
Developing an empirical model of stand GPP with the
LUE approach: analysis of eddy covariance data at five
contrasting conifer sites in Europe
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Abstract

This paper develops a statistical model for daily gross primary production (GPP) in

boreal and temperate coniferous forests. The model applies the light use efficiency (LUE)

approach, which estimates the conversion efficiency of daily absorbed photosyntheti-

cally active radiation (APAR) into daily GPP as a product of potential LUE and modifying

factors. The latter were derived from daily total APAR and daily mean temperature,

vapour pressure deficit (VPD) and soil water content (SWC). Modelling data came from

five European eddy covariance measurement towers over 2–8 years. The model was tested

against independent data from two AmeriFlux stations. The model with the APAR,

temperature and VPD modifiers worked well in almost all the site–year combinations,

but the SWC modifier only improved the fit in few cases. Geographical variation was

found in the modifiers and potential LUE in site-specific models. When a model was

fitted to pooled data, differences between sites could be explained by potential LUE, leaf

area and environmental conditions. The test against the AmeriFlux data corroborated this

finding. The potential LUE varied from 1.9 to 3.1 g C MJ�1, and a weak correlation was

found between foliar nitrogen concentration and potential LUE. Some year-to-year

variation remained which could be captured by neither the pooled nor the site-specific

models.
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Introduction

Gross primary production (GPP) is the origin of carbon

in all ecosystem fluxes, and a key component of the

carbon balance between the biosphere and the atmo-

sphere. The biological basis of GPP is well understood;

however, because of its dependence on a variety of

environmental and internal drivers at several time

scales, its quantification for different biomes is not

straightforward. Quantitative information about GPP

and its environmental control is crucial for predictions

of ecosystem response to climate change. It is the central

driver of ecosystem growth models (Mäkelä et al., 2000),

and it is also being increasingly used in remote sensing

applications to predict global carbon fluxes (Still et al.,

2004; Xiao et al., 2005).

Biologically, GPP is a product of photosynthesis,

which is composed of fast, light-driven biochemical

reactions in the leaves (Farquhar & von Caemmerer,

1982), stomatal control that regulates the diffusion rate

of CO2 (Leuning, 1995), and slower acclimation pro-

cesses that are particularly important for conifers in

relation with the annual cycle of temperature (Pelkonen

& Hari, 1980; Bergh et al., 1998). Physiologically based

canopy photosynthesis models have been developed to

describe these processes, together with the distribution
Correspondence: Annikki Mäkelä, fax 1358 9 191 58100, e-mail:

annikki.makela@helsinki.fi

Global Change Biology (2008) 14, 92–108, doi: 10.1111/j.1365-2486.2007.01463.x

r 2007 The Authors
92 Journal compilation r 2007 Blackwell Publishing Ltd



of phytomass and light attenuation in canopies (Law

et al., 2000; Kramer et al., 2002; Medlyn et al., 2003), but

they generally require detailed input information at a

high temporal resolution, impractical for large-scale

applications.

An alternative approach is based on models that

summarize the fast, leaf-level responses at a longer-

term, whole-canopy scale, taking longer-term average

weather data as their input. Daily-time-step models

include the widely used Forest-BGC and Biome-BGC

(Running & Gower, 1991; Running & Hunt, 1993; Ken-

nedy et al., 2006), while a monthly time step is used in

the 3-PG model (Landsberg & Waring, 1997). Moving

from faster time-steps compatible with the usual shoot-

level measurements of photosynthesis, to a coarser scale

requires integration over time and space to relate the

available measurements with the summary model para-

meters. Because of uncertainties in the method of sum-

marizing, calibration of parameter values is required to

make the model predictions agree with observation

(Law et al., 2000; Kramer et al., 2002). However, the

increasing availability of canopy-level estimates of GPP

from eddy covariance (EC) measuring stations has

made the calibration process more feasible than ever.

The increasing availability of empirical canopy-level

estimates of GPP from different regions and biomes also

allows us to develop canopy-level photosynthesis mod-

els using statistical fitting procedures. A few studies

have already been conducted using hourly (van Dijk

et al., 2005), daily (Yuan et al., 2007) and monthly

(Maselli et al., 2006) time scales. Of course the fitted

models will have little value unless they portray the

environmental responses sufficiently generally to be

applicable more widely both temporally and spatially.

In order for the statistical fit to be as generally applic-

able as possible, the model structure and parameters

should be based on our biological understanding of the

process. Formulations used in the summary type photo-

synthesis models that have been shown to be consistent

with canopy level measurements (Landsberg & Waring,

1997; Thornton et al., 2002) would, therefore, seem good

candidates for empirical model fitting.

A widely used summary model of GPP is based on

the concept of light use efficiency (LUE) reduced by

modifying factors (McMurtrie et al., 1994; Landsberg &

Waring, 1997). It assumes a linear dependence of GPP

on absorbed photosynthetically active radiation

(APAR), modified by a parabolic effect of temperature

and exponential-type reductions caused by increasing

vapour pressure deficit (VPD) and/or decreasing soil

water content (McMurtrie et al., 1994; Landsberg &

Waring, 1997). However, although fairly linear with

respect to APAR over monthly or annual time periods,

GPP has been found to be strongly nonlinear with

respect to APAR at the daily scale (Medlyn et al., 2003;

Turner et al., 2003). Secondly, there is indication that the

parabolic temperature response may lead to underesti-

mation of photosynthetic production during the warm

season (Thornton et al., 2002), suggesting that a saturat-

ing effect might be more appropriate. The main effect of

temperature on photosynthesis in boreal and temperate

conifers has been proposed to be through acclimation to

the annual cycle, described as a temperature-dependent

dynamic delay process (Mäkelä et al., 2004; van Dijk

et al., 2005).

The objective of this paper is to develop an empirical

model consistent with process knowledge for the GPP

of coniferous forests, using daily values of environmen-

tal driving variables and information about canopy leaf

area as input. Daily values of GPP estimated with

standard techniques from five European EC measure-

ment towers during 2–8 years each are used as the

response variables. The model applies the LUE ap-

proach, analysing the significance of APAR, tempera-

ture, VPD and soil water content as potential modifying

factors. It is hypothesized that the same parameteriza-

tion can be applied to all sites and years, and this is

tested (1) by comparing site-specific fitted parameters

with those in the pooled data set, and (2) by testing the

model in an independent data set from two AmeriFlux

stations. Finally, the ability of the model to capture

regional and year-to-year variability in GPP, and the

major remaining caveats for doing so, are discussed.

Materials and methods

Model

The summary model used in this study is a LUE-type

model of daily photosynthetic production of the

canopy:

Pk ¼ bFk

Y
i

f ik þ ek; ð1Þ

where Pk is canopy GPP (g C m�2) during day k, b is

potential daily LUE (g C mol�1), Fk is APAR (mol m�2)

during day k, fikA[0, 1] are modifying factors accounting

for suboptimal conditions in day k, and ek is random

error during day k. The actual LUE of the canopy in day

k is the product of b and the current values of the

modifiers.

To account for the nonlinearity in the response to

APAR, a light modifier fL was defined so as to yield the

rectangular hyperbola when multiplied with the linear

response included in the LUE model, Eqn (1):

fLðFkÞ �
1

gFk þ 1
; ð2Þ

where g (m2 mol�1) is an empirical parameter (Fig. 1).
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The effect of temperature on daily GPP was modelled

using the concept of state of acclimation, Sk (1C)

(Mäkelä et al., 2004), a piecewise linear function of Xk

(1C) calculated from the mean daily ambient tempera-

ture, Tk (1C), using a first-order dynamic delay model:

Xk ¼ Xk�1 þ
1

t
ðTk � Xk�1Þ;X1 ¼ T1; ð3aÞ

Sk ¼ max Xk � X0; 0f g; ð3bÞ

where t (days) is the time constant of the delay process

and X0 (1C) is a threshold value of the delayed tem-

perature. The modifying function fS is defined as

fSðSkÞ � min
Sk

Smax
; 1

� �
; ð4Þ

where the empirical parameter Smax (1C) determines the

value of Sk at which the temperature modifier attains its

saturating level (Fig. 1).

Following Landsberg & Waring (1997), the VPD

modifier was defined as

fDðDkÞ � ekDk ; ð5Þ

where Dk (kPa) is VPD in day k and k (kPa�1) is an

empirical parameter assuming typically negative values

(Fig. 1).

The soil water modifier was based on the relative

extractable water (REW), W, defined as

Wk � min
yk � yWP

yFC � yWP
; 1

� �
; ð6Þ
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Fig. 1 Schematic illustrations of the functional forms and annual course of the light [fL; Eqn (2)], temperature [fS; Eqn (4)], VPD [fD; Eqn

(5)] and soil water [fW; Eqn (7a)] modifiers. VPD, vapour pressure deficit.
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where yk is volumetric soil water content (SWC)

(m3 m�3), and yWP and yFC are SWC at permanent

wilting point and at field capacity, respectively. Depen-

dent on soil type, yWP and yFC were determined for each

site using water retention curves obtained either from

measurements or from the literature. Two different

modifiers were fitted, one following Landsberg &

Waring (1997):

fWðWkÞ � 1þ 1�Wk

a

� �n� ��1

; ð7aÞ

and the other the Weibull function:

fWðWkÞ � 1� expð�aWn
kÞ; ð7bÞ

where a and n are empirical parameters (Fig. 1).

Data

The data for model fitting came from five European

coniferous forest sites with EC micrometeorological

measurement towers: Sodankylä, Finland; Hyytiälä,

Finland; Norunda, Sweden; Tharandt, Germany; and

Bray, France (Table 1).

Half-hourly measurements of photosynthetic photon

flux density (PPFD) above the canopy (mmol m�2 s�1),

air temperature ( 1C), VPD (kPa) and SWC in the layer

of 0–30 cm (but 0–80 cm in Bray) (m3 m�3) were used to

derive daily totals (PPFD) and averages (all other vari-

ables). The daily values were computed from gap-filled

half-hourly observations. If more than 30% (14/48) of

the half-hourly observations were gap-filled, the daily

value was coded missing.

Ecosystem GPP was estimated as the difference be-

tween measured net ecosystem exchange (NEE) and

estimated total ecosystem respiration (TER) (Falge et al.,

2001). Half-hourly TER was modelled from the friction-

velocity-filtered night-time NEE measurements as an

Arrhenius type function of soil organic layer tempera-

ture (Sodankylä, Hyytiälä), air temperature (Norunda,

Tharandt) or their mean (Bray); in each site, the tem-

perature sensitivity parameter was first estimated over

each year, after which the absolute level parameter was

estimated in windows of 9–11 days. The temperature

dependence of night-time TER was generalized to day-

time, and the half-hourly daytime GPP was computed

by subtracting the estimated TER from the measured

NEE. When NEE was not measured or the measure-

ment was rejected, either NEE gap-filled with the look-

up tables method (Falge et al., 2001; Wang et al., 2003)

was used (Tharandt), or GPP was directly estimated as

a saturating function of PPFD (Sodankylä, Hyytiälä,

Bray) or global radiation (Norunda). For Sodankylä,

Hyytiälä and Bray, the estimation procedure is docu-

mented in Mäkelä et al. (2006). The daily totals of GPP

(g C m�2) were summed from the half-hourly estimates.

The daily canopy APAR, F (mol m�2), was taken to be

a site-specific fraction of daily total PPFD (Table 1),

constant over time. In Tharandt, the fraction was esti-

mated from daily measurements of PPFD taken above

and below canopy in the EC mast. In Norunda, the

estimation was based on below-canopy PPFD measure-

ments taken with PAR sensors placed randomly or on a

portable ramp at several plots near the mast (Lagergren

et al., 2005). In the other sites, the fraction was estimated

with the Lambert–Beer law using all-sided canopy leaf

area and previously estimated site-specific extinction

coefficients (0.23, 0.19 and 0.27 for Sodankylä, Hyytiälä

and Bray, respectively). Ground vegetation was not

accounted for.

The number of missing daily values was notable in

some site-year-variable combinations: In Bray 2001 and

2002, the SWC data were very sparse, with not more

than a few dozen daily values per each year. In Nor-

unda, there were no SWC observations available in 1995

and no PPFD measurements available for the first half

of 1998. In Sodankylä 2001 and 2002, more than half of

the GPP values were missing due to poor quality of

NEE data.

Data for model validation were obtained from the

coniferous AmeriFlux sites in northern Manitoba, Ca-

nada (NOBS for Northern Old Black Spruce) (Gower

et al., 1997; Dunn et al., 2007), and in Metolius, OR, USA

(Law et al., 2003; Schwarz et al., 2004) (Table 1). Half-

hourly gap-filled data including the required input

variables and GPP were retrieved from the free WWW

sites (NOBS: ftp://ftp.as.harvard.edu/pub/nigec/

Boreas_OBS/; Metolius: http://blg.oce.orst.edu/data_

info/sisters.index.html). The flux and GPP computation

methods are documented for NOBS by Dunn et al.

(2007) and for Metolius by Schwarz et al. (2004) and

Vickers et al. (2007); for Metolius, only data with less

than nine gap-filled half-hourly NEE values per day

were used. The percentage PPFD absorbed by the

canopy was obtained from previous publications for

the sites (Dang et al., 1997; Turner et al., 2003 for NOBS;

Law et al., 2001a for Metolius); the very low value for

Metolius relative to its leaf area index (LAI) (Table 1)

relates to the large openness of the canopy in the site.

The annual ecosystem GPP correlates with location

and indicators of annual weather in the data sets

(Fig. 2).

Method of model fitting

The models were first estimated separately for each site

and year (site–year-specific models), as well as for all

years in each site (site-specific models); the idea in these
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fittings was to study the significance of the different

modifiers and to investigate the between-years and

between-sites variation in the parameter estimates. A

set of common parameters for all the sites and years

was then sought by fitting the model with the signifi-

cant modifiers over the whole data set (whole-data

model). Finally, a modification of the whole-data model

was fitted where the LUE parameter, b, was allowed to

vary between sites while the other parameters were

shared (variable-LUE model).

Least squares estimates of the parameters were found

using a combination of (1) the Gauss–Newton method

(Bates & Watts, 1988) and (2) experimental screening of

the parameter space. The latter was necessary because

the temperature modifier was not differentiable with

respect to its parameters. The following steps were

used:

1. Assign t, X0 and Smax a set of values in a sparse grid

covering the whole parameter space.

2. For each combination of values, estimate the

other model parameters with the Gauss–Newton

method.

3. On the basis of 20 fits with the smallest RMSEs,

choose an appropriate subset of the parameter space,

and assign t, X0 and Smax a set of values in a finer

grid covering this subset.

4. For each combination of values, estimate the other

model parameters with the Gauss–Newton method;

select the model with the smallest RMSE as the final

model.

RMSE was computed as [SSE/(n�p)]1/2, where SSE is

the residual sum of squares, n is the number of observa-

tions and p is the number of parameters in the model.

If the random error terms have zero expectation and

constant variance and are mutually independent, the

Gauss–Newton method produces biased but consistent

parameter estimates and approximate estimates for

their variance–covariance matrix and error variance.

In our data, however, the observations in each site were

temporally dependent, and the constant error variance

was not a realistic assumption either (in days with large

GPP the variation of the residuals tends to be large

compared with days with small GPP). With these

violations, the parameter estimates still remained
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consistent, but their variances became underestimated,

which could result in too optimistic significance tests.

The iterative method does not provide any quantita-

tive information on the uncertainty of the t, X0 and Smax

estimates. These were studied with contour plots of

RMSE (or R2
adj) for each pair of the parameters.

The variable-LUE model was obtained from the

whole data set by reformulating the model using

an indicator variable to incorporate site-specific LUE

parameters:

Pk ¼
X

j

bjdkðjÞFk

Y
i

fik

" #
þ ek; ð8Þ

where dk(j) 5 1 if observation k was made in site j, and

otherwise dk(j) 5 0. The site-specific LUE parameters

bj were then estimated simultaneously with the shared

parameters g, t, X0, Smax and k (a, n were not estimated

as soil water modifier fW was not included in the

variable-LUE model).

Model diagnostics and comparison

Model diagnostics were based on the analysis of resi-

duals (EC GPP– estimated GPP). The fit was appraised

with the adjusted coefficient of determination

R2
adj ¼ 1� MSE

VârðGPPÞ ; ð9Þ

which proportions the estimate of the error term var-

iance (MSE 5 SSE/(n�p)) to the sample variance of GPP

in the data.

The statistical significance of each modifier (set of

modifiers) fi was assessed with a likelihood ratio test,

where the partial model without the modifier(s) was

compared with the full model containing the modi-

fier(s), the null hypothesis being that fik 5 1 for all k.

With the assumption of the (multivariate) normal dis-

tribution of the random error terms and the nonlinear

regression function, the test becomes an approximate

F test involving the residual sums of squares (SSEp for

the partial model with pp parameters in it, SSEf for the

full model with pf parameters in it, n being the number

of observations):

F ¼ ðSSEp � SSEfÞ=ðpf � ppÞ
SSEf=ðn� pfÞ

; ð10Þ

which is approximately F-distributed with the degrees

of freedom (pf�pp) and (n�pf).

For comparing the site-specific and site-and-year-

specific models to the whole-data and variable-LUE

models, the key question was what is the gain from

estimating the parameters separately for each site and

year, compared with one set of parameters for the

whole data set. This was examined by comparing the

model fits in terms of residual means and standard

deviations in each year in each site.

Results

Site-specific models

The model with the light (fL), temperature (fS) and VPD

(fD) modifiers was statistically significant in almost all

cases (site–years, sites), but the soil water modifier (fW)

improved the fit significantly only in a few cases. We

will, therefore, first report the results without fW, then

describe the cases where fW was significant.

The model with the fL, fS and fD modifiers fitted best

in the Sodankylä and Hyytiälä data, fairly well in

Norunda and Tharandt, and clearly most poorly in

Bray (Fig. 3, Table 2). No large between-years variation

in the fit was seen at any site, with the exception of Bray

(R2
adj 5 0.79 in 2001 vs. R2

adj 5 0.71 in 2002) and Norunda

(R2
adj 5 0.83 in 2002 vs. 0.8 � R2

adj � 0.93 in the other

years). The year-specific models did not perform much

better than the model estimated over the whole time

period, except for Bray 2002 (Fig. 4).

The model fit to the Bray data was generally poor,

which was manifested as (1) difficulties in fitting the

temperature modifier, and (2) no statistical significance

of the light modifier. It turned out that the temperature

modifier was at its maximum value most of the time,

and the result was not sensitive to any of the related

parameters t, X0 or Smax, so a wild variation of values

with no apparent optimum was obtained in the fitting

procedure. The temperature modifier nevertheless

remained significant.

The site-specific parameter estimates showed geogra-

phical trends (Fig. 5). The reducing effect of large VPD

became more pronounced (k in fD decreased) from

north to south, while the nonlinearity of the GPP

response to light decreased (g in fL decreased). At the

same time, the delay time t of the temperature acclima-

tion decreased from north to south while the difference

between Smax and X0 [Eqns (3) and (4)] increased. The

potential LUE, b, decreased (although not statistically

significantly) from north to south in the pine stands, but

was larger in the spruce stand in Tharandt. In all sites,

there was considerable variation in the year-specific

parameter estimates (Fig. 5). The large b estimate in

Sodankylä 2002 resulted from unusually large GPP

values towards the end of the growing season. No

patterns related to stand characteristics (LAI, age, stand

density, dominant height, basal area, mean diameter)

were found in the parameters.

Incorporating the soil water modifier fW improved

R2
adj in Norunda 1999, Bray 2001 and Bray 2001–2002,

and Tharandt 2003 and Tharandt 2001–2003 (Table 3).
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Otherwise, fW was not statistically significant or in

many cases not even estimable from the data. When

fW was included in the model, the estimate of b in-

creased, the nonlinearity of the light response became

stronger (but remained statistically nonsignificant in

Bray), and the effect of VPD weakened. In Bray, includ-

ing fW also appeared to make fS more realistic, but the

results remain uncertain due to the modest number of

SWC data points (Table 3).

Models fitted to the whole data

Although coherent differences in the estimated para-

meter values could be found between the sites, the

parameter estimates in each site were strongly corre-

lated with each other. The largest correlations occurred

between b and g ( � 0.9) and between g and k ( � 0.7).

The site-specific estimates also showed correlation

across sites (0.86 between b and g, 0.85 between g and k).

This suggests that a ‘global’ parameter set could be

found that would provide nearly as good fits as the site-

specific parameters (although perhaps losing some of

the biological insight). The whole-data estimations were

carried out using fL, fS and fD only.

The whole-data parameters were closest to those of

the Norunda site-specific model (years 1995–2002),

which was expected as the Norunda data constituted

nearly half of all the data (Table 2). When only data

from the years 2001 and 2002 (observed at every site)

were considered, the parameter values perhaps most

resembled the values of Hyytiälä (not shown). Using

the whole-data parameters increased the prediction

error and error variation most in Tharandt and Bray

and least in Sodankylä and Hyytiälä (Figs 4 and 6).

Nevertheless, the predictions still followed the tempor-

al pattern of the EC values, except in Bray where the

whole-data model underestimated GPP in summer 2001

and severely overestimated it in the latter half of 2002.
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Fig. 3 The best (Hyytiälä) and the worst (Bray) fits of the site–year-specific and site-specific models containing light [fL; Eqn (2)],

temperature [fS; Eqn (4)] and VPD [fD; Eqn (5)] modifiers. GPP, gross primary production; VPD, vapour pressure deficit.
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Letting b vary between the sites considerably reduced

the bias at all sites but had practically no effect on the

residual standard deviation (Fig. 4). The variable-LUE

model fitted to the data almost as well as the site-

specific models: while the site-specific models were

superior in Sodankylä and Bray (Table 2), the effect of

estimating parameters other than b site-wise was neg-

ligible in Hyytiälä, Tharandt and Norunda (Table 2, Fig.

4). However, neither the site-specific nor the variable-

LUE models were able to capture some of the year-

to-year variation in GPP, which was incorporated as

year-to-year differences in fitted parameter values in the

site–year-specific models (Fig. 4). The findings were

similar when only the years 2001 and 2002 were con-

sidered.

Compared with the site-specific models, fixing the

values of the rest of the parameters in the variable-LUE

model reduced the variation in the b estimates (Table 2).

A geographical trend could no more be found in the

pine-stand b estimates, while the Tharandt spruce stand

still had a relatively higher estimate for b.

Comparison with independent data

The prediction performance of (1) the whole-data mod-

el and (2) the variable-LUE model was studied with the

independent data. In the latter case, the LUE parameter

b was estimated for each test site conditional on the

values obtained from the European data for the rest of

the parameters (Table 2); the b estimates were hence

found through simple linear regression with zero

intercepts.

The whole-data model somewhat overpredicted the

daily GPP at the NOBS site and severely underpre-

dicted it at the Metolius site, especially in 2003 (Figs 7

and 4). This was reflected in the b estimates in the

variable-LUE model (0.428 for NOBS, 0.696 for Meto-

lius). The prediction performance of the variable-LUE

model in the test sites was comparable to the fit of the

model in the estimation sites (Fig. 4). The temporal

pattern of the residuals at Metolius (Fig. 7) resembled

that of Bray (Fig. 3), the only European site where water

was likely to be limited.

Annual totals of GPP

On an annual basis, the GPP values summed up from

the daily model estimates corresponded well with the

sums of the EC values (Fig. 8). The estimates from the

site-specific models were not considerably better than

those from the variable-LUE model, but both of these

were clearly more accurate than the estimates from the

whole-data model.T
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Discussion

The present study has shown that a simple LUE-based

model, with intercepted light, state of temperature

acclimation, and VPD as input variables, can explain a

major part of the day-to-day variation in the GPP of

boreal and temperate coniferous forests. The explana-

tion seemed more robust in the more boreal, less

drought-limited sites, but no definite improvement

was gained in this study by including the relative soil

water content as an additional explanatory variable.

However, this lack of response may be not because of

a lack of effect, but because of the sparse data available

on soil water.

The results indicate that while the same response to

the environmental driving variables can be assumed

across different sites and species, the level of GPP is still

site-specific. Assuming that the biochemical mechanism

of photosynthetic production is universal and largely

independent of species (Landsberg & Waring, 1997),

this suggests that some site-specific factors affecting the

level of LUE have not been included, or have been

misrepresented, in the model. An obvious candidate for

such a factor is foliar nitrogen which was not generally

available for the sites but has been suggested in many

studies to be a key determinant of canopy photosynth-

esis (Ågren, 1996; Smith et al., 2002). Indeed, when

plotting the variable-LUE model estimates of b against
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Table 3 Parameter estimates and regression diagnostics for the models containing light [fL; Eqn (2)], temperature [fS; Eqn (4)], VPD

[fD; Eqn (5)] and soil water [fW; Eqn (7a)] modifiers in the site-year combinations where fW was statistically significant. For

comparison, results for the models not containing fW (fLfSfD) and fitted to the same data (i.e., to the points where SWC was available)

are given. Statistically nonsignificant estimates are in italics.

Model

Norunda 1999 Tharandt 2003 Tharandt 2001–2003 Bray 2001 Bray 2001–2002

fLfSfDfW fLfSfD fLfSfDfW fLfSfD fLfSfDfW fLfSfD fLfSfDfW fLfSfD fLfSfDfW fLfSfD

b (SE) 0.700 0.488 0.988 0.659 0.843 0.732 1.158 0.493 0.561 0.387

(0.0771) (0.0466) (0.0784) (0.0369) (0.0300) (0.0243) (0.367) (0.196) (0.0846) (0.0681)

g (SE) 0.0437 0.00191 0.0437 0.0155 0.0393 0.0265 0.0397 0.0218 0.00700 0.00757

(0.00971) (0.00571) (0.00734) (0.00349) (0.00343) (0.00267) (0.0326) (0.0349) (0.00865) (0.0111)

k (SE) �0.617 �0.390 �0.484 �0.699 �0.370 �0.510 �0.161 �0.0602 �0.202 �0.298

(0.0561) (0.0633) (0.0428) (0.0467) (0.0278) (0.0293) (0.219) (0.409) (0.137) (0.174)

a (SE) 1.062 1.002 1.003 0.843 0.913

(0.0262) (0.00143) (0.00154) (0.0652) (0.112)

n (SE) 11.27 442.7 362.3 2.756 1.509

(3.120) (262.7) (193.6) (0.940) (0.525)

t 6.1 5.0 3.0 2.0 3.0 2.0 11.0 2.0 24.3 1.0

X0 �7.6 �10.0 �4.0 �5.0 �4.6 �5.0 �1.1 �1.0 1.6 �15.0

Smax 27.1 29.0 18.3 19.5 17.7 18.0 24.2 19.0 11.4 34.0

RMSE 1.06 1.24 1.14 1.29 1.20 1.30 1.26 2.16 1.31 1.73

R2
adj 0.79 0.71 0.88 0.84 0.88 0.86 0.87 0.61 0.79 0.64

N 172 172 347 347 971 971 21 21 57 57

40 45 50 55 60 65 70 75

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Latitude (°)

^  (
g 

C
 m

ol
−1

)
R  = −0.004

P = 0.39

40 45 50 55 60 65 70 75

0.00

0.02

0.04

0.06

0.08

Latitude (°)

^  
(m

2  m
ol

−1
)

R  = 0.655
P = 0.061

40 45 50 55 60 65 70 75

−0.8

−0.6

−0.4

−0.2

0.0

Latitude (°)

^  
(k

Pa
−1

)

R  = 0.878
P = 0.012

40 45 50 55 60 65 70 75

0

5

10

15

Latitude (°)

^  
(d

)

R  = 0.680
P = 0.054

40 45 50 55 60 65 70 75

0

10

20

30

40

50

60

Latitude (°)

Ŝ
m

ax
−

X
0^
 (

° C
)

R  = 0.585
P = 0.082

R  = 0.891
P = 0.037

Fig. 5 Variation in the parameter estimates of the site–year-specific models (�) and site-specific models (�) containing light [fL; Eqn
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available information on foliar N per leaf area in the

sites, a clear relationship was detected (Fig. 9).

Other factors causing differences in b could be (1)

differences in ground vegetation and (2) uncertainty in

estimating the fraction of absorbed PAR (fAPAR) in the

sites. The significance of ground vegetation varies from

site to site according to stand density, soil type and

other factors. For example, in Tharandt the canopy was

dense with virtually nonexistent ground vegetation,

while in Bray, the ground vegetation LAI was compar-

able with that of the tree canopy and had a pronounced

annual pattern. fAPAR was estimated using nonstan-

dard, site-specific methods. Its uncertainty is difficult to

assess, yet the estimate of b is very sensitive to errors in

fAPAR because the two parameters are multiplicative in

the model. A weak negative correlation was found

between fAPAR and b (r 5�0.34, n 5 7).

The variation in b was reduced from the site-specific

models to the variable-LUE model. This was because

there were strong correlations between the site-specific

b, g and k. When g and k where fixed, the variation in

b was also reduced. Had b been fixed, these differences

would likely have materialised in the other parameters.

Different functional forms for the modifiers were not

compared in this study, except for the soil water modi-

fier [Eqn (7)], the two variants of which gave virtually

identical results in terms of model predictions and

diagnostics. However, the choice of a saturating light

function instead of a linear one appeared important, as

in all sites but one the nonlinear parameter g was

statistically significant. Similarly, delayed temperature

appeared a better explanatory variable than current

temperature, as the time constant t41 in most cases.

Given these basic qualitative choices, different func-

tional forms would likely have provided very similar

results.

Many previous studies have reported values for

monthly or daily based LUE; however, the magnitudes

0 200 400 600 800 1000

0

5

10

15
D

ai
ly

 G
PP

 (
g 

C
 m

−2
) Estimated with whole-data model Eddy covariance

Hyytiälä 2001–2003

0 200 400 600 800 1000

0

5

10

15

D
ai

ly
 G

PP
 (

g 
C

 m
−2

) Estimated with variable-LUE model Eddy covariance

0 200 400 600 800 1000
−6

−2

2

6

G
PP

 r
es

id
ua

l (
g 

C
 m

−2
)

0

5

10

15

D
ai

ly
 G

PP
 (

g 
C

 m
−2

)

0

5

10

15

D
ai

ly
 G

PP
 (

g 
C

 m
−2

)

−6

−2

2

6
G

PP
 r

es
id

ua
l (

g 
C

 m
−2

)
Variable-LUE model Whole-data model

Day

0 200 400 600 800 1000

Estimated with whole-data model Eddy covariance

Tharandt 2001–2003

0 200 400 600 800 1000

Estimated with variable-LUE model Eddy covariance

0 200 400 600 800 1000

Variable-LUE model Whole-data model

Day
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are only comparable if the same modifying factors are

applied. In this study, the LUE estimates without SWC

(b � 1.9–3.1 g C MJ�1) were, as expected, lower than

those obtained when SWC was included (b � 2.5–

5.2 g C MJ�1). The latter are similar to the range 4.2–

5 g C MJ�1 reported for the overall maximum LUE

(Russell et al., 1989). Lagergren et al. (2005) observed a

conversion efficiency of 0.9 g C MJ�1 for NPP at Norun-

da which, assuming about 50% respiratory costs (War-

ing et al., 1998), is well comparable with the present

2.2 g C MJ�1 for GPP.

There was variation in GPP at each site between years

that was not captured by the non-year-specific models

(Fig. 4). Part of this may be due to interannual variation

of leaf area which was not included in the model.

In Bray, some trees and ground vegetation were re-

moved in 2002, and the same year also suffered from

severe drought (Duursma et al., 2007). The Hyytiälä

(Vesala et al., 2005) and Tharandt stands were thinned

in 2002. Generally, leaf area varies between years

because growth and leaf shedding do. Models includ-

ing within-year leaf area dynamics, such as 3-PG

and Forest-BGC, could predict such variations from

the preceding weather conditions; however, the trade-

off would be the need of more detailed input infor-

mation.

Some variation not captured by the model may be

due to systematic features in the EC measurements that

can only be explained by factors not entering the

photosynthesis model. These include the variation of

footprint area of NEE with wind direction and turbu-

lence regime (e.g. Rannik et al., 2006), the temporal and

spatial variation in the proportions in which trees vs.

ground vegetation and soil contribute to NEE (e.g.

Davidson et al., 2006), and the error related to the

estimation of TER from night-time measurements and
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soil organic layer or air temperature (Mäkelä et al.,

2006).

The form of the TER model, the environmental driv-

ing factors included in it and the way of estimating its

parameters affect not just the absolute level but also the

temporal patterns, the magnitude of variation and the

apparent behaviour of TER and GPP with respect to the

driving factors. Whenever available, we used soil or-

ganic layer temperature as the explanatory variable.

Mechanistically, it should explain TER better than air

temperature, because a large part of forest respiratory

CO2 emanates from soil surface; soil, stem and shoot

chamber data from Hyytiälä also support this approach.

The processes controlling night-time and daytime re-

spiration differ from each other and change in time;

consequently, the actual short-term temperature re-

sponse of TER may be different from the long-term

response estimated from night-time NEE (Reichstein

et al., 2005). However, the short-term response is diffi-

cult to determine accurately from EC data, as in the time

scale of days or weeks the random noise in EC fluxes is

large compared with the range of temperature. Also,

water stress affects respiration, which calls for soil

moisture as a driving factor in the TER model in the

sites subject to drought.

We think that the temperature dependence of GPP in

our models is real and not an artefact caused by TER

estimation. Soil organic layer temperature varies diur-

nally and annually less than air temperature, and hence

its use in TER estimation is unlikely to cause a seeming

dependence between GPP and air temperature. Using

air temperature tends to exaggerate the amplitude of

diurnal variation in TER: GPP estimated with air tem-

perature can be up to 20% higher than GPP estimated

without any temperature dependence (assuming day-

time TER simply equal to night-time TER; Mäkelä et al.,

2006). Even in the worst case, at least 80% of the

observed GPP-temperature relationship is real. Seaso-

nal variation in GPP is much larger than what extra-

polating daytime TER from air temperature can

introduce.

It was against our expectation that soil water did not

become significant in the model. The model without

SWC described a large proportion of variation in GPP in

Bray and Metolius which are usually characterized as

water limited (Berbigier et al., 2001; Schwarz et al., 2004).

Part of the soil water effect was probably embedded in

VPD, as drought periods tend to be accompanied by

high VPD. Landsberg & Waring (1997) suggested that

VPD and soil water be alternative, not simultaneous
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limiting factors. Both Bray and Metolius had relatively

low leaf areas, probably an acclimation to recurring

droughts. The drought effect could, therefore, have

been explained implicitly through a combination of

VPD and leaf area. On the other hand, these sites did

manifest the largest relative prediction errors (Fig. 4),

suggesting that drought may play a role not foreseen by

the model.

The detection of drought was difficult in the data set

because SWC measurements were relatively sparse.

Secondly, SWC has substantial spatial variation, so

measurements taken in a few spots may not reflect the

whole footprint area. Thirdly, the 0–30 cm soil layer may

not fully reflect water availability throughout the root-

ing depth (cf. Schwarz et al., 2004). Furthermore, trees

may actually respond to soil water potential rather than

REW. Physiological research suggests that conifers react

with abrupt stomatal closure when soil water potential

reaches a threshold value (Duursma et al., 2007). This

threshold is difficult to estimate from data with large

uncertainties.

In this study, a statistical approach was chosen to

determine the parameter values of a physiologically

meaningful model. Although the parameters have a

phenomenological interpretation, this approach does

not provide information about the ‘true’ magnitude of

the parameters, and the values can only be compared

among models with exactly the same structure. This

was clearly demonstrated in this study by the fact that

the parameter values varied between the different mod-

el formulations and that the parameters were strongly

correlated with each other. These correlations reflect the

interdependence between PAR and the driving vari-

ables in the modifiers. Thus, adding a new modifier

affects the estimability and parameter estimates of the

other modifiers.

Although the individual parameter estimates cannot

be interpreted as ‘true’ values, the full model may still

accurately represent the response of GPP to the combi-

nation of driving variables. In this sense, the result may

be more reliable than in models where the response has

been carefully identified for each factor at a time, as

small errors in parameter estimates may lead to larger

errors in the prediction when combined with other

model components. The combined model will then

need to be calibrated, as is the case with many physio-

logically based models (Law et al., 2000; Kramer et al.,

2002).

This study has shown that the day-to-day variation of

GPP over a wide geographical range of temperate and

boreal coniferous forests can be rather generally ex-

plained by the variation in absorbed PAR, temperature

acclimation and VPD. The absorbed PAR is a function of

total PAR and LAI, possibly modified to some extent by

stand structure (Duursma & Mäkelä, 2007). However,

after accounting for these three modifying factors, some

site-specific variation remains in the potential LUE. For

practical applications of the approach, this variation

could relatively easily be calibrated if EC data were

available. Understanding the causal factors underlying

this between-sites variation remains a topic of further

study. More systematic data on soil water and foliar

nitrogen could prove enlightening in this respect.
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