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Abstract. Recovery of photosynthesis and transpiration is1 Introduction

strongly restricted by low temperatures in air and/or soil

during the transition period from winter to spring in boreal Forests in boreal areas are likely to be considerably influ-
zones. The extent to which air temperatuf)(and soil ~ enced by climate change, elevated Cé&hd management
temperatureZs) influence the seasonality of photosynthesis (Schidter et al., 2005; Boisvenue and Running, 2006; Jans-
and transpiration of a boreal spruce ecosystem was investsSon et al., 2008). Thus, understanding the interaction between
gated using a process-based ecosystem model (CoupMode2fFosystem processes and historical climate conditions is fun-
together with eddy covariance (EC) data from one eddy fluxdamental to predicting how the ecosystem will be affected by
tower and nearby soil measurements at Kimeh, Sweden. €nvironmental changes. In boreal conifer forests, the climate
A Monte Carlo-based uncertainty method (GLUE) provided both aboveground and belowground regulates photosynthe-
prior and posterior distributions of simulations representingsis and transpiration processes (Suni et al., 2003; Mellander
a wide range of soil conditions and performance indicators €t al., 2008). Furthermore, temperature is recognised as a vi-
The simulated results showed sufficient flexibility to predict tal environmental factor affecting carbon dynamics and bud-
the measured cold and warf in the moist and dry plots ~ gets (Bergh and Linder, 1999; Kolari et al., 2007; Lindroth et
around the eddy flux tower. Moreover, the model presented &I., 2008).

general ability to describe both biotic and abiotic processes Recovery of photosynthesis and transpiration is strongly
for the Norway spruce stand. The dynamics of sensible heafestricted by low temperatures in air and/or soil during the
fluxes were well described by the corresponding latent heatransition period from winter to spring (dkeh et al., 2004;
fluxes and net ecosystem exchange of,CThe parameter Mellander et al., 2006; Ensiminger et al., 2008; Wu et al.,
ranges obtained are probably valid to represent regional cha?011, 2012). Moreover, photosynthesis recovery in spring
acteristics of boreal conifer forests, but were not easy to convaries annually, which is probably caused by both atmo-
strain to a smaller range than that produced by the assumegPheric and soil conditions. Currently, there is no general
prior distributions. Finally, neglecting the soil temperature @greement on the specific roles of air and soil temperature in
response function resulted in fewer behavioural models andegulation of photosynthesis processes, especially in spring,
probably more compensatory errors in other response funcaccording to field experimental data and modelling stud-

tions for regulating the seasonality of ecosystem fluxes. ies. The atmospheric conditions will sometime create a high
requirement for transpiration and photosynthesis when the

plant is not fully adapted to high light intensity or high air
temperature while the soil is still very cold.
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736 S. H. Wu and P.-E. Jansson: A boreal spruce ecosystem

In a previous site-specific modelling study based on long-2 Materials and methods
term measurements, we sought to distinguish and quantify
the specific roles of air and soil temperature in the seasonal2.1  Study site description
ity of photosynthesis and transpiration for a boreal Scots pine__ .
stand at Hyy®la, Finland (Wu et al., 2012). The conclusion Fi€ld measurements conducted at Kaeén, Sweden
was that air temperature was the major limiting factor for (61°00' N, 16"13 E), with detailed descriptions of the site

photosynthesis in early spring, autumn and winter, but soijl@nd instrumentation, can be found in Berggren et al. (2004),

temperature was a rather important limiting factor for pho- Bérggren Kieja et al. (2008) and Lindroth et al. (2008).

tosynthesis in late spring and summer. The results also Sug'[his site was clear-cut in 1963 and the current stands were

gested that inhibition of photosynthesis and transpiration duelanted In 1965_ with tw_o-year—old s_eedllngs_ Of_ Norway
to low soil temperature needs to be considered in the modefPruce Picea abiesL.), which now dominates this site, with
when there is a large delay between cumulative air temperaS°Me occurrence of Scots pingirfus sylvestris..). Dur-
ture () and soil temperaturef{) in spring. ing 1961-1990 average a_nnual air temperature wasG3.4

In the present study we sought to test the general validiy2Verage annual precipitation was 613 mm, and the average
of the conclusions drawn from the long-term simulations of 9rowing season length was 160 days (Berggren et al., 2004).
the Scots pine stand at Hygta (Wu et al., 2012). Another Three plots (30 n)<.30 m) in egch of three dlffer'ent moisture
area of interest was to examine photosynthesis and transpflasses (dry, mesic and moist) were set up in 2000 for the
ration responses to heterogeneous soil conditions using soffYS TRA project. The dry and mesic conditions dominate
temperature and moisture measurements representing Iaré@e area but all plots are located in the nearby conditions to
spatial variability in the field. The Swedish site of Krégten ~ the tower. The two closed plots are one moist and two dry. All
has similar boreal climate conditions and measurements t&rainage conditions occur in all directions around the tower.
Hyytiala. Long-terms measurements at K&stn have pro- The S|tg is situated on aC|d|'c bedrock and the soil is a Hapllc
duced a large quantity of eddy covariance data and numeroug8dsol in the dry and mesic plots and a Gley Podsol in the
biomass and soil measurements describing spatial variabilitf°ISt Plots (Berggren et al., 2004).
within the radius of the eddy-covariance flux tower. There-
fore data from the Knolisen site were deemed suitable for
analysing our specific interests in this study.

2.2 Data used for this study

; ’ ; ) In order to test the applicability of the model, measured
Previous studies of the spruce forest at Kasén in 2001 j51a46ts for Knolisen were prepared especially for the cur-
and 2002 within the LUSTRA programme mainly focused on yen¢ sty dy, including both high and low resolution data simi-
pools and fluxes of carbon (Berggren et al., 2004; Berggrenyy 1 that used for Scots pine forest studies at Hyst{Wu
Kleja et al., 2008; Lindroth et al., 2008). It is interesting to 4 al., 2011). Most data were available for the period 2001—
note that the role of soil carbon pools has been interpretednns. Hourly mean values of eddy flux data, meteorologi-

differently using differentc;j%ta ftl)urces. For instance, a large;5| variables, soil temperature, soil moisture, snow depth and
carbon loss (210-240g Cmyr—") from soil according 10 \ater table depth was used to calibrate the model. In addi-

measured “NEE” and tree growth was reported by Lindrothjon torest inventory data and soil physical data were used
etal. (2008), whereas a small change in soil carbon pools wag, setyp the model to the site. In order to investigate the
estimated by Berggren Kleja et al. (2008) using CoupModel.jnacts of the entire range of soil conditions on ecosystem

However, the seasonality of carbon, water and heat fluxeg, ocesses, measurements from the dry and moist plots were
at Knotasen is not fully studied and the responses of thesq,geq The data available for the mesic site was excluded since

variables to abiotic conditions have not been examined. Mhe between-plot variability covered the full range of condi-
the current study, based on the datasets from Bsett and  ions The data used are documented in detail below.

the information obtained from modelling studies at Hii

new simulations were made for Knasien to test the appli- 2.2.1 Eddy covariance measurements

cability of the model in simulating seasonal patterns of pho-

tosynthesis and transpiration in response to cold climate. An eddy correlation system by InSituFlux (Ockelbo, Swe-
Specific objectives were to: (1) test the general validity den) was installed in 2000 to measure fluxes of,Ca»0,

of a model simulating the seasonal patterns of carbon, wasensible heat, and momentum. The gas analyser was cali-

ter and heat fluxes of a Norway spruce stand at Kaseth, brated by an automatic 2-point calibration system for,CO

Sweden, based on long-term data from a previous study of &Lindroth et al., 2008). Flux data were processed manually

Scots pine stand at Hyyia, southern Finland; (2) examine by removing spikes based on experiences of this type of

the spatial variability in soil temperature and moisture andmeasurement (Lindroth et al., 2008). However, the current

the possibility to simulate those conditions; and (3) presenteddy covariance (EC) data were not gap-filled, which is the

simulated results on the impacts of spatial variability in soil major difference to the data used by Lindroth et al. (2008).

temperature and moisture on the regulation of photosynthesi¥he eddy flux tower is situated high in the terrain near the

and transpiration. dry plots at Knothsen (Berggren et al., 2004). In the current
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study, hourly values of net ecosystem exchange (NEE), latensidering the soil depth. To represent the full range of soil tem-
heat flux (LE) in 2001 and 2002 and sensible heat fldy (  perature conditions, the warmest replicate of the dry plot and

in 2001, 2002 and 2003 were used. the coldest replicate of the moist plot during 2001-2003 were
_ selected for the modelling study. Water table depth with two
2.2.2  Meteorological data replicates and snow depth were measured and the data were

i recorded automatically.
Hourly meteorological measurements were made from g yater retention curves in the organic layer and 10 dif-
2001-2003. Global radiation, air temperature, relative hu-grent mineral layers (at 5 cm intervals from 0 to 0.5 m) were
midity, precipitation and wind speed were used as drivingmeasyred in 2003 for the dry and moist plots. These were
variables to the model. Gaps in measurements were filled uspe ysed to estimate soil hydraulic properties as represented
ing data obtained from the nearby official meteorological sta—by the Brooks—Corey equation (Brooks and Corey, 1964) in
tion within 10 km from the flux site (Lindroth et al., 2008). the simulations.
This was done after simple use of linear regression for all \1aan values of soil carbon pools (0-1m) at Késtn,
variables. In the case of precipitation we used snow inventorys 4g kg2 in the three dry plots and 10.4kgT in the
data to make the best approximation during winter conditions,ree moist plots, were used for the initial values of soil

(Berggren et al, 2008). carbon pools (Berggren et al., 2004).

2.2.3 Forestinventory data 2.3 Model description and parameterisation

The maximum tree height of the 38-year-old spruce stand ) ) ) .
was 16.5m and projected leaf area index was 2.5 in 2001C0UPModel is a one-dimensional physically based model for

The field and ground vegetation was dominated by dwarfSimulating thermal and hydrological processes, and the cor-
shrubs ofVaccinium myrtillusL. and Vaccinium vitis-idaea  '€SPonding biological processes that regulate carbon and ni-
L., but they were more frequent in dry plots than in moist trogen transfer in a soil-plant-atmosphere environment (Jans-
plots (Berggren et al., 2004). son and Moon, 2001; Jansson and Karlberg, 2009, 2010). In

Biomass measurements in the tree and understory Iayer%rder to maintain systematic consistency in model structures

were made each year during 2001-2004 (Berggren et al[0F the studies at Hyyéla and Knothsen, the same equa-

2004; Berggren Kleja et al., 2008). Carbon pools in differ- tions (Table 1) based on the long-term study at Hylgtvere

ent components of tree and understory layers in the dry an@PPlied in the current study, namely those regulating plant
moist plots were estimated. Considering the large differenceQi0tic and abiotic processes, soil carbon and nitrogen pro-
in vegetation biomass and soil properties in both soil mois-C€SSeS: SOil heat processes, soil water processes, soil evapo-

ture regimes, two initial models were set up based on dif-ation and snow processes. _

ferent initial conditions for dry and moist soil plots, respec- 1 ne model was driven by hourly meteorological data and
tively. Average values of carbon pools in 2001 and annual acYUn during a period from 1999 to 2000 as a pre-simulation pe-
cumulation of carbon during 1999-2001 in the dry and moist10d followed by the main investigation period from 2001 to
plots were calculated separately based on the measuremerf@03: Hourly mean values were used for 11 validation vari-
from the three dry plots and three moist plots, respectively.20I€S. The soil profile was considered as a depth of 11.3m,
Average carbon pools in tree and understory layers in 1994dVith 20 layers. Lower boundary conditions were specified to

were interpolated and used as the initial values in the respec/oW for differences between the dry and moist conditions
tive simulations for the dry and moist soil plots. by assuming different drainage characteristics.

Estimated root biomass and annual amounts of litterfall N order to test model applicability for prediction of pho-

for tree and understory layers during 2001—2002 (Berggrer{osynthesis and trarjspiration for a boreql spruce forest in
et al., 2004; Berggren Kleja et al., 2008) were used as a refl€Sponse to cold climate, most prior calibrated parameter

erence to estimate reasonable values for different fraction§2n9€s in CoupModel for long-term ecosystem processes of
of root biomass and litterfall rate parameters for the dry and>CO!S Pine at Hyyala, Finland (Wu etal., 2012) were applied
moist soil moisture regimes. in the current study (Table 2). However, several parameter

ranges relating to soil organic decomposition processes and
2.2.4 Soil data physical properties of Norway spruce and understory were
altered to represent the ecosystem conditions at Kgsett.
In one dry and one moist plot, soil physical properties, soil These parameter ranges were based on previous studies by
temperature, soil moisture, snow depth and water table deptBerggren Kleja et al. (2008) and Svensson et al. (2008). To
were measured. Soil temperaturg)(was measured at a distinguish between dry and moist soil plots, the parame-
depth of 3 cm using six replicates, and at 15 and 30 cm usindersOrganicLayerThickandDrainlevelwere given different
two replicates. Soil moisture was measured using verticallyranges to represent two different moisture regimes (Table 2).
installed TDR probes at 30 cm depth with two replicates. SoilFinally, the effects of nitrogen responses on photosynthesis
moisture content was converted to soil water storage by conwere simulated as fixed values for this study, since they were
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Table 1.List of equations used in this study.

Equation No.  Definition

Plant biotic processes

Catm—a = (1) f (Tsum) f (CN)) f (Eta/ Etp) Pmax(l — ¢ L Rspl/ Pmax (1)  Rate of photosynthesis (g Crhday 1)
whereg| is the radiation use efficiency anghax is the maximum level of photosynthesis given a param-
eter.
0 Ti < pmn
(Ti — pmn)/(Po1— pmn) ~ pmn =Tj < po1
fa=11 Po1<Tj < po2 (2)  Response function for leaf temperature (-)
1—(Ti — po2)/(pmx — Po2) Po2 = Ti < pmx
0 Ti > pmx
wherepmn, po1, Po2 @nd pmx are parameters.
f(CN)) = pfixedN (3)  Response function for fixed leaf:@ ratio (-)
wherepsixedn IS @ parameter.
f(Eta/Etp) = %{;’j (4)  Response function for transpiration (-)
f (Tsum) = prsumstart+ (1 — prsumstard - Min(L, %W) (5)  Acclimation function of photosynthesis (-)

whereprsumstartand prsumopt are parameterd; sunyrowing is cumulative temperature sum during the

growing season.

Cresplea kmrespleaf f (Ta) - Cleaf+ kgresp' Ca— Leaf (6) Plant growth and maintenance respiration from leaves
wherekmrespleaflS the maintenance respiration coefficient for leavggespis the growth respiration (gCm2day 1)

coefficient, andf (Ta) is the temperature response function for maintenance respiration. The equation

calculates respiration from stem, roots, and grains by excharig;rgmeafto kmrespstem kmresproot

kmrespgrain@nd using the corresponding storage pools. Respiration from the old carbon pools is estimated

with the same maintenance respiration coefficients as for respiration from new carbon pools.

f(Ta) = t<T16’Q10ba§/10 (7)  Temperature response function for maintenance respiration (=)

whererg1g andzgiopasare parameters.

Natm—NH = PdryPINH, Dry + PewetPfNH, Wetdin (8)  Ammonium deposition to the soil
wherepgry, PiNH4,Dry, Pewet@ndpinHa, Wet are site-specific parameters aggis the water infiltration

rate.

NAtm—NO = PdryPfNH,Dry + PewetPiNH, Wetdin (9)  Nitrate deposition to the soil
wherepgry, piNH4,Dry, Pewet 2Nd pinH4, Wet are site-specific parameters apglis the water infiltration

rate.

Plant abiotic processes

g AL
Ropi=(1-¢ km 7ee - fee(L—app) Ris (10) Plantinterception of global radiation

—2 1
wherekrn is the light use extinction coefficient given as a single parameter common for all pfagis, (MIm™=day™)

the surface canopy cover, ang| is the plant albedo.

fee= pe max(l — Pkl (11)  Surface canopy cover fm~2)
where pcmax is a parameter that determines the maximum surface covepgnt a parameter the

governs the speed at which the maximum surface cover is reaghesd the leaf area index of the plant.

A= pf'sp (12) Leafarea index (Am~2)

wherep; spis a parameter and is the total mass of leaf.

Simax = iLAI A| + ipase (13)  Interception storage (mm)

wherei o] andipgseare parameters.

Equation No.  Definition

Ef= E{‘pf_f(l//(z))_/'(T(z))r(z) (14)  Actual transpiration before compensatory uptake (mmépy

wherer(z) is the relative root density distributionjs root depth and' (y(z)) and f (7'(z)) are response

functions for soil water potential and soil temperature.

Eta= Efy+ fumov- (E{‘p —EY) (15)  Actual transpiration (mm da})
where fumov is the degree of compensatioAg, is the uptake without any account of compensatory

uptake, amEt*p is the potential transpiration with eventual reduction due to interception evaporation.

. \P1Ep+p2
(@) =min ((#(;)) ’
wherep1, po» andy. are parameters, and an additional response funcfigrtorresponds to the normal

need of oxygen supply to fine roots.
_ o—twamaxO, T (2)—Tirig)'WB

f(T@)= 1-e " Iday = pdaycut (17) Response function for soil temperature (<)

1 Iday > Pdaycut

wheremwa, pdaycutandiwp are parameterdiig is the trigger temperature.
ARn+pacpescal

, fo (16) Response function for soil water potential ()

LyEp= (18)  Potential transpiration (mmday)

A+y (1+,’.§)

whereRn, is net radiation available for transpiratias,is the vapour pressure at saturatiegis the actual

vapour pressuresa is air densitycp is the specific heat of air at constant pressiieis the latent heat of
vaporisationA is the slope of saturated vapour pressure versus temperatureis\he psychrometer
“constant”,rs is “effective” surface resistance anglis the aerodynamic resistance.

re= m (19) Stomatal resistance (st
whereg, is the leaf conductance.

= _Rs _ gmax
81 = Riotgrs 14 s (20) Stomlatal conductance per leaf area
svpd (ms™)

wheregris, gmax andgypg are parameter values.

Hydrol. Earth Syst. Sci., 17, 735%49, 2013 www.hydrol-earth-syst-sci.net/17/735/2013/



S. H. Wu and P.-E. Jansson: A boreal spruce ecosystem

Table 1.Continued.

739

Soil carbon and nitrogen processes

CDecompL: ki f(T) f(O)Clitter (21)
wherek) is a parameter.
CpecompH= khf(T) f(6) CHumus
whereky, is a parameter.

1 T > tmax

“(T) = T —tmin 2 X
I tmin =T < fmax

(22)

(23)

fmax—!min
T < tmin
wheretfmax andimin are parameters.
Do satact » » 0=0s
; 65—6 \Pop 06, op
f0)= mm((pzu;;p) (1— ppsatact + Po satact ( ng‘g\‘,‘;) ) Owilt <6 < 6s
0 6 < Owilt
where pg upp: PoLows Posatact and pgp are parameters and the variablés, 6y, andé, are the soil
moisture content at saturation, the soil moisture content at the wilting point, and the actual soil moisture
content, respectively.

(24)

Decomposition of litter (gC mzday'l)

Decomposition of humus (gCmiday 1)

Response function for soil temperature
(Ratkowsky function) (-)

Response function for soil moisture (-)

Clitter1—D0 = dpoL1f (T) f (0)CLitter1 (25)
wheredpoy 1 is the rate parameter for formation of dissolved organic carbon from litf&L) and f (9)

are the response functions for soil temperature and moisture.

ChHumus-D0o = f(T) f(0) - (dboHCHumus— 4DoD(2)CDO) (26)

wheredpoy is the rate parameter for formation of dissolved organic carbon from huipgs is the
rate parameter for the fixation of dissolved organic carlfdff,) and 1 (9) are the response functions for
soil temperature and moistui#(z) is the soil moisture content ands the depth of the soil horizon.

The flux from litter to dissolved organic carbon
(gCm2day™%)

The flux from humus to dissolved organic carbon
(gCm2day™1)

Nrumus-Plant= fDefOH NHumus (27)  The organic nitrogen flux from humus to the plant
where fpet is the deficiency fractionpy is the maximum uptake rate for humus. (gNm~2day™1)

Soil heat processes

an(0) = kno BT 4 Cyy(Ta— ATpagin + Lvgvo (28)  Soil surface heat flow (Jnfday 1)

Az/2
wherekp, is the conductivity of the organic material at the surféggs the surface temperaturg, is the
temperature in the uppermost soil layarfp, is a parameter that represents the temperature difference
between the air and the precipitatiafy, is the water infiltration rate;yo is the water vapour flow, and
Ly is the latent heat. The temperature differeriig;- ATpg can optionally be exchanged to surface
temperatureTs
kho(Az1/2=Azhumud

M

1+("ho(A11/2*A1humu§

\ FhmBihumus || X . . X ) .

wherekp, is the conductivity of the organic soitpm, is the conductivity of the mineral soil\zpymusis

the thickness of the humus layer.

Tp= (29)

The boundary temperature between humus and mineral soil in
the top soil layer{C)

Soil water processes

-2
se=(#) (30)
whereyr, is the air—entry tensiony is the pressure head or actual water tension,aistthe pore size
distribution index.

_ Zsalk (Zsal—Zp)d
qwp = f SW 'z
p

whereksatis the saturated conductivityy is the unit length of the horizontal elemen, is the lower
depth of the drainage pipesatis the simulated depth of the water table, @gds a characteristic distance
between drainage pipes.

(31)

The effective saturation (-)

Groundwater outflow (mm day)

Soil evaporation and snow processes

Rns= LvEs+ Hs+gn (32)
whereLy Es is the sum of latent heat flu¥/s is the sensible heat flux, arg is the heat flux to soil.
LyEs= 22 (esurt—ea) (33)

T
Whereras]l/s the gserodynamic resistaneg,; is the vapour pressure at the soil surfageis the actual
vapour pressure in aipa is the air densityep heat capacity of ait.y the latent heat of vaporisation, and
y is the psychometric constant.

Surface energy balance approach (Fuay 1)

Latent heat flux (Jmday 1)

¥ Mwategg ecorr
R(Ts+27315)

esurf= es(Ts) f—’( (34)
wherees is the vapour pressure at saturation at soil surface temperBfugeis the soil water tension
andg is the gravitational constang is the gas constan¥water is the molar mass of water ardorr is
the empirical correction factor.

ecorr = 10(—55urf1//eg)

whereyregis a parameter anl,fis a calculated mass balance at the soil surface.

M = MrTa+ MgRig+ /0 ©

whereTj is air temperatureR;s is global radiation fqn, is a scaling coefficient, anty is the latent heat

of freezing.
Ta=0
mf

Mt = i
Azsnownt Ta<0
whereTy is air temperature andT andm¢ are parameters.
MR = mrmin(1+ s1(1 — e~ 2%0€¢))
wheremgmin, s1. ands,. are parameters.

(35)

(36)

mT

(37)

(38)

Vapour pressure head at the soil surface (cm water)

Empirical correction factor (-)

The amount of snow melt (kg day1)

Temperature function
(kg°C~Im=2day 1)

Solar radiation function (kg3)

www.hydrol-earth-syst-sci.net/17/735/2013/
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Table 1.Continued.

Equation No.  Definition
0 Psnow> psamin  @andQp > Wsamin
= 39) Age of surface snow (da)
age { saget Af Psnow =< pPsamin Of Op < Wsamin (39) g (day)

where Psnowis the precipitation rate of snowsaminis the snowfall limit for snow age updatin@p is
thermal quality of precipitation, angdsaminis precipitation thermal quality limit for snow age updating.
Op= min (1- (1= fiigmax) + fliqmax%) Ta < TRainL

Ta> TRainL
where fiigmax i @ parameter that defines the maximum liquid water content of falling snow and is au-
tomatically put to 0.57RainL. andTsnowl are the temperature range where precipitation is regarded as

a mixture of ice and liquid water.

PprecAzprectpold AZold
psnow= 2erecaiprectPoidBZold (41)

whereAz indicafégmaepth and the indices old, prec, snow represent old snow pack, precipitation, and

updated snow pack.

Pold = Psmin+ 5dli SSI\:/r:ax + SgwSres (42) Density of old snow pack (kgTif)
wherepgmin is the gensity of new snowg| andsqy are parameterss,y is the retention capacit$yimax

is the maximum of retention capacity, afigs s the water equivalent of the snow.

(40) Thermal quality of precipitation (-)

Snow density (kgm?)

similar to using the dynamic nitrogen response, according tanoist plot,7s at the coldest position was used. In & was
experiences from simulating both fixed and dynamic nitro- > 0.6 for H, LE and NEE and> 0.8 for 75 with ME in the
gen responses at Hygita (Wu et al., 2012). range+11.56 W n12 (equal to1.0 MIm 2 day 1) for H
The Generalised Likelihood Uncertainty Estimation and LE, andt0.4gCnt2 day ! for NEE and+1°C for Ts.
(GLUE; Beven, 2006) was applied to explore uncertainties
in parameters, model assumptions and measurements using
a Monte Carlo-based sampling of parameter values and se3 Results and discussion
lection of behavioural models on subjective multiple criteria
using informal performance indices. 3.1 Climate conditions and spatial variability in soil
In order to investigate the importance®fresponse func- temperature, soil moisture and biomass
tion effects on photosynthesis and transpiration, simulations
with and without thels response function were conducted in At Knottasen, the mean annual air temperature was 3.8, 4.5
parallel (Eqg. 1) in Table 1. Without thE; response function and 4.5C in 2001, 2002 and 2003, respectively, which was
(Ts response= 1), the three parametef@empCoefATemp-  warmer than the 30-yr (1961-1990) mean annual air tem-
CoefCand TempWupDayNocutere set to fixed values and perature of 3.4C. In contrast, the mean annual precipitation
removed from the GLUE calibration list. was 588, 533 and 512 mm in 2001, 2002 and 2003, respec-
In summary, four different general model assumptionstively, which is lower than the 30-yr mean annual precipita-
were set up, representing dry/moist conditions (Dry/Moist) tion of 613 mm. Global radiationRy) was similar for all the
and with and without thels response functions7§{ and years, with a maximum value of 300 W nt2 in summer.
NoTs). A set of 10000 simulations was conducted for eachAir temperature ) reached its lowest values-(—20°C) in

of these four general model assumptions. winter and its highest values-(+-20°C) in summer (Fig. 1).
The growing season (& threshold) normally started in late
2.4 Performance indices April. Seasonal patterns of precipitation during 2001-2003

were different from year to year. For instance, high intensity
The two performance indices, coefficient of determinationrainstorms occurred frequently in autumn 2001 and summer
(R? and mean error (ME), allowed behavioural models to 2002, which caused corresponding dropsRigand 7. In
be identified with respect to dynamics and mean values oR001 precipitation occurred as snow during the whole winter
the fluxes. In the first step, the behavioural simulation wasand lasted until early May, but very few snow events hap-
selected on the flux data only (criteria C1), but then we alsopened in early spring (March and April) in 2002 and 2003.
constrained the data by soil temperature to distinguish be- Spatial variability of soil conditions such as soil tempera-
tween the dry and moist plots (criteria C2). Namely, C1 wasture, soil water storage, water table and snow depth was re-
composed of only EC fluxes: healf {, water vapour (LE), flected by the measurements from the plots defined by dif-
and carbon (NEE) fluxes. In CR? was < 0.6 for H, LE ferent moisture regimes at Knagien (Berggren et al., 2004).
and NEE. Accordingly, for ME the range wa<.1.56 W n12 Soil temperature in the dry plot was generally higher than
(equal to=1.0MJ nT2 day 1) for H and LE, while for NEE Ty in the moist plot during the growing season but lower in
it was+0.4gCn12 day 1. C2 was composed of EC fluxes winter (Fig. 2). The moist plot also showed the highest vari-
with 75 at a depth of 3cm. When C2 constrained simula- ability range, both within and between years. For both the
tions in the dry plot,Ts at the warmest position was used. dry and moist plots the dynamics of the variability showed
On the other hand, when C2 constrained simulations in therregular patterns, with typical peaks in all seasons, but the
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Table 2. List of parameters for the GLUE calibration procedure.

Parameter Unit Symbol Eq./Note Prior
(Table 1) Min Max
Plant biotic processes
RadEfficiency (1} gbwmJ1 Eq. (1) 2 4
RadEfficiency(23 gbwMJ1 Eq. (1)/Same 2 4
as RadEffi-
ciency(l)b
Pmax(1) gCm?day !  pmax Eq. (1) 20 40
Pmax(2) gCm2day !  pmax Eq. (1)/Same as 20 40
Pmax(1)
T LMin(1) °C pmn Eq. (2) -8 0
T LOpt1(1) °C Dol Eq. (2) 5 15
T LMin(2) °C pmn Eqg. (2)/Same as -8 0
T LMin(1)
T LOpt1(2) °C Pol Eq. (2)/Same as 5 15
T LOpt1(1)
FixN supply(1) - PDiixedN Eq. (3a) 0.5 1
FixN supply(2) - PfixedN Eq. (3 a) 0.5 1
TF Sum Start(1) - PTsumstart  Ed. (5) 0.3 1
T Sum Opt(1) °C pTsumopt  EQ. (5) 100 400
TF Sum Start(2) - PTsumstart Ed. (5)/Same as 0.3 1
TF Sum Start(1)
T Sum Opt(2) °C PTsumopt  EQ. (5)/Same as 100 400
T Sum Opt(1)
RespTemQ10 - Q10 Eq. (7) 15 25
Dep N WetConc mgNt! Pewet Eq. (8)/(9) 0.8 1.2
Plant abiotic processes
Area KExp(2) - Dck Eq. (11) 1 2
Specific LeafArea(1§ gCm2 Plsp Eqg. (12) 90 150
Specific LeafArea(?y gCm 2 Plsp Eq. (12) 20 60
WaterCapacityPerLAl mm e iLAl Eq. (13) 0.05 0.1
CritThresholdDry cm water Ve Eq. (16) 100 1.0« 104
TempCoefA - WA Eq. (17) 0.2 15
TempCoefC - Tirig Eq. (17) -2 2
TempWupDayNoCut — — Pdaycut Eq. (17) 270 366
Conduct Ris(1) Jm2day ! gis Eq. (20) 1.0x 106 1.0x 107
Conduct VPD(1) Pa gvpd Eq. (20) 50 300
Conduct Max(1) msl gmax Eq. (20) 5.0x 1073 0.03
CondMaxWinter msl gmaxwinter EQ. (20) 20x103 6.0x10°3
Soil carbon and nitrogen processes
RateCoefLitterf day 1 k| Eq. (21) 5.0x 1073 0.05
RateCoefHumu$ day ! kn Eq. (22) 6.0x10°°> 6.0x10°%
TempMin °C tmin Eq. (23) -10 0
TempMax °C tmax Eq. (23) 20 30
SaturationActivity - PgSatact Eq. (24) 0 0.6
ThetalLowerRange % PgLow Eq. (24) 3 20
RateCoefLitterlDi§  day™! dpoH Eq. (25) 1.0x 1075 0.01
RateCoefHumusDis day dpoLi Eq. (26) 1.0x10°% 1.0x10°3
Upt OrgRateCoef H - On Eq. (27) 0 50<10°4
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Table 2. Continued.

Parameter Unit Symbol Eq./Note Prior

(Table 1) Min Max
Soil heat processes
OrganicLayerThick m Azhumus  EQ. (29) 5.0x 10-39/0.05° 0.190.2¢
ThScaleLog(0-0.05m) - Xhi A scaling coeffi- -0.7 0.3

cient for thermal

conductivity for

each soil layer
ThScaleLog(0.15-0.25m) — Xhi -0.7 0.3
ThScaleLog(0.5-0.7 m) - Xhi -0.7 0.3

Soil water processes

Air Entry(0—0.05m) cm water Ya Eq. (30) 1 10
Air Entry(0.05-0.15m) cm water Ya Eq. (30) 1 10
DrainLevel® m Zp Eq. (31) —259/-158 _—19/-01¢°

Soil evaporation and snow processes

EquilAdjustPsi - Yeg Eq. (35) 1 4
MeltCoefAirTemp kfCim2day !l mr Eq. (37) 1 3
MeltCoefGlobRad kgJ? mrmin  EQ. (38) 0 3.0<1077

OnlyRainPrecTemp °C TRainL Eq. (40) 0 4
OnlySnowPrecTemp °C TsnowlL Eq. (40) -3 0

DensityOfNewSnow kgm?3 Psmin Eq. (42) 75 125
DensityCoefWater kgm3 Sql Eq. (42) 50 200

2 An index of 1 or 2 within brackets means that the parameter represents the characteristics of forest layer or understory layer by the respective value of the
index.P The parameter value uses the same value as the linked pardhRaeameter ranges were changed according to previous studies atsémott

(Berggren Kleja et al., 2008; Svensson et al., 20B&arameter values were given for the dry moisture regfarameter values were given for the moist
moisture regime.

highest variability normally occurred in winter and spring. was 184 g Cm?2yr~1in the dry plots and 220gCnfyr—1

This suggests that snow cover was distributed unevenly irin the moist plots. For the understory layer, the average car-
winter due to position in the landscape, canopy density andon pool was 218 115g C nT2in 2001 in the dry plots and
different exposure to radiation. Soil moisture was depleted126-+ 76 g C 2 in 2001 in the moist plots.

much faster from May—August in 2001 compared with 2002

and 2003 in both plots. Due to frequent high-intensity pre-3.2  Air and soil temperature conditions

cipitation in July 2002, soil moisture storage was recharged

rapidly. In 2003 soil water storage in the moist plot was much according to findings from previous studies under similar

higher than in the other years and remained at the high leveljimate conditions (Wu et al., 2011, 2012), the soil temper-
for a long period. This phenomenon did not occur in the dry g¢yre acclimation function on photosynthesis and transpira-
plot, which had a more regular variability within each of the tion could not be replaced by a corresponding air tempera-

years. Furthermore, the variability range between two meayre function except for warm years with very small delays
surements of soil water storage in the dry plot was Sma"erbetweerira andTs. Hence, spring delay patterns between cu-
and did not show the high variability from year to year that my|ative air and soil temperatures were found for Kasgn
was noted for the moist plot. during 2001-2003 (Fig. 3). The spatial heterogeneityof

Carbon sequestration by trees was greatly different in dif-, 55 reflected by the warme&gmeasurement for the dry plot
ferent moisture plots, in response to different environmen-5,4 the coldests measurement for the moist plot.

tal conditions. According to data published py Berggren et Cumulative T, from April-June in 2001 was similar to
gl. (2004), average estimated cqrbon pool in tree biomasgat in 2003, but lower than that in 2002 (Fig. 3). More-
in the dry plots was 2614g CTﬁ_ in 2001. However, that  gyer, the timing offs warming in the moist plot was more
value was 4702 g C it for the moist plots. In addition, aver- delayed (about two weeks) than in the dry plot. This was
age measured annual accumulation of carbon in tree bioma§§dmy because soil frost in the moist plot may have been
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(center) and precipitation (lower) during 2001-2003. All values are
5-day averages.
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I
o

more pronounced than that in the dry plot (Fig. 2a and b).

Observed cumulativ& from April-June in the dry plot was ; ',1“‘ '
generally 80-100 % higher than that in the moist plotin all 4 ! ; AT A T U
three years. In the dry plot, a small delay betwé@gand Ts 01/01/01  01/07/01  02/01/01  02/07/01  03/01/01  03/07/01  04/01/01

warming occurred in 200]? while 'n_ 2008 was typpally Fig. 2. (a) Observed soil temperature at 3 cig). (b) The Ts vari-

warmer thanT,. However, in the moist plot, cumulative, ability range within the plot(c) Observed soil water storage (0—

was substantially higher than cumulative obser¥edh all  30cm) (SWS) andd) the SWS variability range within the plot

three years. from dry and moist plots at Kndtsen during 2001-2003. All val-
The model showed an ability to simulate the varidys ues are 5-day averages.

measurements during all years since the measurements were

within the simulated range (Fig. 3). This indicates that the

model has flexibility to predict both cold and warfg us-  further adjusted to generate lowByunder moist soil condi-

ing previous model assumptions and parameters (Wu et altions. Unfortunately precise representation of moist and cold

2011, 2012). The mean value of simulatBgd(solid lines)  Pplots compared with dry and warm plots in the EC flux data

based on behavioural models (when constrained by C2) wawas not possible, since carbon footprints around the tower

close to Corresponding observ@y(dotted |ines) in the dry could not exclude an impact of both conditions. However,

plot, whereas in the moist plot it was much higher than ob-the position of the tower suggests that the dry and warm con-

servedTs. The results also indicated that the flux data wereditions had more impacts on the results than the cold and

better simulated by the warm and dry plot than by the cor-moist conditions.

responding cold and wet plot. Model assumptions and pa-

rameters related to soil heat and water processes might be
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744 S. H. Wu and P.-E. Jansson: A boreal spruce ecosystem

1200 a) NEE b) LE ¢ H
) 2001 dry b) 2001 moist 10 10 10

900

600

300

f) T,at30cm

1200

32002 dry d} 2002 moist

0.0 0.0 LLLAR

h) SWS0-30cm (2) i) Water table (1)

10 10 10

Cumulative Temperature (°C day)

1200

€) 2003 dry ) 2003 moist

900

j) Water table (2) k) Snow depth

600

7
300 D DryTs é DryNoTs

g MoistTs § MoistNoTs

0 = i

01/04 01/05 01/06 30/06 01/04 01/05 01/06 30/06

Fig. 3. Cumulative air and soil temperature from April to June in Fig 4 statistics ofR2 performance on 11 variables based on DryTs,
2001, 2002 and 2003. The long dashed line is observed air tempeipyNoTs, MoistTs and MoistNoTs model assumptions when not

ature. The dotted line is observed soil temperature at 3cm at th@onstrained (posterior (P)) or constrained by C1 or C2, respectively.
warmest position in the dry plot and at the coldest position in the 5| pars represent mean values and error bars represent min and
moist plot, respectively. The grey area is the 5-95% uncertainty,ax values.
band calculated from the 10000 posterior models accounting for
dry and moist soil conditions. The grey area and solid line are the
5% and 95% uncertginty band and mean values of simulatec_i soil SimulatedTs at three different depths agreed with mea-
Lempgrat”':’ rl\jspe?"’elyab?%d an the Dr)l/qu model a,ssuéng’t'on QuredTs with respect tor? for both plots and ME for the
ased on the MoistTs model assumption when constraine yC2'dry plot (Figs. 4 and 5). However, the model showed a ten-
dency to simulate soil in the moist plot in a similar way to
that in the dry plot, suggesting it does not fully account for
the direct effect of high moisture and high thickness of the
organic layer. Both soil water storage and the water table
3.31 Eddy Covariance, soil temperature and soil were simulated with a hlgh range of Var|ab|l|ty with reSpeCt
moisture data to the dynamics and the corresponding mean values. How-
ever, the picture was more complicated for the water table.
In total, four different model assumptions were set up toFor the dry plot, too low water tables or too dry conditions
account for dry and moist soil conditions at Krésten and  were simulated, while for the moist plot there were no sys-
to examine the effect of the soil temperature response functematic problems, since both underestimations and overesti-
tion on photosynthesis. These were named DryTs, MoistTsmations occurred in all performance distributions. Maximum
DryNoTs and MoistNoTs. Statistics on the performance ofvalues ofR? for the moisture variables were in the same or-
11 variables in terms ak? and mean error (ME) were plot- der of magnitude as those for the EC fluxes. Mean values of
ted for posterior 10000 simulations and behavioural mod-soil water storage showed a tendency to be underestimated
els constrained by C1 and C2, respectively, based on DryTdor both plots. Moreover, a wide range of ME was displayed
DryNoTs, MoistTs and MoistNoTs (Figs. 4 and 5). among the posterior distribution, showing that simulations
Similar patterns for the performance and changes in perfepresented larger variability in moisture conditions than was
formance were found for the four different model assump-observed. Snow depths were well simulated with relatively
tions (Figs. 4 and 5). For eddy covariance (EC) variables, inhigh values ofR?, normally above 0.5 and ME around zero.
the posterior distributions the dynamics were best described In general, the results showed that we were able to rep-
for H and a systematic tendency to overestimate NEE andesent high variability in soil conditions by the various
corresponding LE was obvious. Only was simulated with  model assumptions. The measured EC fluxes showed simi-
reasonably unbiased mean values. lar agreement with simulations also representing quite differ-
ent moisture conditions and assumptions on soil temperature

3.3 Validity and seasonal patterns of simulated
variables based on four model assumptions
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Fig. 6. Mean values of NEE residuals during 2001-2002 under dry
and moist soil conditions, respectively, constrained by criteria C1.
The solid line represents the mean NEE residuals based on DryTs
or MoistTs, accounting for the effect of soil temperature responses
on photosynthesis and transpiration. The dotted line represents the
mean NEE residuals based on DryNoTs or MoistNoTs, without ac-
counting for the effect of soil temperature responses on photosyn-
thesis and transpiration. All values are 5-day averages.
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In C2, when the model was constrained by EC fluxes and
Ts, the numbers of behavioural models (204, 35, 48 and 3
based on DryTs, DryNoTs, MoistTs and MoistNoTSs, respec-
; a @ . a e tively) were substantially reduced compared with when con-
Fig. 5. Statistics on mean error (ME) performance on 11 variablesSIraIned by' EC fluxes only .(Cl)' Surprisingly, the mean 'm-
based on DryTs, DryNoTs, MoistTs and MoistNoTs model assump-paCtS of soil-based constraints on EC performance were mi-

tions when not constrained (posterior (P)) or constrained by C1 orno_r for DWTS' DryNoTs and MoistTs. The performance o_n
C2, respectively. All bars represent mean values and error bars regR0il moisture measurements showed trade-off effects with

resent min and max values. For legend see Fig. 4. less good values for the related performance indicators
In general the results indicated that reasonably good agree-

ment could be obtained by many combinations of results
impacts on the fluxes. This makes the EC fluxes less usewhere the single combination of soil and atmospheric con-
ful in understanding the importance of soil conditions for ditions cannot be easily excluded. The smaller numbers of
flux measurements, since EC fluxes represented and adpehavioural models when applying a simpler model without
gregated unknown combinations of fluxes from different soil temperature impacts on fluxes indicate that such a soil
environmental conditions. temperature response existed in reality.

When the simulations were constrained by EC fluxes only : .
) In order to illustrate the importance @t effects on photo-
(C1), 278, 76, 296 and 135 behavioural models were ob- P ot b

. ) ) synthesis and transpiration, mean residuals of NEE based on
tained lqased on DTVT.S’ DryNoTs, MoistTs and M.O'SINOTS’ DryNoTs or MoistNoTs were presented against those based
respectively. This indicated that model assumptions with

) . “on DryT MoistTs, wh trained by C1 (Fig. 6). Un-
out the Ts response function (DryNoTs and MoistNOTS) on DryTs or MoistTs, when constrained by C1 (Fig. 6). Un

. _ der both dry and moist soil conditions, only some differ-
showed less flexibility to generate behavioural models thanences between mean residuals of NEE were visible during
model assumptions with th&; response function (DryTs

: . spring 2001. Note that under dry soil conditions, positive
and MoistTs). Note that when constrained only on EC ﬂuxesmpear?residuals of NEE based on éryTs (with Ilgeespgnse
.(Cl)’ the performance of othe.r variables was sometimes aIS?’unction, solid lines) were slightly larger than for that based
improved, for_ example the .SO'I t_em_per_ature f_or the dry ploton DryNoTs (without thels response function, dotted lines)
compared with the posterior distribution (Figs. 4 and 5). in Fig. 6a. This suggests that when a small delay between
However, the same tendency was not shown for the mois

" ; . a andTs occurred in spring, using only the air temperature
conditions, where only marginal changes in the performancqesponse function might be good enough to predict accli-

appeared after applying the same criteria. For some othe ation of photosynthesis. However, under moist soil condi-

;/arlzt()jl_?_s suc_h asl st0|le0|sture, I(_)nl):jstmagl changei,_ociu(rjre ions, positive mean residuals of NEE based on MoistTs were
n addition, simu'ated's was Incined o be OVETeSIMAEd, g4y jn April 2001, while a similar magnitude of nega-

m.fr?mgg tha; Vgé:en IS|m|uItated EC Sh%ngd high agrtehemenﬁve values based on MoistNoTs were shown (Fig. 6b). When
WlI) 0 s(;arve . simulatef was probably warmer than .., \-ained by C1 or C2, EC performance based on DryNoTs
observed. and MoistNoTs was generally similar to that based on DryTs
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4 — particular showed good agreement with measutedwith

Pl narrow uncertainty bands compared with NEE and LE. On
the other hand, simulated NEE was systematically delayed
compared with observed NEE in spring 2001, but this was
not apparent in 2002. Observed LE in both early July 2001
and 2002 was sharply reduced due to summer drought, which
s 1 was also described by simulated LE. In early August 2002,
observed NEE and LE rates recovered substantially due to
favourable conditions in air and soil. Simulated NEE and LE
. rates showed the same trend, but with higher mean flux rates

b) ] compared with the observed rates. However, the systematic
overestimation of LE did not correspond to an expected sys-
tematic underestimation off during the same events. In-
stead,H showed a small tendency to be overestimated by
the model.

One major difference in performance between DryTs and
MoistTs was the timing and recovery rate of simulated NEE.
When based on DryTs, these were earlier and faster than
those based on MoistTs (not shown). Another difference was
that mean simulated NEE based on MoistTs simulated larger
uptake (more negative NEE) than that based on DryTs dur-
ing summer periods in 2001 and 2002. These findings sug-

Ml gest that firstly, the recovery processes of photosynthesis and
A transpiration in forests under moist conditions were slower
% ﬁ than those under dry conditions during spring, because of
WAL, o lFa ; smaller snow depths and more pronounced frost events in
50 ( ] moist soil than in dry soil. Secondly, the rates of photosyn-
e, thesis and transpiration were considerably higher in the moist
plots than in the dry plots during summer, as reflected by the
Fig. 7. Model performance oifa) NEE, (b) LE and(c) # based  (jfferences in biomass measurements (Berggren Kleja et al.,
on DryTs when constralned' by criteria C2 against correspon.dln.gzoog; Svensson et al., 2008). Obviously the slow start in the
measurements. The dotted line shows measured data. The solid “r%ring had to be compensated for a longer period with high
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of simulated data based on 204 behavioural models. All values ar
5-day averages.

%ux rates in the summer to explain the differences in biomass
etween moist and dry plots.

3.4 Parameters obtained

and MoistTs, respectively (Figs. 4 and 5). Hence, it was diffi- ) - ) )
cult to identify the sensitivity of the response in EC fluxes to We tried to clarify differences in obtained parameter values

tics on influential parameters regarding mean value and the

3.3.4 Seasonal patterns of EC fluxes under dry or moist ~ corresponding min-max range constrained by C1 and C2 are
soil conditions presented based on DryTs, DryNoTs, MoistTs and Moist-
NoTs (Fig. 8). In general, when constrained by C1 or C2,
Model performance on EC flux data based on DryTs andall calibrated parameter ranges and corresponding mean val-
MoistTs constrained by C2 was similar in general. Thus, onlyues were changed compared with corresponding prior val-
performance based on DryTs is presented to demonstrate seaes (Table 2). Furthermore, systematic patterns of param-
sonal dynamics (Fig. 7). In addition, when constrained byeters related to photosynthesis processes (Eq. 1-5 in Ta-
C2, simulatedrs was closer to observel; than when con-  ble 1) were revealed when comparing mean values of pa-
strained by C1. rameters under dry conditions with those under moist con-
Observed fluxes of NEE, LE anfl (dotted lines) during  ditions. For instance, mean values RadEfficiencfl)/(2)
2001-2002 (and 2003 foH) were mostly located within and Pmax1)/(2) under dry conditions (Fig. 8) were lower
simulated 5-95 % uncertainty bands (grey areas) under dryhan the corresponding parameter values under moist condi-
(Fig. 7) and moist (not shown) soil conditions, meaning thattions, which could partly explain the lower NEE rates under
seasonal courses of EC could be described by current bedry conditions than under moist conditions. Differences in
havioural models in general. Simulatéfl (solid lines) in  parameters related to the air temperature response function
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under dry soil conditions was similar to that under moist soil
conditions, but the response ranges were generally different.
This demonstrated that the model explained different envi-
Fig. 8. Influential parameter performance based on DryTs, ronmental conditions using the same parameter values simi-
DryNoTs, MoistTs and MoistNoTs model assumptions when con-|gr gs a previous study by Wu et al. (2012). In that case a long
strained by C1 or C2, respgctively. All bars represent mean val.ueQime series of 12 yr was used that created a high variability
and error bars represent min and max values. For legend see Fig. %, contrast to the shorter period, with high spatial variabil-

ity in soil conditions in this study. Effects of environmental

factor response functions based on the DryTs model assump-
(T LMin(1)/(2), T LOp(1)/(2), TF Sum Staft)/(2) andT  tion when constrained by criteria C2 are only presented in
Sum Optl)/(2)) suggest relatively less inhibition due to low Fig. 9. Clearly, air temperature was the major factor regulat-
air temperature under dry conditions than under moist coning photosynthesis in early spring and late autumn (Fig. 9a).
ditions. It was interesting to note that nitrogen responses unThe inhibition of photosynthesis and transpiration due to lim-
der moist conditions were normally higher than under dryitations from water uptake by roots was pronounced during
conditions, implied by a scaling factdfjixN supply1)/(2). late spring to late summer in 2001 and 2002 (Fig. 9b). In
When constrained by C1, mean values@dnduct Ri€l),  addition, the water response function effect on photosynthe-
Conduct VP@1) andConduct Maxl) based on DryNoTs or  sjs and transpiration originated mostly from the effect of soil
MoistNoTs were rather different to those based on DryTstemperature on water uptake (Fig. 9c). A systematic increase
or MoistTs, which indicates different influences depend-in the transpiration efficiency from spring to summer was
ing on whether the soil temperature response function orpresent in both years.

c1 c2 c1 c2

transpiration is accounted for or not. Basically, photosynthesis and transpiration responses to
different soil temperature and moisture conditions showed
3.5 Environmental factors regulating photosynthesis many similarities. While soil temperature was the major lim-
and transpiration iting factor on transpiration, soil moisture also played an

important role in regulating photosynthesis and transpira-
The seasonality of effects of soil temperature and soil moistion, especially under moist soil conditions. It is important
ture response functions on photosynthesis and transpiratioto point out that seasonal patterns and abilities of carbon
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sequestration were expected to be different depending on th&he major conclusions from testing model applicability for
spatial variability of soil conditions. prediction of photosynthesis and transpiration in response to
cold climate were:

4 General discussion a. Prior parameter ranges were able to represent the spatial
differences in soil temperature and soil moisture condi-
4.1 Model performance and parameter uncertainties tions at the site and behavioural models were found for

both dry and moist soil plots.
Because the EC data for Knasien used in this study were
available for less than three years, the ability of the model b- The empirical soil temperature response function was
to predict acclimation of photosynthesis in spring was only useful to regulate simulated transpiration, sensible heat
examined in 2001. In this period, a systematic delay in sim-  flux, and photosynthesis and generated much higher
ulated NEE was obtained and compared with measured NEE numbers of behavioural models than corresponding
based on DryTs and MoistTs. However, such a delay was not ~ Simulations based only on the air temperature response
apparent for the LE data. This indicates that the seasonal re- ~ function.
sponse to transpiration was well described, but not the corre-
sponding response for NEE. The similarity between LE and
NEE found in the Scots pine study (Wu et al., 2012) was not
equally clear for the present study, which makes interpreting
the general difference between the two studies very uncer-
tain. A systematic overestimation of both LE alHdsuggests
a likely problem in measurements at both sites and a certain
systematic correction should be added for both the presenfcknowledgementsThis paper is the result of a joint project

Study and the previous Study of Scots pine at Wyt(Wu between China Scholarship Council (CSC) and School of Archi-
etal., 2011). tecture and Built Environment (ABE) at KTH. The authors thank

Anders Lindroth, who provided the measured data. The authors
also acknowledge Xiaoming Zhang, who supported the linguistic
revision and the editorial help.

(¢

. Large uncertainty bands were obtained for most of the
regulating parameters since many equifinalities existed
when an eddy-covariance flux site had high variability
in soil conditions.

4.2 Measurement characteristics and impacts on model
performance
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