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a  b  s  t  r  a  c  t

Simple  models  are  less  input  demanding  and  their  calibration  involves  a  lower  number  of parameters,
however  their  general  applicability  to vast areas  must  be tested.  We  analysed  if a simple  ecosystem  model
(PRELES)  can  be applied  to estimate  carbon  and  water  fluxes  of  Boreal  forests  at  regional  scale.

Multi-site  (M-S)  and  site-specific  (S-S)  calibrations  were  compared  using  evapotranspiration  (ET)  and
gross primary  production  (GPP)  measurements  from  10 sites.  The  performances  of  M-S  were  similar  to  S-
eywords:
orest modelling
RELES
ddy-fluxes
oreal forest
ayesian statistics

Ss  except  for  a site  with  agricultural  history.  Although  PRELES  predicted  GPP  better  than  ET,  we  concluded
that  the  model  can  be reliably  used  at regional  scale  to  simulate  carbon  and  water  fluxes  of  Boreal  forests.

We further  found  that,  in  the  calibration,  the  use of a long  and  carefully  collected  flux  dataset  from  one
site  that  covers  a wide  range  of  climate  variability  leads  to  better  model  performance  in  other  sites  as
well.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Biogeochemical flux models quantify the mass and energy
xchanges between the atmosphere, biosphere and soil as a func-
ion of soil and vegetation characteristics and climate forcing
Meyers and Baldocchi, 1988). Flux models are focal components
f forest growth models and dynamic vegetation models (Friend
t al., 2014) that describe the interactions and long-term feedbacks
etween the vegetation cover, soils and the atmosphere. Informa-
ion about flux rates is also useful for monitoring the current carbon
nd water balances, such as in national greenhouse gas inventories
Peltoniemi et al., 2015a). Although the physical and physiological
rocesses related to biogeochemical fluxes are theoretically fairly
ell understood (Farquhar et al., 1980; Monteith, 1981), their reli-

ble quantification in the large geographical scale still remains a
hallenge. This has been demonstrated by several model compari-

on studies providing vastly variable predictions (e.g. Medlyn et al.,
011a). For example, a recent comparison of seven dynamic vegeta-
ion models concluded that although the net primary productivity

∗ Corresponding author.
E-mail address: francesco.minunno@helsinki.fi (F. Minunno).

ttp://dx.doi.org/10.1016/j.ecolmodel.2016.09.020
304-3800/© 2016 Elsevier B.V. All rights reserved.
(NPP) predictions were very similar, the related vegetation biomass
predictions varied vastly, implying that the models also differed in
their descriptions of photosynthesis and/or respiration rates for a
given vegetation type and biomass (Friend et al., 2014).

The models of ecosystem carbon and water exchange range from
complex descriptions of canopy structure accompanied with short
sub-daily time steps (Juang et al., 2008; Launiainen et al., 2011;
Leuning et al., 1995; Meyers and Baldocchi, 1988; Ogée et al., 2003;
Olchev et al., 2008), to big-leaf models often also operating at lower
temporal resolution (Kimball et al., 1997; Liu et al., 1997). On one
hand the more complex mechanistic models reproduce in detail the
processes of ecosystems, potentially covering a variety of responses
and interactions, but also dependent on a large number of inputs
with relatively high uncertainty (Van Oijen et al., 2013). On the
other hand, the more simple summary type models are less input
demanding, involve a lower number of parameters, and could more
easily be incorporated in larger-scale vegetation models and other
applications. However, because of the simplifications, some of the
mechanistic interactions generating site-specific differences may

have been excluded, establishing a need for site-specific calibration.

The light-use-efficiency (LUE) approach provides a simple
model for describing vegetation carbon fluxes and has already been
applied to the regional scale in the MODIS algorithm, where the

dx.doi.org/10.1016/j.ecolmodel.2016.09.020
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2016.09.020&domain=pdf
mailto:francesco.minunno@helsinki.fi
dx.doi.org/10.1016/j.ecolmodel.2016.09.020
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ross-primary productivity (GPP) and NPP are estimated from daily
eather data and leaf area index retrieved from remote sensing

mages (Heinsch et al., 2006). The LUE approach was further devel-
ped by Mäkelä et al. (2008) to be suited for boreal and temperate
onifers. The resulting model was tested at different sites and it was
ound to describe daily GPP rather generally (Mäkelä et al., 2008;
eltoniemi et al., 2012). In a recent study, Peltoniemi et al. (2015b)
xtended this approach to include evapotranspiration (ET) through
ts coupling to photosynthesis by assuming that GPP is a good proxy
f transpiration of coniferous forests that are aerodynamically well-
oupled to the atmosphere (Brümmer et al., 2012). They calibrated
he resulting model, PRELES, by means of Bayesian analysis applied
o eddy-covariance (EC) flux and soil moisture data at two Scots
ine–dominated boreal sites. In a separate study Peltoniemi et al.
2015a) also demonstrated that the GPP predicted by PRELES across
inland, using field-based leaf area measurements as structural
nput, was similar to predictions by the JSBACH dynamic vegetation

odel (Raddatz et al., 2007) calibrated for Finland. Both predicted
ower GPP values than the standard MODIS algorithm, possibly due
o leaf area index input data differences.

In model development, model calibration represents a crucial
tep that strongly affects the reliability of predictions. Process-
ased models need parameters that are directly related to
hysiological, functional and structural properties of the system.
hile detailed process-based ecosystem models that upscale pro-

esses from the canopy level to a stand scale, can mostly be
alibrated based on scale-appropriate measurements or literature
alues (i.e. leaf gas-exchange data, soil properties etc.), simpler
emi-empirical models often require calibration against ecosystem
evel data. The calibration is required especially for the param-
ters where direct measurements are difficult or impossible and
ust thus be estimated inversely, comparing model outputs with

bserved data (Hartig et al., 2012; Van Oijen et al., 2005). In envi-
onmental sciences large amounts of data (e.g., EC-fluxes, national
orest inventory data, remote-sensing data, and physiological mea-
urements) are becoming available for model calibration and
alidation purposes. At the same time, developments in computa-
ional techniques allow to quantify model uncertainties efficiently,
nalyse model structure and evaluate prediction accuracy and
eliability (Minunno et al., 2013a,b; Van Oijen et al., 2011). The
C flux-tower network (Baldocchi, 2008), which already provides
ore than a decade of continuous measurements, offers a good

pportunity to calibrate and test models of carbon and water fluxes
y providing model input variables as well as stand and site char-
cteristics.

For the development of a generally applicable, calibrated model
ith explicitly expressed uncertainty bounds, systematic methods

f parameter estimation from data are useful. In ecological models
he parameters can usually be assigned a plausible range of variabil-
ty that should be taken into account in the calibration, rather than
nding the over-all best statistical fit of the model to data. Bayesian
alibration offers a good method for taking into account such prior
istributions which can be modified so as to reduce the uncertainty
y systematic comparisons of model predictions with available data
Green et al., 2000; Van Oijen et al., 2005). Recently, calculation

ethods have been developed to the use of Bayesian methods in
ombination with sensitivity analysis, error propagation and uncer-
ainty estimates (Minunno et al., 2013b; Van Oijen et al., 2011).
ven if, in the carbon cycle field, many model calibrations have
een carried out in the last decade, multi-site calibrations are quite
are, especially those that take into account data and parameter
ncertainties.
The objective of this study was to assess if PRELES can be used as
 tool to estimate the carbon and water fluxes of boreal coniferous
orests in Fennoscandia. Firstly, we prepared a comprehensive sen-
itivity analysis of PRELES and then used the Bayesian framework to
delling 341 (2016) 37–52

calibrate and evaluate the model against data from multiple boreal
coniferous sites in Fennoscandia. Using these analyses as basis, we
sought answers to three questions: (1) Can we find a generic set of
model parameters that adequately performs at all sites? (2) Under
what conditions – if any – should the multi-site calibration be used
in favour of the site-specific calibration, if both exist for a site? (3)
How should data be selected for model calibration to extend model
predictions of GPP and ET to a site with no prior data?

2. Materials and methods

2.1. PRELES model

PRELES (PREdict with LESs – or – PREdict Light-use efficiency,
Evapotranspiration and Soil water) is a semi-empirical ecosystem
model of intermediate complexity developed by Peltoniemi et al.
(2015b), in which the dependent variables, GPP (P, gC m−2 day−1),
ET (E, mm)  and soil water (�, mm),  are interlinked by simplified
processes, so that GPP influences ET, ET decreases soil water, and
soil water restricts GPP and ET during drought. The model operates
with one leaf, for which GPP is predicted using a reformulation of
LUE-based model of Mäkelä et al. (2008). ET is predicted using an
empirical equation utilizing GPP, vapour pressure deficit and radi-
ation. Water balance is depicted with a one-pool model for soil,
one pool snow pack model, and a pool of surficial (intercepted)
water in the ecosystem. The model works at daily time-step and
requires minimal input data. The climatic driving variables are daily
mean temperature (T, ◦C), vapour pressure deficit (D, kPA), precip-
itation (R, mm)  and photosynthetic photon flux density (PPFD, ˚,
�mol m−2 d−1). The only stand structural information is the frac-
tion of absorbed PPFD (faPPFD), estimated using the Beer-Lambert
law as faPPFD

faPPFD = 1 − exp−kL (1)

where L is the leaf area index (m2 m−2) and k the extinction coeffi-
cient.

A detailed description of PRELES can be found in Peltoniemi
et al., 2015b; in Appendix A we briefly outline model structure and
provide all the equations.

2.2. Carbon and water flux data

Stand-scale net ecosystem exchange (NEE) of CO2, evapotran-
spiration and meteorological data from ten boreal coniferous forest
sites located in Finland and Sweden were used in this study
(Table 1). The sites cover a latitudinal band from 60◦N to 67◦N
with annual mean temperatures ranging from 0.8 to 7.1 ◦C, and
precipitation from ∼550 mm to ∼850 mm.  Leaf area index (LAI) at
each site was  treated as one lumped LAI, i.e. all the canopy lay-
ers were included in one unique layer. The total (all-sided) LAI
varies between ∼3.8 and ∼12 m2 m−2 offering a good possibility
to address both climatic and LAI controls on forest GPP and ET. A
brief summary of the sites is provided in Table 1, and complete
descriptions can be found in the respective References

The NEE and ET were measured above the forest canopies by the
eddy-covariance method and the ½ h fluxes computed according
to common practices (Aubinet et al., 2012). Gaps in data caused by
instrumental failures or methodological issues, such as insufficient
turbulent mixing, were gap-filled, and NEE was  partitioned into
component fluxes before the ½ h data was  aggregated into daily
averages or sums. The gap-filling of NEE was done using a combi-

nation of look-up tables and mean diurnal variability according to
Reichstein et al. (2005). The gaps in meteorological data were filled
either by linear interpolation or by the mean diurnal variability
determined in a 14-day moving window.
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Table  1
Site characteristics.

Lat (deg) Long (deg) Elev (m)  Site type Dominant species all-sided LAI including
understory (m2 m−2)

Age (yrs)

Hyytiälä 61.51 24.17 180 haplic podzol, mean
depth 0.6 m

Scots pine 7.9 40–49

Sodankylä 67.22 26.38 179 haplic podzol, mean
depth 1.5 m

Scots pine 3.8 50–160

Flakaliden 64.07 19.27 300 Sandy podzolic till Norway spruce 9.5 43
Norunda 60.1 17.5 45 Sandy podzolic till Scots pine, Norway

spruce
12.7 ca. 100

Kalevansuo 60.39 24.22 123 Originally ombotrophic
dwarf-shrub pine bog,
drained in 1969. Fertilized
with P and K.

Scots pine 5.7 <40

Knottåsen 61 16.13 320 Sandy podzolic till Norway spruce 7.0 39
Alkkia 62.11 22.47 153 Former Sphagnum bog

drained for agriculture in
1936-38, amended with
mineral soil. Regular
agricultural fertilization.
Afforested in 1971 with
Scots pine

Scots pine, very
dense understory
reflecting high
nutrient content of
the soil

9.0 32

Skyttorp 60.07 17.5 40 Sandy podzolic till Scots pine 8.0 60
CAge  12yr 61.51 24.17 170 haplic podzol Scots pine 7.0 12
CAge  75yr 61.51 24.17 170 haplic podzol Scots pine 7.9 75

Annual  P (mm)  Annual T (◦C) Years of flux
measurements

Ndata GPP Ndata E Reference

Hyytiälä 709 2.9 2000–2010 3391 3601 Hari and Kulmala
(2005); Kolari et al.
(2009)

Sodankylä 527 −0.4 2001–2009 2698 2878 Thum et al. (2008)
Flakaliden 600 2.3 1997, 1998, 2001,

2002, 2007–2009
1414 1653 Kleja et al. (2008)

Norunda 527 5.5 1996–1999, 2003 1476 1499 Lundin et al. (1999);
Lindroth et al. (2008)

Kalevansuo 606 4.3 2004–2009 1144 1154 Pihlatie et al. (2010);
Lohila et al. (2011);
Ojanen et al. (2012)

Knottåsen 613 3.4 2007, 2009 680 699 Berggren et al. (2008)
Alkkia  681 4.1 2002–2004 357 404 Lohila et al. (2007)
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Skyttorp 830 7.1 2005 267 

CAge 12yr 709 2.9 2002 235 

CAge 75yr 709 2.9 2002 204 

The GPP was separated from the measured NEE as
PP = −NEE + Re, where the ecosystem respiration Re is (Kolari
t al., 2009; Reichstein et al., 2005)

e = R10Q10
[(T−10)/10] (2)

The R10 (�mol  m−2 s−1) represents the temporally varying base
espiration rate at 10 ◦C temperature (T) and Q10 (unitless) rep-
esents the short-term temperature sensitivity, which is assumed
onstant in time but can vary among the sites. The Re model
arameters were determined for each site by a non-linear least
quares fit of Eq. (2) to nighttime NEE measured in turbulent
onditions (friction velocity u* exceeding an empirically defined
ite-specific threshold) using measured soil or air temperature as
n independent variable. The Q10 was first computed by pooling all
vailable growing season data, defined here as May–Sept (Jun-Aug
n Sodankylä due to northern location). Secondly, Q10 was fixed and
he temporal variability of R10 was determined by fitting Eq. (2) to
ata in four-day non-overlapping windows, and linearly interpo-

ating between the window centres. Finally, Re was  computed by
xtrapolating the obtained regression model to daytime tempera-
ures, allowing the GPP to be approximated for each ½ h period.
After gap-filling, the fluxes and meteorological variables were
ggregated at daily time step. A quality flag (F) varying between

 and 1 was assigned to each day to represent the fraction of gap-
lled data used to compute the daily value, and used in later analysis
282 –
237 Kolari et al. (2004)
198 Kolari et al. (2004)

to weight the observations error (see “Model calibration and model
comparison” section).

2.3. Overview of the model analyses

Bayesian calibration (BC) and Bayesian model comparison
(BMC) were used to quantify the uncertainty in model parameters
and model structure. For a comprehensive understanding of model
behaviour, the Bayesian analyses were combined with a model-
data mismatch analysis and a global sensitivity analysis following
the framework proposed by Van Oijen et al. (2011) and improved
by Minunno et al. (2013b).

The work consisted of three analyses, where we compared
multi-site (M-S) and site-specific (S-S) calibrations. M-S  has the
advantage that the data involved in the calibration covers a wider
variability in terms of climate and forest structure since they come
from different sites, including measurement and other errors which
may  or may  not partially cancel out when all data are used in param-
eter inference. In contrast, S-S could provide good correspondence
to local data, but may  not be spatially generalizable, firstly because
the processes may  not be generic, and secondly because the risk
of bias increases with less measurements. More specifically, we

conducted the following comparative analyses:

Analysis #1–‘Global or local’ – Is PRELES generic enough to be
applied at regional scale using one generic calibration? We  compared
M-S  and S-S calibrations, in order to test if PRELES is a model of
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eneral applicability, and to test how well one calibration can pre-
ict ecosystem fluxes. In total, 11 BCEs were performed; the model
as independently calibrated for each of the ten sites (S-S calibra-

ions) and a multi-site calibration was achieved using data from all
he sites in one BC. Parameter estimates and model outputs from
he M-S  and S-Ss were compared in order to detect any significant
ifferences between the calibrations.

Analysis #2–‘Forward prediction’ – Is a multi-site calibration bet-
er than site-specific in predicting fluxes for a site for which data are
lready available? The aim of this exercise was to compare M-S  and
-S calibrations in predicting future carbon and water fluxes of a site
or which data are already available. For this analysis the datasets
f each site were split in two parts, the first half was used for model
alibrations (calibration dataset) and the second half for the com-
arison (comparison dataset). Similarly to Analysis #1, but using

ust the shorter calibration datasets, 11 BCEs were performed. In
ddition, 10 model comparisons were carried out, one for each site,
sing the comparison dataset and outputs from the M-S  and the
-S versions of PRELES.

Analysis #3–‘New site’ – To predict GPP and ET for a new site,
hould a single site calibration or a multi-site calibration be used? In
his analysis we compared the M-S  and S-S to test which calibration
s more suitable for predicting ET and GPP for a site where the model
as not been calibrated before. In this case we used 10 single site
nd 10 multi-site calibrations of the model. First, PRELES was  cali-
rated for each site and then used to predict the fluxes of the other
ites (site-specific calibrations). Second, 10 M-Ss were carried out
xcluding each site in turn from the calibration process, and the M-S
odel versions were run for the site excluded from the calibration;

o for each site we had model predictions from a multi-site version
ndependently calibrated. The M-S  predictions were combined to
e compared with the predictions of the site specific calibrations.
inally we carried out 10 comparisons between the multi-site and
he single site versions of the model. Data used to assess the perfor-

ance of these calibrations was the full data set of each site, which
as always excluded from the calibrations.

.4. Sensitivity analyses

Peltoniemi et al. (2015b) found that variation of output sen-
itivity to certain model parameters is strongly regulated by soil
oisture status. At other sites, other parameters could become sen-

itive due to varying site conditions and weather inputs. Here we
alculated sensitivities with a global sensitivity analysis method
Morris, 1991) at all sites in order to resolve what parameters are
lobally the most sensitive. Morris method (Appendix B) allows us
o determine which parameters have linear or additive effects on

odel output and which ones have non-linear effects and inter-
ct with other parameters. The analyses were carried out for the
arameter space defined by the minimum and maximum values
Table 2), corresponding to the parameter space of the prior dis-
ribution of the Bayesian calibrations. The prior parameter space
as chosen because it helps us to understand model behaviour in

elation to the dataset used in the calibration process, thus helping
s to interpret the results of the Bayesian calibrations.

In addition to the Morris method, we analysed the response of
RELES outputs to LAI that is the stand structural variable used to
rive the model. The Morris method and an analysis of sensitivity to
AI were used at each site in order to test if the results change with
he climatic conditions in Fennoscandia. The details of the methods
nd results are provided in Appendix B.
.5. Model calibration and comparison

Bayesian calibration provides an updated joint probability dis-
ribution of the parameters (posterior distribution) combining
delling 341 (2016) 37–52

existing parameter knowledge (prior distribution) and new infor-
mation enclosed in the data (likelihood).

The 12 most influential parameters on PRELES outputs
(Peltoniemi et al., 2015b) were included in the BC (Table 2); the
priors were uniformly distributed between the minimum and max-
imum values reported (Table 2).

A variable number of GPP and ET data points were available for
the BC at each site (Table 1). The data, that are daily sums of half
hour measurements, were considered to be normally distributed so
the likelihood was  a Gaussian distribution. The error of flux mea-
surements varies with their magnitude (Richardson et al., 2008).
The data were grouped in two bins and the standard deviatons of
the two groups were included in the calibrations as well as the
threshold that separated the two bins.

The daily fluxes used in the calibration included some gap-filled
data. In order to evaluate the impact of gap-filled data on param-
eter estimates, we carried out different calibrations including data
with a flag F of 0, 0.3, 0.5, 0.7 and 0.9, where F is the fraction of
gapfilled data in a day. Parameter estimates and model predictions
were really similar independently of the data used to calibrate the
model (data not shown); i.e., gap filled data seem to be consistent
with measurements. For the analyses conducted in this work we
used data with a quality flag lower than 0.7.

The posterior distributions achieved by the Bayesian calibra-
tions were sampled by means of Markov chain Monte Carlo
simulations (MCMC). We  used the differential evolution Markov
Chain with fewer chains and snooker updater algorithm (DE-MCzs)
(Ter Braak and Vrugt, 2008).

In the Analysis #2 and #3 we compared the performances of dif-
ferent model calibrations. For the evaluations, beside more classical
approaches (see next Section), we  applied the Bayesian model com-
parison. BMC  is an extension of Bayesian calibration that evaluates
different model structures in the light of their relative likelihoods,
taking into account parameter uncertainty and provides the prob-
ability of each model of being correct (Kass and Raftery, 1995).
Applications of the BMC  to forest models can be found in Van Oijen
et al. (2013, 2011) and in Minunno et al. (2013b). Note that in this
work we were comparing model calibrations instead of different
model structures.

2.6. Model-data mismatch

The Bayesian approach jointly uses the prior and all the data
to calculate the posterior distribution, but it provides little infor-
mation about the strengths and weaknesses of a model. On the
contrary, the more classical analyses of the mismatch between the
simulated and the observed data give useful insights into model
behaviour. In particular the decomposition of the mean squared
error (MSE) provides indications about the accuracy and the pre-
cision of the predictions (Minunno et al., 2013b; Van Oijen et al.,
2011).

MSE can be decomposed into three components: the bias error,
the variance error and the correlation error (Kobayashi and Salam,
2000) (Eq. (3)).

MSE = (S − O)2 =
(
S − O

)2
+ (�S − �O)2 + 2 (�S�O) (1 − r) (3)

where O are the observations, S the model predictions, �O and
�S are the standard deviation of the observed and simulated data
respectively and r is the correlation between the O and S.

The bias error quantifies the distance of the predictions from
the data; the variance error expresses if the model is able to catch

data variability; the correlation error indicates if the model is able
to reproduce the pattern of data fluctuations. The latter component
expresses the lack of positive correlation between the observed and
simulated data and is weighted with standard deviations, there-
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Table  2
List of parameters used in the calibration.

Name Symbol Units Minimum Maximum

Potential light use efficiency � gC molPPFD−1 0.2 2.5
Delay  parameter for ambient temperature response � – 1 25
Threshold for state of acclimation change X0

◦C −20 20
Acclimation state maximum Smax

◦C 2.3 30
Sensitivity parameter for VPD response � kPA−1 −1 −0.001
Light  modifier parameter � molPPFD−1 m−2 1.03e-4 5.03e-1
Threshold for linear decrease of &z.hfl;W,P �P – 0 0.999
Transpiration parameters � mm (gC m−2 kPa1−	)−1 1e-6 10
Parameter adjusting water use efficiency with VPD 	 – 1e-4 1.2
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Evaporation parameter 

Threshold for linear decrease of &z.hfl;W,E

Parameter adjusting water use efficiency if soil water is limiting GPP (&z.hfl;W,P) 

ore there is an overlap between the variance and the correlation
rror (Kobayashi and Salam, 2000). In practice this MSE component
eems to capture all types of error, such as random errors, left after
ccounting for the bias and the differences in the variances. MSEs
ere calculated for both GPP and ET and for each site.

The predictive power of the model was also assessed through
he Nash Suttclife coefficient (ME, Eq. (4)), also known and the

odelling efficiency (Janssen and Heuberger, 1995).

E  = 1 −
∑N

i=1(Si − Oi)
2

∑N
i=1(Oi − Ō)

2
(4)

here Si and Oi denote the predicted and observed value i; N is the
umber of observed values; Ō is the mean of the observed values.

ME can vary between −∞ and 1; ME  = 1 indicates a perfect match
f model predictions to the data. If ME  = 0 model predictions are as
ccurate as the mean of the data. ME  assumes negative values when
he observed mean is more accurate than the model predictions.

. Results

.1. Analysis #1 – ‘global or local’ –

The data were highly informative in determining the values
f the parameters that were assessed highly influential in the
orris sensitivity analysis (Appendix B), as demonstrated by the

onstrained posterior distributions (Fig. 1a) of the parameters com-
ared with their priors (Table 2). In the multi-site calibration even
he less important parameters were well constrained in the poste-
ior distributions, however, a lot of uncertainty remained in some
f these parameters in the site-specific calibrations (Fig. 1b). These

nclude � for Alkkia, Kalevansuo, CAge12yr, CAge75yr and Skyt-
orp site-specific calibrations; �E for Alkkia, CAge12yr, CAge75yr,
nottasen, Skyttorp and Flakaliden; �P for CAge75yr and Skyttorp

Fig. 1b). Parameter estimates across the different calibrations (i.e.,
-S and M-S) were consistent for the most influential parameters,
n particular for �, � and 
 (Fig. 1a), whereas differences occurred
n estimates of the parameters at which model outputs are less sen-
itive (Fig. 1b). In the CAge12yr site-specific calibration �, X0 and �
arginal posterior distributions were quite different from the rest

f the calibrations.
Bayesian calibration provides a joint posterior distribution of

odel parameters, i.e. BC also considers the interactions between
arameters. This kind of information is not derivable from the
arginal posterior distributions (Fig. 1), but it can be expressed

hrough the correlations (r) between parameters calculated from
he posterior sampled by the MCMC.  We  report the correlation
atrices of the 11 calibrations of Analysis #1 in Appendix C, while
ere we briefly summarize the results showing the correlations
etween the parameter correlations of M-S  and the S-S calibra-
ions (Fig. 2). The full posterior distributions can be downloaded

 mm molPPFD 0 2.5
�E – 0 0.999
� – 1e-4 5

at the link provided in the APPENDIX D. Parameter correlations of
M-S  were really similar with the Hyytiälä, Flakaliden, Kalevansuo,
Norunda and Knottasen site specific calibrations. CAge 12yr and
CAge 75yr were the site specific calibrations for which parameter
calibrations differed most from the M-S  (Fig. 2).

We evaluated model performances in terms of R2, slopes (with
intercept forced to 0) and modelling efficiency (ME) of the sim-
ulated vs. observed data, calculated for each calibration and each
model output (i.e., GPP and ET) at daily time step (Table 3). The pre-
dictions were generated using the maximum a posteriori (MAP, i.e.
the parameter vector that had the highest posterior distribution)
parameter vectors of M-S  and S-S. The variance explained by the
model was higher for GPP than for ET, both being in most of the
cases higher than 70% (R2 of Table 3); however the model tended
to underestimate carbon and water fluxes (slopes lower than 1)
(Table 3). ME was  always higher than 0.6 and in many cases close
to 1 (Table 3). Model fit to the Flakaliden data was  generally rather
poor. Furthermore, the multi-site calibration significantly underes-
timated evapotranspiration at Alkkia site (slope = 0.62). In general,
after BC, model outputs were characterized by low uncertainty (not
shown in the plots).

In model predictions of GPP and ET for each site, the differences
between the multi-site and site-specific calibrations were small in
most of the cases (Fig. 3a and b). The exception is the evapotran-
spiration at the Alkkia site, where ET by the multi-site calibration
was clearly different from the site-specific calibration prediction
(Fig. 3a).

Mean squared errors were calculated for GPP and ET and decom-
posed to the bias, variance and correlation errors for the multi-site
and site-specific calibrations (Fig. 4a and b). For the site-specific
calibrations the main component of model error was the correla-
tion error, while the other two  components were negligible (Fig. 4a
and b). Also the MSEs of the multi-site calibration predictions were
mainly constituted from the correlation error (Fig. 4a and b); how-
ever the other two  error components were significant at some sites,
varying between 10 and 30% of MSE. ET predictions at the Alkkia
site for the multi-site calibration were characterized by the highest
bias error (i.e. 40% of MSE, Fig. 4b).

Both M-S  and S-S calibrations showed robust performances
in predicting the photosynthetic activity of boreal forests also at
annual time step (Figs. 5a and 7a); while the model was less accu-
rate in reproducing the annual evapotranspiration (Figs. 5b and
7b). Note that to compute the ‘annual’ fluxes, the daily fluxes were
summed only if the quality flag was lower than 0.7 (i.e. at maximum
70% of 1/2 h fluxes were missing and gap-filled for that particular
day), and the numbers in Figs. 5 & 6 are not representative for true
annual balances. PRELES was able to catch the pattern of GPP inter-

annual fluctuations for the sites with the long-term datasets (i.e.,
Hyytiälä, Sodankylä, Flakaliden, Norunda and Kalevansuo) (Fig. 6a),
but at Flakaliden for some years (i.e., 1997, 2002) the relative dif-
ference between the observed and modelled GPP was around 50%.
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ig. 1. (a) Marginal posterior distributions of high sensitivity parameters obtained
as  used to rank the parameters according to their impact on model outputs. (b) Ma

he  multi-site calibration and the site-specific calibrations.

he M-S  and S-S annual prediction were really similar (Figs. 5a,b,
a and b ), apart from the GPP at Flakaliden (Fig. 6a).

.2. Analysis #2 – ‘forward predictions’ –
M-S  and S-S calibrations were evaluated at each site using the
alidation dataset and considering both output fluxes (i.e., ET and
PP) at the same time. In seven sites S-S had 100% probability
f being the best model version, while in the other sites BMCs
gh the multi-site calibration and the site-specific calibrations. The Morris method
posterior distributions of medium and low sensitivity parameters obtained through

supported the M-S  calibration (Table 4). At four of the five sites
with long-term datasets (i.e. Hyytiälä, Sodankylä, Flakaliden and
Norunda) the S-S calibration performed better than the M-S. In gen-
eral the NRMSEs calculated with the two  types of calibration did not
differ substantially (Fig. 7a and b). At Skyttorp the GPP NRMSE of

S-S was  30% higher than the GPP NRMSE of M-S, while at Flakali-
den the M-S  calibration error was significantly higher (Fig. 7a). The
NRMSEs of the evapotranspiration M-S  were always higher than
those of the S-S calibration, except for Skyttorp (Fig. 7b) and Cage
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Fig. 2. The parameter correlations of M-S (x-axis) were plotted against the parameter correlations found in the S-Ss (y-axes). In the bottom right corner the correlation (r)
between the M-S  and S-S correlation.

Table 3
R2, slopes (with intercept forced to 0) and modelling efficiency (ME) calculated for the multi-site and site-specific calibration of Analysis #1–“Global or local”.

GPP E

mutli-site site-specific mutli-site site-specific

R2 slope ME R2 slope ME R2 slope ME  R2 slope ME

Hyytiälä 0.96 0.98 0.96 0.96 0.97 0.96 0.89 0.90 0.88 0.88 1.02 0.86
Sodankylä 0.89 0.85 0.88 0.89 0.87 0.88 0.75 0.79 0.73 0.75 0.94 0.73
Flakaliden 0.79 1.15 0.63 0.75 0.77 0.73 0.67 0.95 0.61 0.69 1.04 0.58
Norunda 0.89 0.98 0.88 0.87 0.92 0.87 0.82 0.89 0.81 0.82 1.02 0.80
Kalevansuo 0.93 0.96 0.93 0.94 0.98 0.94 0.86 0.86 0.86 0.88 1.00 0.87
Knottåsen 0.91 0.80 0.85 0.89 0.88 0.87 0.89 0.79 0.85 0.86 1.07 0.82
Alkkia  0.89 0.86 0.87 0.80 0.87 0.78 0.82 0.66 0.63 0.71 0.99 0.66

0.81 0.72 0.98 0.69 0.72 0.95 0.69
0.83 0.71 1.05 0.63 0.75 0.98 0.72
0.93 0.88 0.93 0.88 0.91 1.01 0.91

7
t
N
t
5

T
R
#

Table 5
Results of the BMC  between multi-site and single site calibrations for the Analysis
#3–“New site”.

multi-site single site
Skyttorp 0.80 0.98 0.79 0.81 0.94 

CAge  12yr 0.74 0.93 0.73 0.84 0.90 

CAge  75yr 0.93 1.14 0.85 0.93 0.95 

5yr. At Alkkia the M-S  had a NRMSE of about 60%, 20% higher than
he error of the S-S calibration; on the contrary, at Skyttorp the
RMSE of S-S was 20% higher than the M-S  NRMSE. For the rest of
he sites the ET NRMSEs of the two calibrations differed less than
%.

able 4
esults of the BMC  between multi-site and site-specific calibrations for the Analysis
2–“Forward prediction”.

multi-site site-specific

Hyytiälä 0 100
Sodankylä 0 100
Flakaliden 0 100
Norunda 0 100
Kalevansuo 100 0
Knottåsen 100 0
Alkkia 0 100
Skyttorp 0.49 0.51
CAge 12yr 100 0
CAge 75yr 0 100

Hyytiälä 0 100
Sodankylä 100 0
Flakaliden 100 0
Norunda 100 0
Kalevansuo 100 0
Knottåsen 100 0
Alkkia 100 0
Skyttorp 100 0

CAge 12yr 100 0
CAge 75yr 100 0

3.3. Analysis #3 – ‘new site’ –

According to the BMC, the Hyytiälä S-S calibration had 100%

probability of being better than the M-S  calibration on every site; on
the contrary, the M-S  calibrations were always better than the other
S-S calibrations (Table 5). The normalized root mean squared errors
calculated for Analysis #3 are consistent with the BMC probabili-
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Fig. 3. (a) Daily evapotranspiration at each experimental site for a year randomly selected from the dataset. Sites are ordered according to the number of data points available
for  model calibration. Dots represent the observations. The lines are PRELES predictions generated by MAP  (the maximum a posteriori parameter vector); the dashed line is
the  output from the site-specific calibrations, while the continuous lines represent the multi-site calibration. The grey area represents the M-S  predictive uncertainty given
by  parameter uncertainty and the observation error. (b) Daily gross primary production at each experimental site for a year randomly selected from the dataset. Sites are
ordered  according to the number of data points available for model calibration. Dots represent the observations. The lines are PRELES predictions generated by MAP  (the
maximum a posteriori parameter vector); the dashed line is the output from the site-specific calibrations, while the continuous lines represent the multi-site calibration. The
grey  area represents the M-S  predictive uncertainty given by parameter uncertainty and the observation error.
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Fig. 3. (Continued)
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Fig. 4. (a) Mean squared error decomposition for GPP. The first bar in the plots is the MSE calculated with PRELES outputs generated from the multi-site calibration (M-S),
while  the second bar is the error of the site-specific calibration (S-S). The maximum values of the y-axes were set to the square of the mean of the GPP observed values of all
t he MS
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Evaluating model performances in the light of site-specific cali-
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he  sites. (b) Mean squared error decomposition for ET. The first bar in the plots is t
hile  the second bar is the error of the site-specific calibration (S-S). The maximum

he  sites.

ies (Fig. 8, Table 4). The ET and GPP NRMSEs of the M-S  calibration
ere slightly higher than those of Hyytiälä S-S calibration, but the

ifferences are negligible (Fig. 8). The NRMSEs of the other S-S cal-

brations were always higher than the errors generated from the

-S  calibration (Fig. 8).

ig. 5. (a) Observed versus simulated annual gross primary production. Each symbol cor
M-S) and site-specific (S-S) calibration, respectively. The daily observed and simulated d
ags  of the daily GPP measurements were lower than 0.7. In the left up corner of the plot
ersus  simulated annual evapotranspiration. Each symbol corresponds to different site; w
alibration, respectively. The daily observed and simulated data were summed to obtain th
ere  lower than 0.7. In the left up corner of the plotting area a table with the R2 and slop
E calculated with PRELES outputs generated from the multi-site calibration (M-S),
es of the y-axes were set to the square of the mean of the ET observed values of all

4. Discussion
brations and a multi-site calibration gives useful information about
the general applicability of the model. Many models, such as

responds to different site; while the colours, grey and black, refer to the multi-site
ata were summed to obtain the annual GPP values in the figure only if the quality
ting area a table with the R2 and slopes are reported for M-S and S-S. (b) Observed
hile the colours, grey and black, refer to the multi-site (M-S) and site-specific (S-S)

e annual ET values in the figure only if the quality flags of the daily ET measurements
es are reported for M-S  and S-S.
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Fig. 6. (a) Relative differences (i.e., y = (observed − modelled)/observed) between the modelled and observed annual sums of gross primary production; note that only days
with  flag lower than 0.7 were considered for annual sum calculations. The grey line refers to the predictions generated with the multi-site version, while the black line refers
t ed)/ob
n tions.
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o  the site-specific calibration. (b) Relative differences (i.e., y = (observed − modell
ote  that only days with flag lower than 0.7 were considered for annual sum calcula
he  black line refers to the site-specific calibration.

ynamic Global Vegetation Models, assume that the concept of
lant functional type is valid and can be used for parameterising
ot only submodels of GPP and ET like here, but in fact the entire
ynamics of the PFT and the related vegetation type. However,
ery few studies tested model performances against data to com-
are site-specific and multi-site parameterisations (Kuppel et al.,
012). In contrast, there has been increasing concern in the litera-

ure about the justification of this assumption (e.g. Reichstein et al.,
014). For example, Reichstein et al. (2014) suggested that a set of

ndividual plant traits should be taken as a basis, instead of plant
unctional types that may  consist of species with some shared and

ig. 7. (a) Normalized root mean squared errors, for GPP. MSEs were normalized using
ccording to the number of data points available for model calibration and evaluation. M
ormalized root mean squared errors, for ET. MSEs were normalized using the standard 

umber  of data points available for model calibration and evaluation. M-S  and S-S refer t
served) between the modelled and observed annual sums of evapotranspiration;
 The grey line refers to the predictions generated with the multi-site version, while

some separate traits. In fact, they used a simple version of the LUE
model as an example of observed wide variability of parameters
within a plant functional type.

With the analyses carried out in this study we  comprehensively
tested PRELES analysing its strenghs and weaknesses. In the follow-
ing subsections we  discuss the possible applications of the model
answering the three questions posed in the introduction. In the first
two Subsections (4.1 and 4.2) we analyse the behaviour of PRELES;
in 4.3 we discuss the model applicability to a site when data are

already available; finally in 4.4 we draw conclusions on the regional
applicability of the model.

 the standard deviations of the observations. Sites are ordered from left to right
-S  and S-S refer to the multi-site and the site-specific calibration, respectively. (b)
deviations of the observations. Sites are ordered from left to right according to the
o the multi-site and the site-specific calibration, respectively.
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ig. 8. (a) Normalized root mean squared errors, for GPP. MSEs were normalized
ccording to the number of data points available for model calibration and evalua
tandard deviations of the observations. Sites are ordered from left to right accordi

.1. On the general applicability of the model

PRELES is a simple model, with a strong empirical component,
owever our results showed that a generic calibration can be used
o estimate the gross primary production and the evapotranspira-
ion of all the sites considered in this study. The eddy-covariance

ethod measurement has a tendency to average over sites, because
he footprint area is larger than the actual central site used
or model parameterisation. The forest landscape in Finland and
weden is quite heterogeneous, such that the footprint area could
over different soil types and species. We  believe that this could
xplain some but certainly not all of the similarity of the sites
ncluded here. Particularly, the similarity between the upland and

etland sites does not seem expected. A more thorough analysis of
he footprint area and the contribution of the surroundings would
e required to asses this quantitatively, which we believe is beyond
he scope of this study.

It is also possible that the environmental responses of GPP and
T are genuinely relatively independent of site and species, once
he fAPAR of the stand is known. The latter carries information about
tand structure which is known to be strongly dependent on both
ite and species (Medlyn et al., 2005; Duursma et al., 2009) and
ay  also develop dynamically in a site and species specific man-

er, which was not considered here. This independence has also
een found in some previous studies, especially in the case of GPP
Duursma et al., 2009; Medlyn et al., 2005), although other studies
ave found the opposite (Kaminski et al., 2012; Chen et al., 2014;
eichstein et al., 2014). A lack of independence of site could also
e caused by model inadequacy (rather than simplicity), where
arameters are needed to compensate for shortcomings in model
tructure. A typical cause for this in many GPP studies could be a
ub-optimal representation of the seasonal cycle (Reichstein et al.,
014; Chen et al., 2014; Richardson et al., 2012). Increasing model
omplexity would also probably increase the need to make the
escription more species and site specific (such as in Kasurinen
t al., 2014). The question is then, how much of the variability
ould be explained with a generic model, and how large a gain

ould be obtained by increasing complexity. We  have found in
revious studies that even if parameters vary between sites as a
esult of site-specific fitting, the processes can be (almost) equally
ell represented by a generic parameterisation, because there are
 the standard deviations of the observations. Sites are ordered from left to right
b) Normalized root mean squared errors, for ET. MSEs were normalized using the
he number of data points available for model calibration and evaluation.

mutual correlations between the parameters (Mäkelä et al., 2008).
This could of course be interpreted as opposite errors canceling
out each other. Importantly, it could also signify a tendency of
ecosystems to evolve towards essentially similar environmental
responses, albeit through different structural and functional adap-
tations (e.g. Valladares et al., 2002). In this study, we  conclude that
a large percentage of the variability in GPP and ET can be explained
using a generic parameterisation. Part of the remaining variability
could likely be explained by increasing the complexity of the model.
One should bear in mind, however, that the role of the complexi-
ties and differences between sites and species may become more
pronounced if the environment changes. The need of complexity in
such cases could be studied, for example, by investigating how far
a complex model can be reduced in such a situation.

Model performances obtained using the multi-site calibration
were similar to those achieved by the site-specific versions at both
daily and annual time steps (Table 3, Figs. 6–8), with exception
of a site with agricultural history (Alkkia). Although errors in the
data cannot be excluded as potential reasons, the most likely expla-
nation is that Alkkia forest is located on a peatland drained for
agriculture in 1930s and subsequently afforested about 35 years
ago. The agricultural history of the site is seen as high nutrient
contents in the soil (due to use of fertilizers) that are reflected in
the amount and species composition of the understory vegetation
(Lohila et al., 2007). The vigorously growing understory at Alkkia is
composed of deciduous species that have less conservative water
use strategies than Scots pine and Norway spruce that dominate
the LAI at other sites. Kalevansuo is also a drained peatland forest,
but for this site M-S  and S-S ET predictions were similar. Contrary
to Alkkia, Kalevansuo has no agricultural history and its understory
consists of dwarf shrubs and mosses similar to the mineral soil sites
in this study (Table 1). The failure of the M-S  calibration to predict
ET at Alkkia could also be partially related to an improper repre-
sentation of LAI. We  used a lumped LAI for trees and understory,
but they have different seasonal dynamics and different physiol-
ogy. The problem can also be due to uncertainty in soil hydraulic
characteristics (e.g., field capacity) as well as to simplistic represen-

tation of the soil water balance in PRELES. The water storages are
described by small superficial water storage and a simple bucket
model with a pre-defined fixed drainage coefficient and has no
explicit description of lateral flows such as drainage to ditches.
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n the S-S calibration at Alkkia, the model structural deficiency
ay  have been compensated by different parameter estimates (see

arameter 
 of Fig. 1a).
PRELES predicts GPP better (Table 3) than evapotranspiration,

he total water flux from several sources. While transpiration
s highly correlated with GPP through linkage between stoma-
al conductance and assimilation rate (Katul et al., 2010; Medlyn
t al., 2011b), other water sources are more constrained by stand
haracteristics, microclimate and soil properties. Modelling highly
ynamic processes such as interception and evaporation at daily
ime step and neglecting the layered structure of forest ecosystems
ould be one reason for poorer ET predictions. Also, EC-based evap-
transpiration estimates have in most cases higher uncertainty
han carbon fluxes due to unclosed energy balance (Foken, 2008)
nd technical problems measuring water vapour at high air humid-
ty (Mammarella et al., 2009).

The analysis on the MSE  decomposition (Fig. 4) allowed us to
nderstand model behaviour better. The main component of the
SE  was usually the correlation error, probably due to the summer

eaks that occur in particular environmental conditions and that
he model is not able to reproduce. Furthermore, in this study we
ere using fixed annual values of LAI; a better representation of

easonal LAI dynamics might help improve the predictions of rain-
all interception and thereby the water flux partitioning between
ranspiration and evaporation. However, the seasonal cycle modi-
er fS , (Eq. A.12–A.14) partially accounts for both the annual cycle
f photosynthetic capacity and LAI but it only influences GPP and
ranspiration predictions and has an upper limit of 1 that is reached
ypically before midsummer. Earth observed data would allow us
o integrate the intra annual LAI variability in the model. In spite of
hese reservations, we found that the mean squared error was low
or most of the sites and the deviation from the annual aggregated
ata was lower than 10% in most of the cases, confirming that the
odel can be considered a reliable tool to predict the carbon and
ater fluxes of boreal forests.

.2. Sensitivity and uncertainty analysis

The sensitivity analysis carried out through the prior parame-
er space allowed us to identify the parameters that a priori were
he most influential on the outputs. The differences between the
ensitivity results at Norunda and the rest of the sites were mainly
ue to the differences in leaf area index, LAI being much higher at
orunda. LAI has a strong impact on PRELES outputs, especially on
PP. The sensitivity of photosynthesis to LAI follows the exponen-

ial curve of equation 1, since GPP is linearly related to the fraction
f absorbed PPFD (Eq. A.9). It is important to have accurate esti-
ates of LAI, especially for stands with low foliage biomass (e.g,

oung stands, low productive sites), because small errors in LAI
trongly affect GPP calculations. Nowadays, thanks to remote sens-
ng techniques, it is possible to obtain inputs for ecosystem models
t high spatial and temporal scale, making possible the application
f process-based models in practice (Härkönen et al., 2011). The
elatively weak response of forest ET to LAI (Fig. 4) is in line with
C-based observations in boreal Canada (Amiro et al., 2006).

Combining the sensitivity of model output to the parameters
nd the uncertainty analysis it was possible to extract useful
nformation about PRELES behaviour and its general applicabil-
ty. Eddy-covariance data can typically constrain 4–5 parameters
Keenan et al., 2013); however in the M-S  calibration the uncer-
ainty of all the 12 parameters was significantly reduced, probably
ecause we were assimilating data from 10 sites.
The assumptions made on data uncertainties can greatly affect
he posterior distribution (Keenan et al., 2011). A proper represen-
ation of data uncertainty is often difficult to achieve, because of
ack of knowledge and/or computational limitations. We  carried
delling 341 (2016) 37–52 49

out a few calibrations using different likelihoods and indeed the
posterior distribution slightly changed accordingly to the different
choices made; however the S-S and M-S  posteriors were still sim-
ilar, in support of the fact that the model can be calibrated and
applied for regional simulations.

The posterior distribution should always be provided in order to
have a proper rappresentation of model uncertainty (Van Mourik
et al., 2014). The uncertainty of the most influential parameters
was strongly reduced by the data in all the calibrations and the
parameter estimates were quite similar for the different versions
of the model (Fig. 1a). Peltoniemi et al. (2015b), performing a local
sensitivity analysis, found that PRELES outputs were sensitive to
soil-water related parameters (�P, �E, �) under water limited years,
but less sensitive in a wet  year (Peltoniemi et al., 2015b). These
parameters did not contribute to the output uncertainty in this
study and their posterior distribution remained quite uncertain.
The reason for this is that the boreal forests are not often water
stressed so there is little information to estimate these parame-
ters. However, those parameters could become crucial if the model
is applied to more xeric sites. In the CAge12yr site-specific calibra-
tion, some of the most important parameters (i.e., �, X0 and �) were
quite different from the rest of the calibrations. This could be due to
the understory that accounted for almost 50% of the LAI of this site.
Also, in young regenerating stands the contribution of deciduous
tree species is more abundant than at older sites. The physiolog-
ical differences of forest plant species might influence the stand
level carbon and water fluxes. In the future it must be investigated
if modelling stand layers separately as well as describing the soil
water balance in more detail will improve model performance.

No significant differences were encountered in the parameter
estimates and model outputs of the Scots pine and Norway spruce
dominated stands. The delay parameter for ambient temperature
response (�, Fig. 1b) was  the only parameter for which the Norway
spruce dominated sites (i.e., Flakaliden, Norunda and Knottåsen)
had similar marginal posterior distributions, while � estimates for
the Scots pine dominated sites were different. Consistently with
recent results by Linkosalo et al. (2014), the photosynthetic activ-
ity of Norway spruce starts earlier than Scots pine, explaining the
lower values of �. Flakaliden was  the site were the model showed
the worst performance in predicting GPP. Nevertheless, since the
model performed well at the other two  spruce sites, we believe that
there is no need for a species specific calibration of PRELES, which
also speaks for the generality of model calibration, at least given
the uncertainties involved.

Parameter uncertainty was  strongly reduced by the BC since
thousands of data points were involved in the calibrations; for
this reason also the uncertainties of model predictions were low.
As expected M-S  resulted in more accurate parameter estimates;
however, PRELES parameter uncertainty was low also for S-S of the
sites with the long-term datasets (i.e., Hyytiälä, Sodankylä, Flakali-
den, Norunda and Kalevansuo). Furthermore the sites with the
long-term datasets were the most influential on M-S, having more
weight on the likelihood. In particular Hyytiälä data had a strong
influence on the M-S  calibration. Instead of giving a weight to each
site dataset according to the number of data points we preferred to
use all the available information to calibrate and test the model.

4.3. Predicting fluxes for a site for which data are already
available

The analysis #2 and #3 tested the reliability of the model. Results
from BMC  can look quite severe (Tables 4 and 5) but in reality, while

BMC tells which model is more likely to be the best, this does not
mean that the worst model gives completely wrong predictions.
Combining BMC  with more classical model error quantifications
provided a more complete picture about the models under evalu-
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tion. In our analyses BMC  was assigning in most of the cases near
o 100% probability of being correct to one version of the model
ecause thousands of data points were used in the comparisons.
owever the NRMSEs (Figs. 7 and 8) showed quantitatively that the
ifferences between M-S  and S-S calibrations in predicting carbon
nd water fluxes are quite low for most of the sites.

The eddy-covariance network is expanding and flux data is cur-
ently available for hundreds of sites (Baldocchi, 2008). At some
ites measurements have already been collected for more than a
ecade and it is likely that the inter-annual variability is well rep-
esented by the measurements. On the contrary, for other sites
he fluxes have been measured just for a few years. Analysis #2
ave insights into which model version (i.e. M-S or S-S) is more
ppropriate to predict carbon and water fluxes for a site for which
ata are available. The multi-site calibration showed robust per-

ormances in predicting carbon and water fluxes when compared
o site-specific versions. M-S  was the best calibration for 4 sites
ver 10 (Table 4) and the NRMSE between M-S  and S-Ss were not
ignificantly different in most of the cases.

Except for Skyttorp, the evapotranspiration NRMSEs of the
ulti-site version were always higher than S-S NRMSE (Fig. 7b).

s suggested by Analysis #1, the ET module in PRELES seems
o be too simplistic, rendering the S-S calibration with bet-
er performance. Likely there are site-specific differences in
ux-environmental driver relationships that could have been com-
ensated by site-specific parameter estimates. Comparison results
re more significant when a high number of data are involved and
he measurements cover different years. We  conclude that both
ersions of the model (the S-S and the M-S) can be used to pre-
ict GPP and ET of sites for which flux data are available but the S-S
hould be preffered when long-time series are available (Table 4) at

 site, while the M-S  is more appropriate for sites with short-term
ata series.

.4. Analysis #3. The regional applicability of PRELES

Results from Analysis #3 provided key indications about the
egional applicability of PRELES. The performances of the M-S  cali-
ration and the Hyytiälä site-specific calibration were more reliable

n predicting ET and GPP compared to the other site-specific ver-
ions. Hyytiälä S-S provided the most robust performances and was
lightly better than the M-S. This is probably due to the fact that
yytiälä was the most comprehensive dataset in terms of site years
nd data quality. This underlines the importance of long and care-
ully collected flux datasets, even a single site can provide model
alibrations that can be applied at a wider spatial scale, since it
overs a wide range of variability in climatic conditions. However,
he good fit to Hyytiälä data can also stem from the development
istory and structure of PRELES (Mäkelä et al., 2008; Peltoniemi
t al., 2015b) that was partly based on the understanding gained
rom the Hyytiälä measurements. Therefore, using a multi-site cal-
brated model for regional analysis represents a more conservative
hoice in terms of spatial representativeness, and the fact that not
ll required site conditions can be extrapolated by the modeller.
rom carbon modelling perspective, the use of a few aerially rep-
esentative sites with long and high quality records would likely
mprove the reliability of model predictions.

. Conclusions

Some ecosystem processes, such as photosynthesis, have been

ound to be sufficiently well understood and generalizable. Our
nalyses involved just one model and these results could surely
ot to be expected with all models unless models are generic and
alibrated with high quality data. PRELES has a simplified struc-
delling 341 (2016) 37–52

ture but as a computationally efficient model that requires easily
available input data it is suitable for applications at regional scale.
A useful application of PRELES could be in estimating the impact
of climate change on Boreal forests. On one hand, we  tested the
model with data that covered a wide range of climatic conditions
(i.e., D, PPFD, R, T); but, on the other hand, we  used fixed CO2 atmo-
sphere concentrations. Nevertheless, according to future climate
scenario simulations (IPCC, 2007), CO2 concentration is expected
to increase dramatically in the future, having a strong impact on
Boreal forests (Kalliokoski et al., in prep.). The CO2 effects on forest
photosynthetic activity have already been estimated by other stud-
ies (Kolari et al., 2009); implementing this information in PRELES
structure (Kalliokoski et al., in prep.) will allow us to use PRELES to
make estimates under future climatic scenarios.

Code availability

PRELES is available in C language and in an R package.
Model code and the posterior parameter distributions of this
study can be obtained on request from Francesco Minunno
(francesco.minunno@helsinki.fi) or can be downloaded at https://
github.com/MikkoPeltoniemi/Rpreles/. The APPENDIX D describes
how to install and run PRELES using R programming language.
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