertheless, they maintained that there was such a fit, probably based on trivial changes in the criterion they used to select their “best model” (Akaike’s information criterion).
Supplementary Appendix D
Tissue construction cost and maintenance respiration
Construction cost
Penning de Vries et al. (1974) devised the “biochemical pathway approach” through which the “construction cost” of a plant tissue might be determined as the number of grams of tissue oven-dry biomass that can be grown from a gram of glucose and adequate minerals. The method requires full chemical characterization of the constituents of the tissue after its construction is complete and then uses knowledge of the biochemical processes involved in their synthesis. The biochemical processes considered are (a) construction of monomers (small organic molecules that are later capable of polymerisation, such as amino acids that may be polymerised into proteins), (b) incorporation of inorganic atoms and molecules, (c) synthesis of polymers, (d) maintenance of the tools (RNA and enzymes) involved with biosynthesis, (e) construction of the actual tissue itself and (f) active transport of ions and molecules through cell membranes. These are complex processes and Penning de Vries et al. provide information as to how they may be determined in particular tissues. As well as the total construction cost, the method predicts also the amount of CO2 released (through the oxidation of glucose to provide energy for the construction process) to give construction respiration.
Williams et al. (1987) devised, empirically, a simpler method that followed from the Penning de Vries et al. method, but requires less sophisticated laboratory analysis of the constructed tissue. Their method (their Eq. (11)) estimates construction cost in units of “glucose equivalents”, being the amount of glucose required ultimately to provide the carbon in the tissue itself. It predicts construction cost as a function of the ash-free heat of combustion of the tissue, its ash content, its organic nitrogen and its “growth efficiency”. Growth efficiency was defined by Griffin (1994, p. 552) as “the proportion of energy used to produce reductant that is consumed during the formation of the tissue, but is not contained within the biomass”, in effect the respiration part of construction cost; evidence suggests its value is close to 0.87. Griffin (1994) summarised estimates of construction cost for many plant species and tissues that have been made using the Williams et al. method. 
Villar and Merino (2001) found that ash-free energy content alone correlated closely with construction cost of leaf tissues of many woody species as estimated using the method of Williams et al. If so, this reduces even further the laboratory analysis necessary to provide the estimate of tissue construction cost. The efficacy of this approach was evident also in the results of Hamilton et al. (2001, Table 4). 
A more direct method to determine construction respiration is to employ chamber measurement techniques to measure CO2 efflux from tissue as it is growing. This is technically difficult for large trees and, of course, the rate of respiration would need to be measured from time to time during the whole growth period. The technique has been applied in laboratory studies to developing leaves of some California shrub species (Merino et al. 1982) and in leaves and fine roots of holm oak (Quercus ilex L.) (Laureano et al. 2008, 2013). In both cases, they used a technique that allowed both tissue construction respiration to be determined and as well as the maintenance respiration necessary to maintain the tissues as it developed. 
In their Table 3, Williams et al. (1987) summarised construction costs of the leaf tissues of Californian shrubs, as mentioned in the previous paragraph, determined using the biochemical pathway approach (determined by Merino et al. 1984), their own empirical approach, another empirical approach (McDermit and Loomis 1981) and the direct measurements of Merino et al. (1982). All yielded similar results.
It certainly appears that these various methods for estimating tissue construction costs, with or without construction respiration costs that are the real interest of the present work, can give satisfactory results. 
Maintenance respiration
Penning de Vries (1975b) developed a biochemical pathway approach to estimate maintenance respiration based on detailed chemical analysis of the tissue and its metabolic processes. He defined the term “maintenance” to include “the processes which maintain cellular structures and gradients of ions and metabolites, and also the processes of physiological adaptation that maintain cells as active units in a changing environment. Formation of new enzymes at the expense of others and salt accumulation in some stress conditions are examples of such adaptations.” He maintained that “protein turnover and active transport processes to maintain certain ion concentrations in the cells” are the most important metabolic processes involved in maintenance respiration and his biochemical technique is based around that principle. As for the construction costs and respiration mentioned above, Merino et al. (1982, 1984) compared this biochemical approach and their direct chamber measurement approaches to estimation of maintenance respiration in leaves of California shrub species and found that both methods gave similar results.
Of course, it is possible also that maintenance respiration costs might be measured directly using the methods discussed in Supplementary Appendix A. Many practical difficulties arise in doing so when dealing with tall trees and with differentiating between respiration rates by different tissues.
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