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Abstract. Persistent divergences among the predictions ofl Introduction

complex carbon-cycle models include differences in the sign

as well as the magnitude of the response of global terres-

trial primary production to climate change. Such problemsDifferences among model predictions of the terrestrial
with current models indicate an urgent need to reassess thgarbon-balance response to changes in climate and atmo-
principles underlying the environmental controls of primary SPheric carbon dioxide concentration ([gJDremain stub-
production. The global patterns of annual and maximumbornly large (Ciais et al., 2013; Friedlingstein et al., 2006;
monthly terrestrial gross primary production (GPP) by C Sitch et al., 2008). After reanalysing coupled climate—
plants are explored here using a simple first-principles modefarbon-cycle model results from Friedlingstein et al. (2006),
based on the light-use efficiency formalism and the FarquhaPenman et al. (2007) revealed disagreements in the overall
model for G photosynthesis. The model is driven by inci- Magnitude of the modelled (positive) climate-£féedback,
dent photosynthetically active radiation (PAR) and remotely@nd also in the responses of key processes — ocearutO
sensed green-vegetation cover, with additional constrainté8ke, soil organic mater decomposition, and especially ter-
imposed by low-temperature inhibition and g€@mitation.  restrial net primary production (NPP) — to [Gncrease
The ratio of leaf-internal to ambient GQroncentration in and/or climate change. Modelled positive responses of global
the model responds to growing-season mean temperature, 2\PP to [CQ] varied by a factor greater than five, while
mospheric dryness (indexed by the cumulative water deficitthe models disagreed even on the sign of the response of
AE) and elevation, based on an optimality theory. The great-global NPP to climate. The more recent Earth System Mod-
est annual GPP is predicted for tropical moist forests, but the2ls (ESMs) in the Coupled Model Intercomparison Project
maximum (summer) monthly GPP can be as high, or higher® (CMIP5) archive show no better agreement (Ahlstrom et
in boreal or temperate forests. These findings are supportedl-- 2012; Anav etal., 2013; Arora et al., 2013; Friedlingstein
by a new ana|ysis of COflux measurements. The exp|ana_ et al., 2014; Jones et al., 2013; Todd-Brown et al., 2013)
tion is simply based on the seasonal and latitudinal distri-Ciais et al. (2013) summarized the CMIP5 carbon-cycle re-
bution of PAR combined with the physiology of photosyn- sults (their Fig. 6.21) and highlighted the weak land-carbon
thesis. By successively imposing biophysical constraints, itiPtake response to both [Gand climate change, shown

is shown that partial vegetation cover — driven primarily by PY two “N-coupled” ESMs (models allowing for interactions

water shortage — represents the largest constraint on glob&etween the terrestrial C and N cycles). The CMIPS mod-
GPP. els collectively show a high bias in the simulation of recent

trends in atmospheric [C because the modelled uptake of
CO; by the oceans and/or land is too small, being the small-
est in the N-coupled models (Hoffman et al., 2013). Several
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“offline” N-coupled land-carbon-cycle models have also gen-etated world in which € photosynthesis operates at its full
erated contradictory and, in some cases, apparently unreali®iophysical potential everywhere, and PAR is not attenuated
tic responses of NPP to climate (Thomas et al., 2013; Zaby atmospheric absorption and clouds. Then, we add con-
ehle and Dalmonech, 2011). These disappointing outcomestraints one by one. The model has the form of a “light-use
of recent model development suggest to us that the controlefficiency” (LUE) model (i.e. modelled GPP is proportional
of NPP, not least the role of nutrient limitations, are inad- to absorbed PAR). However, unlike empirical LUE models,
equately understood and that this is a major impediment tdhe value of LUE and its variation with environmental fac-
the development of reliable ESMs. tors are derived from first principles, beginning with the stan-
Perusal of the terrestrial ecology literature confirms thatdard model of @ photosynthesis (Farquhar et al., 1980). The
there is indeed no consensus on the controls of either GPP aterivation rests on the “co-limitation” or “coordination” hy-
NPP. Some empirical primary production models have con-othesis, which predicts that the photosynthetic capacity of
tinued to rely on correlations with mean annual temperaturdeaves at any location and canopy level acclimates over times
and precipitation (Del Grosso et al., 2008), even though thdonger than a day to the prevailing daytime PAR. This is in
positive geographic relationship of GPP or NPP with temper-order to be neither in excess (which would entail additional,
ature is almost certainly indirect, rather than causative (Bo-non-productive maintenance respiration) nor less than what
nan, 1993; Garbulsky et al., 2010). There is a strong correis required for full exploitation of the available PAR. This
lation between the latitudinal gradients of photosynthetically hypothesis implies that average daily photosynthesis under
active radiation (PAR) and mean annual temperature; PARield conditions is close to the point where the Rubisco- and
is the driving force of photosynthesis but also constitutes aelectron transport-limited rates are equal. The co-limitation
nearly constant fraction of solar short-wave radiation, whichhypothesis has strong experimental support, as was recently
is the driving force of the latitudinal temperature gradient. It demonstrated by Maire et al. (2012).
is therefore very likely that the observed global relationships The LUE concept has been applied in diagnostic pri-
of GPP and NPP to temperature are caused at least in pamary production models, including the Simple Diagnostic
by this correlation between temperature and PAR. Based oBiosphere Model, SDBM (Knorr and Heimann, 1995), the
a model simulation, Churkina and Running (1998) assesse@arnegie—Ames—Stanford Approach model, CASA (Field et
the relative importance of different climatic controls (temper- al., 1995; Potter et al., 1993), the Simple Diagnostic Photo-
ature, water availability, PAR) on terrestrial primary produc- synthesis and Respiration Model, SDPRM (Badawy et al.,
tion, indicating different controls or combinations of controls 2013), and the widely used algorithms to estimate GPP and
to be dominant in different regions. However, the analysisNPP from remotely-sensed “greenness” data provided by
by Churkina and Running implicitly discounts the possibil- MODIS (Running et al., 2004). By “diagnostic” we mean
ity that all three factors could simultaneously limit photosyn- models that rely on remotely sensed green vegetation as an
thesis, and ignores the ubiquitous, experimentally observedhput, distinct from prognostic models that simulate vegeta-
stimulation of G photosynthesis by increasing [GIt has  tion cover. A particular version of the co-limitation hypothe-
long since been established that agricultural crop productiorsis was used to derive an explicit LUE formula in the strand
is proportional to the cumulative PAR absorbed by the cropof complex, prognostic terrestrial carbon-cycle models that
(Monteith and Moss, 1977a; Monteith and Moss, 1977b), yetoriginated with BIOME3 (Haxeltine and Prentice, 1996) and
Pongratz et al. (2012) and others have modelled crop produaghe Lund—Potsdam—-Jena (LPJ) DGVM (Sitch et al., 2003).
tion without considering PAR. Many models have invoked N CO, limitation can be represented in a natural way in the
and/or P limitations as ancillary controls on primary produc- co-limitation framework if the ratio of leaf-internal to am-
tion; Huston and Wolverton (2009) went further, arguing that bient [CO] (¢j/ca) can be specified. This is done here with
soil nutrients (rather than climate) primarily determine the the help of the “least-cost hypothesis” (Wright et al., 2003),
global pattern of NPP. Finally, Fatichi et al. (2013) claimed which states that the long-term effective value:gt, mini-
that NPP is not controlled by photosynthesis at all, but rathemizes the combined unit costs of carboxylation (proportional
by environmental constraints on growth. to photosynthetic capacity) and transpiration (proportional to
Different explanations of the controls of terrestrial pri- sapflow capacity). This hypothesis also has strong empirical
mary production are thus rife in the ecological literature, yetsupport (Prentice et al., 2014) and provides a continuous pre-
the choice of model assumptions can imply radically dif- diction of thecj/c, ratio as a function of environmental arid-
ferent responses to global change (Wang et al., 2012). It isty, temperature and elevation. Thus, our modelling approach
therefore time for a fundamental reassessment of the condoes not require that we divide plants into functional types
trols of primary production. With this goal in mind, we de- (PFTs) with apparently differing physiological responses, as
fine a conceptually very simple model for GPP. The modelhas usually been done in complex models, and is now com-
allows us to explore the consequences (and potentially thenonly done in models based on remote sensing as well.
limitations) of the hypothesis that “the primary controls on  We focus exclusively on GPP. It is probably reasonable
terrestrial GPP are incident PAR, green-vegetation cover andb extrapolate the first-order results to NPP, given that, on
[CO.]". We first consider a counterfactual, continuously veg- a global scale, NPP is approximately a constant fraction of
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Table 1.Model equations for each step and the global annual grosgalbedo), transmission and incomplete utilization of the PAR
primary production (GPP, Pg C: 3) estimated by each mode: spectrum. We assumed a leaf absorptance of 0.8 (Collatz et
intrinsic quantum efficiency of photosynthesis (mol mb), &: leaf g, 1998), bearing in mind that this quantity shows substan-
absorptance (dlmen5|onless) PAR: incident photosynthetically act|a| variation among species (Long et al., 1993). The intrin-
tive radiation (mol ?), PARoa’ PAR at the top of the atmosphere ;¢ o 1antum efficiency of photosynthesis is the quantum effi-
(molm~<), PARy: accumulated PAR for the period with daily tem- . 1 .

“ ; ciency (mol mof ) that can be realized at low PAR, low
perature above @C (molm 2), fAPAR: fractional absorbed PAR and s);t(urating [C)Q We assigned an intrinsic quantumﬂe?ffi-
(dimensionless);.: leaf-internal CQ Concemraﬂogjglmm mof?) ciency of 0.085 agéin following Collatz et al. (1998). This is
I'*: photorespiratory compensation point (umol mo)l. : ' : :

P P Y P Point (1 in the mid-range of reported values for the intrinsic quantum
efficiency of G photosynthesis.

Model equation Global - )
annual GPP As the real atmosphere is not perfectly clear anq contains
- clouds, we considered next the effect of atmospheric absorp-
gigi $o xax gﬁsoa 21332 tion and reflection of PAR. PAG, for each month of the year
opP_ 0 >X< Z i PAR x FAPAR 30 was converted to the PAR incident on vegetation canopies
GPP= ig x @ x PARg x fAPAR 300 (Table 1) using the Prescott formula (Linacre, 1968). This
GPP= o x & x PARy x fAPAR x = +2£r* 211 modifies GPP by a factor of 0.75 (the clear-sky transmittiv-

ity) under clear skies, declining to 0.25 under completely
cloudy skies. The values thus obtained were increased by
2.7 % per kilometre of elevation (Allen, 2005) to account for
GPP (Waring et al., 1998), although caution is needed bethe reduced thickness of the atmosphere at higher elevations
cause this fraction may vary (DeLUCIA et al., 2007). The (Appendix, Eq. A3).

fine-tuning of the NPP GPP ratio is a separate issue, which  The fraction of absorbed PAR (fAPAR), indicating actual
will be considered in forthcoming work.4£and CAM pho-  green-vegetation cover, was introduced next. fAPAR is as-
tosynthesis are not modelled. For this reason, evaluation oumed to represent effects of limited water availability, low
the model results is based on data from forests, where Ctemperatures and nutrient deficits in reducing the NPP avail-
photosynthesis predominates. able for allocation to leaves, as well as the varying phenology
and turnover time of leaves (Table 1). It was further assumed
that fAPAR implicitly accounts for the differential penetra-

2 Methods tion of diffuse and direct PAR into dense vegetation canopies
(Mercado et al., 2009). We used the SeaWiFS fAPAR prod-
2.1 Model summary and protocol uct (1998 to 2004) (Gobron et al., 2006), which we have pre-

viously used to drive the SDBM in a benchmarking study

The model was applied to the global land surface, exclud<{Kelley et al., 2013). The extent to which different schemes
ing ice-covered regions and Antarctica, at a grid resolutionderiving fAPAR from remotely sensed reflectance data ac-
of 0.5°. It was driven with a fixed seasonal cycle of PAR, countfor the various losses included in & is unclear. However,
climate and fAPAR. Insolation (short-wave solar radiation if fAPAR includes these losses, then values should nowhere
at the top of the atmosphere) was computed using standareixceed about 0.8, whereas the SeaWifS fAPAR reaches 1.0.
methods. Half of solar short-wave radiation was assumed tdccordingly, we have retained & in the expressions for GPP
be PAR. PAR was converted from energy to photon units usthat include fAPAR. For the present application, we averaged
ing a conversion factor of 4.5 ot MJ. Remotely sensed different years’ values for each month of the year to produce
green-vegetation-cover data were used to derive absorbea monthly climatology of fAPAR. Missing values in winter
PAR. Required climate data (mean monthly temperature, prewere set to zero. The monthly values of fAPAR were used to
cipitation and fractional cloud cover) were derived from cli- multiply the monthly values of PAR.
matic research unit time-series data (CRU TS3.1), averaged In the next step, the inhibition of CQassimilation at low
over the same period as the remote-sensing measurementstemperatures was described by a ramp function, reducing

We first considered a hypothetical world in which PAR at the utilization of PAR for photosynthesis linearly from 10
the top of the atmosphere (PAR see more detailed calcula- to 0°C, with zero photosynthesis at daily temperatures be-
tions in Appendix, Sect. Al) could be fully utilized by plants. low 0°C. Daily values of PAR were thus integrated over the
In other words, we assumed a continuous vegetation covemonth to give monthly PAR as defined in Table 1. PAR
ideal temperature and moisture conditions, and a perfectlys a weighted monthly PAR, with the weighting provided by
clear atmosphere containing adequate,@® optimal pho-  the ramp function (Egs. A4, A5).
tosynthesis (Table 1). Potential GPP under these conditions The final step accounts for the effect of photorespiration
is the product of PAR,, leaf absorptance:f, and the intrin-  and substrate limitation at subsaturating J®ased on the
sic quantum efficiency of photosynthesig). The leaf ab- Farquhar model (Table 1). GPP was reduced by the fac-
sorptance accounts for the fraction of PAR lost by reflectiontor (¢; — I'*)/(¢j + 2I'*), whereI'™* is the photorespiratory

www.biogeosciences.net/11/5987/2014/ Biogeosciences, 11, B282-2014



5990 H. Wang et al.: Biophsyical constraints on gross primary production

compensation point. The co-limitation hypothesis equateD°C (as described in Kelley et al., 2013). We carried out
the Rubisco- and electron-transport limited rates of photo-an ordinary linear regression of fAPAR against theoef-
synthesis. We use the electron-transport limited rate as thificient (ratio of actual to equilibrium evapotranspiration) cal-
yields an estimate of LUE. We neglefiax limitation, thus  culated as in Cramer and Prentice (1988) and Gallego-Sala et
making the approximation that Rubisco is always limiting at al. (2010), modified as described above. We also performed a
high PAR. The temperature dependenc&dfvas described generalized linear model analysis usingnd mGDD, then

by an Arrhenius function (Bernacchi et al., 2003), evaluatedo, mGDDy and total soil cation exchange capacity from the
at the growing-season mean temperature (mgDmDGDDy ISRIC-WISE gridded data set (Batjes, 2009) as predictors of
is defined as the annual sum of temperatures abdv@ 0 fAPAR.

(GDD - growing degree days) divided by the length of the

period with temperatures abovéO. ¢; was derived fromthe 2.4 GPP data-model comparisons

ratio of ¢j /ca, which was predicted as a function of mGpD

atmospheric aridity 4 E) and elevation, based on the least- GPP predictions from the final modelling step were com-

cost hypothesis (Prentice et al., 2014) is the cumulative pared to the global synthesis of annual GPP measurements

annual difference between actual and equilibrium evapotran{fom forests by Luyssaert et al. (2007). The model's pre-
spiration, where actual evapotranspiration is computed usingi":t'On of global GPP was compared with the range of pub-
a quasi-daily soil-moisture accounting scheme (Cramer an shed, observationally based estimates (Beer et al., 2010)_.

Prentice, 1988). This measure is approximately proportional Modelled seasonal cycles of GPP were compared with

to the effective growing-season average value of vapourS€asonal cycles of gap-filled GPP derived from eddy co-

pressure deficit experienced by the plants (see Prentice et aVariance measurements of @éxchange in the FLUXNET

2014, Supporting Information, for a derivation). Further de- archive http://www.flu'xdata.o.rgl In all, 146 flux towers in
tails on the calculation af /c, andT™* are given in Sects. A4 FLUXNET have publicly available data between 2002 and

and A5, respectively. 2006. We used all of these data. Half-hourly measurement
pairs of net ecosystem exchange (NEE) and photosynthetic
photon flux density (PPFD) (equivalent to PAR, in photon

units) were partitioned into GPP and ecosystem respiration

PAR, PAR), mGDD, and AE were calculated from in- DY fitting the rectangular hyperbola response model as pre-
solation and climate data with a modified version of a Sented by Ruimy et al. (1995) (their Eq. 27). A non-linear
simple process-based bioclimatic model (STASH) modell€ast-squares regression was performed on each monthly set
(Gallego-Sala et al., 2010; Sykes et al., 1996). STASH waLf NEE-PPFD observation pairs at each tower, after anoma-
modified to account for the effects of elevation on atmo- 10US data points (identified using Peirce’s criterion) had been
spheric transmittivity and the effect of atmospheric pr(__,S_deleted. Monthly totals of GPP were then calculated as fol-

sure on the psychrometer constant, used in the calculation dPWs: first, each PPFD time series was completed using a
equilibrium evapotranspirationhttp:/Aww.fao.org/docrep/ gap-filling product based on a half-hourly calculation of solar

X0490E/x0490e07.htjn The algorithm to compute insola- re_ldiation at t_he top of th_e atmosphere, scaled down .in mag-
tion was also revised to more accurately compute celestiaf!itude by daily observations of short-wave downwelling so-

longitude (the angle between the Earth's position and its po_Iar radiation, as provided by the WATCH forcing data based

sition at the vernal equinox) on each day of the year, given th&®" the ERA Interim reanalysis (Weedon et al,, 2012). Then,
orbital parameters (eccentricity, obliquity and precession).t"€ 9ap-filed PPFD data were converted to GPP using the
The method of Kutzbach and Gallimore (1988) was used toModel-fitted parameters for each month and tower, and cu-
represent the effect of precession. This modification has litMulated to monthly totals. Months for which the data could
tle effect under the present-day orbital configuration. Eleva-N0t b€ fitted with arectangular hyperbola were excluded from
tions were taken to be the mean elevations of each grid cef@nalysis.

as given by CRU Http://www.cru.uea.ac.uk/ The ambient

[CO,] was set at its mean value during the period 1998 t03 Ragylts

2005 (370 pumol mat?).

2.2 Driving data

3.1 Model predictions: annual GPP
2.3 Analysis of annual fAPAR data

The patterns and total values of global annual GPP show a
In order to clarify how environmental variables affect the progressive reduction during the course of imposing biophys-
global GPP pattern through fAPAR, we performed a supple-ical and ecophysiological constraints (Fig. 1, Table 1). Po-
mentary analysis of the controls of annual fAPAR. Annual tential GPP based on PAR varies only with latitude, being
fAPAR was calculated as a weighted average of the monthlymaximal at the equator and declining smoothly towards the
values, the weighting provided by the mean monthly inci- poles (Fig. 1a). The decline is almost, but not quite, symmet-
dent PAR, neglecting periods with mean temperatures belowical. The southern hemisphere shows slightly higher values
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at any given latitude because the Earth is currently nearest t
the Sun in northern winter (southern summer).

The strict latitudinal pattern of potential GPP is altered by g | -
cloud cover (Fig. 1b). Values are lowered around the equato
and at high latitudes due to cloudiness. The highest value
are found in subtropical deserts. The combined effects of at® |
mospheric absorption and clouds reduce total global annue
GPP by nearly half (Table 1).

The largest drop by about 78 % in modelled GPP occurs
at the next step (Fig. 1c) due to the introduction of fAPAR.
Obvious modifications include the effects of low water avail- 7
ability in desert regions. fAPAR values of unity are restricted s |
to very few locations (e.g. subantarctic islands). Forested re
gions typically have fAPAR values in the range 0.2 to 0.8.
The moisture indicatox alone accounted for 45 % of the
variance in annual fAPAR. This figure rose to 54 % after in- )
clusion of mMGDD as an additional predictor, and to 55% g | ' #
after inclusion of soil cation exchange capacity. All three pre-
dictors had highly significant effect®(< 0.001).

Additional effects of temperature limitation, introduced
after the influence of fAPAR has been taken into account, fur-2 |
ther diminish GPP only in the regions of the world (temper-
ate, boreal, polar and high-mountain regions) that routinely_ |
experience cold conditions (Fig. 1d). The reduction in global
total annual GPP (Table 1) at this step is only about 7 %.

The effects of subsaturating [GPin limiting GPP (with £l
fAPAR held constant) are also relatively slight (30 %),
but pervasive across terrestrial ecosystems (Table 1). Th |
strongest C@ constraint on GPP is predicted for hot and
dry regions, such as the Australian deserts; the weakest cor® |
straint is predicted for cold and humid regions, such as east
ern Siberia (Fig. 1e). !

Elevation effects are slight in a global perspective, al-
though significant locally. A sensitivity test showed that in-
creasing the elevation of the global land surface by 4000 m# |
with all other factors unchanged, would increase global GPF
by 7%. The net effect is positive because the thinner atmo- |
sphere (greater PAR transmission) and reduced partial pres

Q
2t

GPP=g,-a-PAR

(c)

. . . . g L o 5 g
sure of @ (implying a greater affinity of Rubisco for Cp  * k w € o, oo P ?j;
at high elevations more than counteract the negative effect A ; -
of the reduced psychrometer constant (increased water los:, | s Y
and the reduced partial pressure of £O P o :S o
: ) hd ,:»
3.2 Data-model comparisons: annual GPP Br { Grp =i paraR- S :
Comparison with the Luyssaert et al. observations on an- o&ze, 5 %, %, 70%0 @@% }&0% eoo% %%0

nual GPP indicates a satisfying model prediction at the high
end (tropical forests), but a general tendency to overestimatgigyre 1. The patterns of modelled global annual GPP
GPP in temperate and boreal forests (Fig. 2). The predicteggc m—2a~1) controlled by PAR at the top of atmosphéad, and
global total GPP value (211 PgC%H lies above the range modified by a sequence of effects: atmospheric transmissivity and
of 1234+ 8 PgC a? provided by Beer et al. (2010) based on cloud cover(b), foliage cover(c), low-temperature inhibitior{d)
eddy covariance flux data and various diagnostic models, anénd CQ limitation (e).

also above the value of Welp et al. (2011), 150-175Pg'C a

inferred from oxygen isotope data. Nevertheless, inspection

of Fig. 2 suggests that the model approximates a “boundary
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Figure 2. Relationship between observed annual GPP from Luys-
saert et al. (2007) and predicted annual GPP. <

GPP =g, -a-PAR- fAPAR

line” for temperate and boreal-forest GPP. A few sites show$ |
GPP close to that modelled, but many others show GPP lowe
than this. In other words, the model appears to be predict

(d)

ing an upper bound for GPP, which is not always achieved ing | S ﬁéﬁ%‘?’t“f
the field. There is no systematic difference between broadlea ' V 2
and needleleaf forests in the extent to which the model over. &

predicts GPP. ° 1 .

=50

3.3 The seasonal maximum of GPP

GPP=g,-G-PAR, - fAPAR

Although the greatest annual GPP is both predicted anc | ©
observed for tropical moist forests (Figs. 1, 2), the GPP_ |
achieved during the month with maximum GPP can be as
high or higher in boreal or temperate forests. This tendency
is shown both by model predictions (Fig. 3) and flux observa-= |
tions (Fig. 4). Tropical evergreen broadleaf forests have higt
GPP throughout the year, with a muted seasonal cycle refleci_ »
ing the alternation of wetter and drier seasons (Fig. 4). The™ | PP =gy 0 AR AR
estimated average annual GPP of 2760 gCar! marks — : : : :
tropical forests as the most productive, but the maximum ° % %
monthly GPP in tropical evergreen broadleaf forests (about )
300gC nT2 month‘l) is exceeded by forests in the temper- Flgure_S;. The pfltlterns of modelled global maximum monthly GPP
ate zone (Fig. 4). The highest mean monthly GPP vaIue§gcm ."?O“th ) controlled by PAR at the_ top of the atmosphere
in our flux data set are 358¢ CramonthL in a temper- and modified by a sequence of effects, as in Fig. 1.

ate evergreen needleleaf forest and 484 g€ montht in

a temperate deciduous broadleaf forest. The monthly maxito, or even larger than, the maximum for tropical evergreen
mum GPP in boreal forests (in June or July), the lower quarygadieaf forests.

tile for temperate deciduous broadleaf forest, and the upper

quartile for temperate evergreen and mixed forests are similar
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Figure 4. Box-and-whisker plot of monthly GPP (g CTA montti1) versus month, based on gap-filled GPP observations derived from the
freely available measurements in the FLUXNET archive. The bottom of the box is the lower quartile and the top is the upper quartile. The
whiskers extend to the lower and upper extremes, beyond which outliers are plotted as dots.

Figure 3 provides a biophysically based prediction of thistus are reflected, to some extent, in fAPAR with allocation
phenomenon. In the top panel, itis already clear that the maxto leaves being reduced and allocation to fine roots increased
imum monthly potential GPP — being proportional to inso- under low-nutrient conditions (Poorter et al., 2012), the fact
lation — is greatest in high latitudes, declining towards thethat temperate forests do not consistently have lower fAPAR
equator. This is because the day length in high-latitude sumthan tropical forests suggests that this effect is not predom-
mer more than compensates for the low sun angles. The majxnant. However, our analysis of the controls of fAPAR sug-
imum daily insolation at any place and time on the Earth’s gests dominant control by climate, principally water supply,
surface occurs near the polar circles in the days arounavith smaller contributions from growing-season temperature
the summer solstice in each hemisphere. High cloud covefreduced fAPAR in cold climates) and soil properties.

(Fig. 3b), low vegetation cover (Fig. 3c) and low temper- We therefore argue that the first-order latitudinal pat-
atures (Fig. 3d) all tend to reduce the maximum monthlyterns of GPP and its seasonal cycle are ultimately deter-
GPP in the Arctic, but the basic pattern persists (Fig. 3e)mined astronomically by the distribution of insolation. Due
even after all constraints are included, allowing high max-to the obliquity of the Earth’s axis relative to the ecliptic, the
imum monthly GPP — comparable to or higher than thatlatitude at which the Sunis directly overhead swings between
in tropical forests — to be achieved in boreal or temper-the Tropics of Cancer and Capricorn, crossing the equator
ate forests. The highest values of maximum monthly GPPtwice a year. The tropics therefore receive maximum annual
(>600gCnT2al) are predicted for certain mid-latitude insolation. But the maximum insolation in any one month
temperate and boreal forest regions, including the Caucasushows a very different pattern, with highest values at high
and Altai mountains. latitudes. At latitudes> 50° in both hemispheres, the high
maximum monthly insolation is counteracted in its effect on
GPP by high cloud cover and seasonally low temperatures.
4 Discussion High incident and absorbed PAR are experienced widely in
summer in boreal and temperate latitudes, resulting in a high
seasonal GPP. Our model is nonetheless consistent with to-
tal annual GPP being highest in tropical forests, due to rel-

Our simple model predicts, among other things, that GPP Inatively high insolation combined with adequate temperature

:he sumrt'nefr motntrtﬁ Ca.?.be e}[S hl_ghlafs or th'g$ﬁ_r N b‘(’jfef' 9%nd moisture conditions that persist throughout the year.
emperate forests than itis In tropicat forests. This prediclion = »-qye| feature of the model is its inclusion of eleva-

IS Sngol\rltsg zytflut;( d:tak(hﬁgf. ‘t) ?ndz (():ggmstzntHWltth anal('jtion effects on GPP. Elevation affects GPP in several ways.
YS€s o ata by Kerkhoff et al. ( ) and Huston an Enhanced PAR is a direct result of a reduced path length

Wolverton (2009). Huston and Wolverton (2009) attributed through the atmosphere. Reduced stomatal conductance and

this pattern to the prevalence of highly weathered, nutrient- . . ; )
o : oo i/ca rati n rr ndingly higher photosyntheti -
poor soils in the tropics. Our explanation is simpler, basedc'/c'31 atios (and correspondingly higher photosynthetic ca

o R : ! acity) are predictions of the least-cost hypothesis. These
on the latitudinal and seasonal distribution of insolation andp ) P yp

. . . predictions have long-standing empirical support (Friend et
C!OUd cover C.Of.“b'”ed. with the physflolog_y of_photqsynthe- al., 1989; Korner and Diemer, 1987), but are accounted for
sis. Although it is possible that variations in soil nutrient sta-

4.1 Key patterns explained
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here as a consequence of the reduced partial pressurg of Gment (Norby et al., 2010), which appears to be a result of
which lowers the cost of carboxylation relative to transpira- accelerated N depletion under €@nhancement. On the
tion. On the other hand, the reduced psychrometer constardther hand, a comparative FACE study of grasslands showed
tends to increas@A E. The net effect in our model, ceteris photosynthetic responses to enhanced{Ia® be indepen-
paribus, is that GPP increases with elevation. The global efdent of N supply (Lee et al., 2011). A possible resolution
fect is small, but the prediction would be worth exploring in of apparently conflicting results on the nutrient dependence
the context of elevational transects. It has implications, espeef primary production (and, by extension, the [g]@ffect)

cially for primary production in high-mountain regions in the would depend on the responses of GPP, NPP and biomass

tropics and subtropics. growth being distinguished (note that NPP includes compo-
nents such as root exudation and volatile organic compound
4.2 [COy] and nutrient supply effects emission that do not directly contribute to biomass growth).

Vicca et al. (2012) showed no difference in GPP between

We have implicitly assumed that fAPAR is independent of forests on fertile and infertile soils, and no evidence for dif-
[COg]. Thus, the effect of the final constraint — where the ferences in the NPPGPP ratio, but a very large difference
effect of subsaturating GOand, with it, the effect of re- in biomass growth, suggesting that the key difference lies in
strictions onc; and GPP due to stomatal closure in dry en- the allocation of NPP to supporting root symbionts that as-
vironments are added — reflects only the effects of J{oi sist trees in acquiring nutrients under conditions of low nu-
the rate of photosynthesis that could be achieved on the agrient availability. This finding is consistent with that of Aoki
sumption of unchanging vegetation cover. The resulting pre-et al. (2012), who measured, with results that were many
diction is a relatively modest potential for increased GPPtimes greater, exudation of organic acids from tropical trees
with increasing [CQ], following the A-¢; curve for elec- on soils with low P availability, relative to more fertile soils
tron transport-limited photosynthesis. A sensitivity analysisin the same climate. The effect apparently extends to whole-
in which [CO,] was elevated by 200 pmol mol yielded a  ecosystem carbon uptake, which was shown by Fernandez-
5 to 25% stimulation of modelled annual GPP: on aver-Martinez et al. (2014) to be determined by nutrient availabil-
age smaller than the mean effect reported for temperate fority to a far greater extent than GPP. These various findings
est NPP (23t 2%) by Norby et al. (2005), based on Free- suggest that the current paradigm for the inclusion of nutri-
Air Carbon-dioxide Enrichment (FACE) experiments. This ent reponses in complex ecosystem models — whereby nutri-
analysis also suggested a strong relationship between CCent supplies influence photosynthetic rates, and thence NPP
fertilization and temperature with warm areas experiencingand biomass growth — is incorrect, and that the way forward
stronger CQ fertilization. Annual GPP was predicted to in- will involve explicit modelling of how carbon allocation (to
crease by about 18 % across the tropics but by no more tharoots versus shoots and to investment in nutrient acquisition
12 % in the high latitudes of both hemispheres. The relation-versus biomass growth) is influenced by nutrient availability.
ship to temperature is much less marked than in the analysis
by Hickler et al. (2008), because the LPJ-GUESS model used.3 Implications for modelling strategy
there did not account for the responsecpfc, to tempera-
ture. In our model, lower;/c, at lower temperatures implies Global LUE models have a history dating back at least to
a strengthening of the responsetdecause of the convexity the early 1990s, with the publication of the widely used
of the A-¢j curve. This strengthening partially counteracts the Carnegie—Ames—Stanford Approach model, CASA (Field et
temperature effect oR*, which tends to produce a stronger al., 1995; Potter et al., 1993), and the SDBM (Knorr and
CO, response at higher temperatures. Heimann, 1995) to predict NPP. Models based on the LUE

Additional effects, not considered here, could modify principle continue to be developed and compared, how most
these model predictions. One is the possible increase of fAcommonly in terms of their ability to reproduce GPP as de-
PAR resulting from “water saving” by reduced stomatal con- rived from CQ flux measurements (see e.g. Cheng et al.,
ductance at increased [GP Evidence has been presented 2014; McCallum et al., 2009, 2013; Verma et al., 2014; Horn
for an increase of fAPAR, independently of precipitation and Schulz, 2011; Yuan et al., 2007, 2013). Their popular-
trends, in warm and dry regions (Donohue et al., 2013). Suchity depends on the fact that green-vegetation cover in LUE
an increase would also tend to counteract any possible inmodels is directly provided from satellite observations, thus
crease in runoff due to increasing [@JQUkkola and Pren-  sidestepping one of the most serious limitations of current
tice, 2013; Wang et al., 2012). dynamic global vegetation models (DGVMs), namely their

Another neglected effect is the possible restriction of (in)ability to realistically predict spatial and temporal pat-
[CO,] fertilization due to exacerbated nutrient shortages,terns of green-vegetation cover (Kelley et al., 2013). Despite
which would reduce the potential for GPP to be influenced bypersistent differences among different satellite-derived fA-
[CO3]. For example, there is evidence for a decline inf£O PAR products (McCallum et al., 2010), the physical defi-
induced growth enhancement over the timescale of stand dedition of fAPAR is clear, and remotely sensed fAPAR val-
velopment in the Oak Ridge temperate forest FACE exper-ues can be evaluated and ultimately improved by systematic
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comparison with in situ measurements (Pickett-Heaps et al., As aresult of these hypotheses and assumptions, the model
2014). has far fewer parameters than most. Aside from constants,
On the other hand, reliable projection of the effects of fu- such as the intrinsic quantum efficiency of photosynthesis,
ture [CQ] and climate changes demands that fAPAR alsothat are independently measured to withii0 % or better,
be predicted from first principles. There must be a feedbackhe model has just one paramete€-in equation A7 — that
from NPP to fAPAR, because sufficient NPP is required tohas to be estimated (and we have also done this from inde-
sustain a given leaf area. Current DGVMs model this feed-pendent observations). Moreover, the model’s explicit rela-
back implicitly, but there has been little effort to evaluate tionship to the Farquhar model of photosynthesis allows a
their predictions of fAPAR and its response to environmen-natural way to include the effect of changes in [JCre-
tal changes. When tested, models have been found wantinguiring no additional parameters to be specified — in contrast
(e.g. Kelley et al., 2013; Keenan et al., 2014). Process-basedith, for example, Los et al.’s (2013) modification of CASA
prediction of fAPAR is an important goal for further research to include a CQ response, which is otherwise missing from
and presumably a feasible one, given the ready availability othe CASA model.
fAPAR observations as a target. It is commonly impossible to discern the extent to which
Meanwhile, the multiplicity of available LUE formula- parameter values in complex models have been tuned to data
tions, and the lack of agreement on, for example, the waythat may then be used to evaluate their performance. How-
temperature and COresponses are built into LUE mod- ever, many models contain “hidden” parameters whose val-
els (Verma et al., 2014), or whether or not these responseses are not traceable to measurements. For example, the tem-
should be PFT-specific (Yuan et al., 2013), are causes foperature response equations of LUE in CASA (Potter et al.,
concern. These differences ultimately reflect the lack of a1993) contain six hard-wired numerical constants, in addi-
clear theoretical basis for LUE modelling. In this paper, we tion to the maximum LUE for NPPe{) that is explicitly
have attempted to provide such a basis through the adopzalibrated. The LPJ model (Sitch et al., 2003) similarly con-
tion of two optimality hypotheses with independent empir- tains PFT-specific temperature “envelope” responses of un-
ical support, namely the co-limitation hypothesis (Maire et clear provenance and reliability. This situation reflects the
al.,, 2012), which predicts that LUE is determined by the data-poor world into which models such as CASA and LPJ
electron-transport limited rate of photosynthesis according tavere born. More recently developed models are often sim-
the Farquhar model, and the least-cost hypothesis (Prenticgler, with process formulations derived more directly from
et al., 2014), which provides an explicit prediction®fc, observations such as flux measurements. The model pre-
ratios as a function of the physical environment. Our modelsented here represents a further step towards simplicity and
makes the further explicit assumptions that (a) the controlgraceability which, we suggest, will be necessary attributes
of LUE are universal in all gplants (thus, we do not distin- of “next-generation” ecosystem models.
guish among PFTs), and (b) soil moisture and nutrient avail-
ability constraints on GPP are mediated by fAPAR and thus
do not influence LUE.
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Appendix A: Estimation of biophysical constraints PAR by PAR). The weighting is calculated as follows:
in the model
PARyg = 074<0°C, (A4)
T
Al PAR at the top of the atmosphere PARyy = PARyx 1_8 0°C < Ty < 10°C,
Instantaneous incoming solar radiation (insolation) on a horPARyy = PARy 7Ty > 10°C,

izontal surface at the top of the atmosphere is given by ) ] ] ) ]
where PARyq is the weighted daily PAR, anty; (°C) is daily

0 = Qsc X dy x (Sinl x sind 4+ cod x coss x cosh). (Al) temperature, giving

Here, Qs is the solar constant (1369 WTf) (Willson and uL

Mordvinov, 2003),d; is the inverse square of the relative PARy = ZPAROd’ (AS)
Sun-Earth distance (dimensionless)s latitude in radians, =1

8 is solar declination in radians ands the “hour angle” (the  wherem is the total number of days in the month.

time before or after solar noon in radians). We use formulae

based on the day number to obtajrands. We assume that, A4 Leaf-internal [CO 7]

over the course of 1 day, there is effectively no variation in ) .
d; or 8. As Osc and! do not vary either, we can obtain daily The ‘least-cost” hypothesis states that the sum of the unit

insolation by integrating with respect kobetween the hours costs of maintaining carboxylation and transpiration capac-
of sunrise and sunset. The result is ities is minimized. To a good approximation, this applies

when the long-term effective value af/c, is given by

0= x O xd; x (hs x sinl x sind + cod (A2) &/(&+ /D) (Prentice et al., 2014). Here) is an annual

sc effective growing-season value of the atmospheric vapour-
X COS3 x Sinks), pressure deficit (Pa) aridis given by./(bK /1.6a), where
K is the effective Michaelis—Menten coefficient for Rubisco-
limited photosynthesis (Pa). The cost fadiés the (assumed
conservative) dimensionless ratio of leaf maintenance respi-
ration to Rubisco carboxylation capacity; the cost faatis
the dimensionless ratio of sapwood maintenance respiration
to transpiration capacity, which is expected to increase with
plant height @, in m) and the dynamic viscosity of water,
in Pas), according to Eq. (11) in Prentice et al. (2014).

86400

wherehs is the hour angle of sunset, given by = arccos
[—tan! tan§]. 86 400 is the number of seconds in a day. The
term in square brackets is set to 1 if it exceeds 1+ rif it
becomes less thanl, which are the special cases of polar
day and night.

Daily total PAR at the top of the atmosphere is taken to
be 0.50Q (I m2), which is then converted to quantum units

_2 . _
(molm~2) using the factor 4.5 mol M3 (a spectrally aver Here, we express as the product of &  and a constant

gged valge for the energy content (.)f 1 mol of photosynthet, aref), allowing the equation for optima| /cato be re-written
ically active photons). Quantum units are preferred becaus s

photosynthesis depends on the absorption of a given num-

ber of quanta, rather than a given amount of electromagnetici _ 1 (A6)
energy. LUE is thus a dimensionless quantity. ca g4 [ L6xarerxnxD H.
bx K

A2 Atmospheric transmissivity and cloud cover We put the constant terms (1 & andb) together outside

the square root and denote them collectivelyCasEqua-
tion A6 can then be simplified to
Rsw), = 0 x (0.25+0.5x nj) x (14+0.027x z), (A3) a_ ! (A7)

@ 14Cx "EDXH

Daily solar short-wave radiatiorRgw, ) is given by a modi-
fication of the Prescott formula:

wheren; is the daily fractional hours of bright sunshine (di-

mensionless), which we equate with the one-complement o{ysing a satellite-derived global data set on vegetation height
fractional cloud cover, as given in the CRU TS3.1 data setSimard et al., 2011), we performed a multiple regression
andZ is elevation (km) above sea level. The last term in of H againstAE and annual PAR(a” three variables |Og-
Eq. (A3) is a correction for the thinning of the atmosphere transformed), yielding the following relationship:
with increasing elevation.

H =g x PARY0 x Ae 021 (A8)
A3 Low-temperature inhibition

whereq is a fitted constant, which subsumes the proportion-

Low-temperature inhibition of photosynthesis is accountedality betweenA E and D. This relationship suggests a fur-
for by weighting daily values of PAR (PARin the accumu-  ther simplification of Eq. (A7) to allow for the compensat-
lation of PAR over a month. We denote the weighted monthlying effect of reduced vegetation height on the costs of water
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transport in more arid climates. We made the approximationA5 Photorespiratory compensation point {'*)
H x AE~925 |eading to
The photorespiratory compensation poifit* depends

G _ 1 (A9) strongly on temperature. Bernacchi et al. (2004) fitted an Ar-
a 14(C x \/ZX AEo.25’ rhenius relationship to in vivo measurementd éfat differ-
K ent temperatures:
whereC’ = ¢C. Temperature effects were imposed through )
I ' o Mps ey (AL1)

the known temperature dependencieg ahdK (Prentice et
al., 2014). The variation oK with elevation takes account
of the effect ofpo (the partial pressure ofPaskK = K. (1
+po/Ko), whereK. and Ko are the Michaelis—Menten co-
efficients of Rubisco for carboxylation (in the absence gf O
and oxygenation, respectivelyo declines with elevation in
proportion to atmospheric pressur@)( which we approxi-
mated by

where ¢ =19.02, AH is the activation energy (37.83kJ
mol~1), R is the molar gas constant (8.314 J mbK —1) and

T is the temperature K. We substituted growing-season
mean temperature (mGDRIpfor T to obtain an estimate of
the effectivel™* during the growing season.

P =101325x ¢ 0114xz (A10)

(Jacob, 1999). We estimated’ based on the com-
mon observation that;/c3~ 0.8 at low elevations in
warm, mesic climates. As a reference case, we consid-
eredz = 0km, mGDLQy = 18°C and AE =100 mm (simi-
lar to the environment of Sydney, Australia), yieldiog=
15.47 mnr0255705,

Although the optimat;/caratio is derived in pressure units
(to account properly for elevation effects),andI'* are in
mole fraction units (umol mott) in the full model for GPP.
This takes care of the fact thBt and the partial pressure of
CO, both decline in proportion to atmospheric pressure.
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