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Introduction
Forest growth is affected in a complex way 

by a variety of climatic factors, resulting for 
every  species  in  large  differences  in  pro­
ductivity across its natural range. Moreover, 
the  analysis  of  regional  patterns  of  growth 
could prove a useful tool for the prediction 
of  the  future  effects  of  climate  change  on 
forest productivity (Breymeyer  et al. 1996). 
In  fact  severe  regional  heat waves  coupled 
with  drought  events,  like  that  of  summer 
2003, have become more frequent in the last 
decade  especially  in  central  and  eastern 
Europe  (Schar  et  al.  2004).  These  distur­
bances  affect  forest  productivity  with  tree 

damages,  changes in litterfall  and fine root 
growth  rates,  and  more  in  general  with 
changes  in  forests  carbon  pools  with  con­
sequences  beyond  the  duration  of  the  ex­
treme climate event (Ciais et al. 2005). Un­
der  this  climate  change  scenario  a  clear 
definition not only of what are the physical 
limiting factors on forest growth, but also of 
the mechanisms that are involved is central 
to our understanding of forest function. 

Scots pine (Pinus sylvestris L.) is the most 
widely  distributed  conifer  in  the  world 
(Boratynski  1991),  its  range  extending  to 
large areas of Europe and Asia, covering a 
wide  variety  of  environmental  conditions 
within this natural range; this distribution re­
flects  the  large  variability  in  productivity 
displayed by the species. 

The species extends as far north as 70 °N 
on the Norwegian coast,  reaching 37 °N at 
its  southern  limit  in  the  Sierra  Nevada  of 
Spain; the longitudinal range covers most of 
Europe, spreading over Siberia as far as 138 
°E.  Although  unevenly  distributed,  Scots 
pine stands contribute to a large proportion 
of European forests, comprising for example 
almost 65% of the total forest cover of Fin­
land (Sevola  1998),  about 20% of all  high 
forests  in  the  United Kingdom (Christie  & 
Lines 1979) and 9% of the forested area of 
France (Bazire & Gadant 1991).  Christie & 
Lines (1979), in a comparison of growth and 

yield  data  from  Scots  pine  forest  around 
Europe,  reviewed  national  maximum mean 
annual increments ranging from just above 2 
to more than 18 m3 ha-1 yr-1. Since all these 
figures refer to optimal fertility conditions at 
national level, observed differences could be 
attributed to purely climatic factors. An in­
terpretation  of  differences  in  growth,  phy­
siological  responses  and  structural  traits  in 
terms of regional climate has been attempted 
by several studies, to identify the key limit­
ing  factors  for  Scots  pine  intraspecific  cli­
mate-driven adjustments (Ineson et al. 1984, 
Mencuccini  & Bonosi  2001,  Poyatos  et  al. 
2007). 

Key processes like transpiration, photosyn­
thesis and respiration have been largely dis­
sected,  enabling to  successfully  predict  the 
response  of  leaves  to  most  environmental 
factors  (Farquhar  & von  Caemmerer  1982, 
Leuning  1995).  Moreover,  simple  schemes 
have  been  devised  to  up-scale  leaf  gas-ex­
changes  to  the  stand  and  ecosystem  level 
(Choudhury & Monteith  1988,  De  Pury & 
Farquhar 1997), leading to the development 
of reliable models of canopy function. 

The response to the environment  of other 
processes  such as  carbon allocation  is  still 
poorly  understood,  although  several  ap­
proaches  have  been  proposed  (Cannell  & 
Dewar 1994, Friedlingstein et al. 1999, Hög­
berg et al. 2002, Bird & Torn 2006, Litton et 
al. 2007). One of the hypothesis is that ob­
served  changes  in  growth  allocation,  both 
over the lifetime of the plant and in response 
to  the  environment,  could  be  explained  in 
coniferous species by a common framework, 
based  on  the  observation  of  a  functional 
homeostasis in water transport and on the as­
sumption  of  optimal  plant  adaptation  to  a 
variable environment (Magnani et al.  2000, 
Magnani et al.  2002). In a common garden 
trial of 19 European Scots pine provenances 
Oleksyn et al.  (2003) demonstrates a signi­
ficant  relationship  between  ANPP  and  the 
latitude and longitude of the site of origin, 
this is in agreement with the hypothesis that 
optimality in tree structure results from long-
term adaptation to local climate, rather than 
short-term acclimation to instantaneous site 
conditions. 

This hypothesis has been implemented in a 
detailed forest  growth  model,  which  repre­
sents the adjustment of both foliage function 
and tree structure to the environment. In the 
present  work,  the  newly  developed  model 
will be used to try and explain in detail the 
geographic variability of Scots pine growth 
across Europe. The results will highlight the 
sensitivity  of  the  species  to  key  environ­
mental parameters, laying the ground for the 
prediction of  its  response to  future  climate 
change. 
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Growth patterns of Pinus sylvestris across 
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The variability of Pinus sylvestris growth over two geographic transects across 
Europe  has  been  explored  through  a  process-based  forest  growth  model 
(HYDRALL: HYDRaulic constraints on ALLocation) which accounts for the effects 
of environmental conditions not only on short-term gas exchanges, but also on 
allocation and tree structure. The model has been validated against both eddy-
covariance  and  growth  data  under  contrasting  environmental  conditions. 
Forest growth was found to be reduced by low temperatures (-50%) and water 
stress (-37%) at the opposite extremes of the natural range of the species. Ap­
plication of a functional model made it possible to partition growth reductions 
between individual processes. Gross primary production was severely affected 
by low temperatures and short vegetative periods at the northern extreme of 
the specific range (-53%), and by low air and soil humidity at the southern limit 
(-26%). The ratio between net and gross primary production was found to be 
rather  constant  across  the  temperate  region,  only  increasing  in  the  boreal 
zone in response to low temperatures (+20%). Under dry conditions, on the 
contrary, a substantial proportion of the reduction in aboveground productivity 
was attributed to the need to allocate increasing amounts of resources to fine 
root production and maintenance (+16%). Both short and long-term responses 
should be considered in the prediction of climate change impact on forests.
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Material and methods
The  HYDRALL (HYDRaulic  constraints  on 

ALLocation) model the growth of a conifer­
ous forest stand over a whole rotation. The 
model  focuses  on  the  key  determinants  of 
plant growth: light interception and gas ex­
changes,  water  relations  and  growth  allo­
cation. The main model outputs are produced 
by the model  on a  yearly  time  step:  stand 
density  and  height,  gross  and  net  primary 
production  (GPP and  NPP),  net  ecosystem 
exchange (NEE), transpiration (E), total tree 
biomass  and  its  distribution  among  plant 
organs: leaves, stem (including branches and 
coarse roots) and fine roots. A complete de­
scription of the HYDRALL model can be found 
in Magnani et al. (2004). In comparison with 
other existing forest growth models, growth 
allocation among tree organs is not fixed, but 
responds dynamically to internal and exter­
nal  conditions.  The  representation  of  other 
processes is based on well  established mo­
dels;  a  brief  description  of  the  key  model 
features follows. 

Light absorption by the canopy
The representation of global  radiation ab­

sorption by the sunlit and the shaded portion 
of a coniferous canopy is based on the two-
leaf model  of  De Pury & Farquhar (1997). 
The same approach is also used for the com­
putation of foliage isothermal net radiation, a 
key  variable  in  canopy transpiration.  Light 
scattering and absorption in the visible, near-
infrared and long-wave bands are modelled 
following Goudriaan & van Laar (1994). An 
extinction coefficient of direct radiation for 
non-horizontal  black  leaves  has  been  com­
puted  following  Ross  (1981),  assuming  a 
spherical  leaf  angle  distribution.  Reflection 
coefficients for visible and near-infrared ra­
diation are also computed following Goudri­
aan & van Laar (1994), under the simplify­
ing assumption of a common coefficient for 
the ground and the canopy, as could be ex­
pected if the soil is covered by a dense un­
derstorey. 

Vertical functional gradients
Leaf  photosynthetic  parameters  are  inte­

grated over sunlit and shaded foliage and ad­
justed as  a  function of  absorbed photosyn­
thetically  active  radiation (PPFD)  and  leaf 
temperature. The up-scaling of photosynthe­
tic properties over the canopy is based on the 
approach of  De Pury & Farquhar (1997). A 
vertical  exponential  profile  of leaf nitrogen 
content over the canopy is assumed, parallel 
to the reduction in diffuse  PPFD, and both 
dark respiration and maximum carboxylation 
rates are assumed to be proportional to leaf 
nitrogen (Ryan 1995, Leuning 1997). 

Aerodynamic decoupling
Aerodynamic  decoupling could have  sub­

stantial effects on the gas-exchange of short, 

dense  coniferous  forests  (Shaw  &  Pereira 
1982).  Stand  aerodynamic  conductance  is 
therefore computed iteratively in the model, 
following  Monteith & Unsworth (1990) and 
Garratt (1992), as a function of wind speed 
and sensible heat flux from the canopy. Ap­
propriate values of zero plane displacement 
and roughness length as a function of stand 
leaf area index and height have been derived 
from Shaw & Pereira (1982). Near-field re­
sistance to heat exchange is integrated over 
the whole canopy following the approach of 
Choudhury & Monteith (1988). 

Stand gas-exchange and respiration
The  conductance  and  gas-exchanges  of 

sunlit  and shaded foliage  are computed se­
parately on a  half-hourly basis.  The repre­
sentation of leaf assimilation is based on the 
Farquhar model (Farquhar & von Caemme­
rer 1982). The response of leaf assimilation 
to  PPFD follows  Farquhar & Wong (1984). 
The  dependence  of  stomatal  conductance 
upon  assimilation  and  air  vapour  pressure 
deficit  is  captured  by  the  Leuning  (1995) 
model, whilst a simple linear dependence of 
stomatal conductance upon soil water poten­
tial is assumed. Finally, following Landsberg 
& Waring (1997), it is assumed that no gas-
exchange  takes  place  whenever  minimum 
daily temperature falls below zero. Sapwood 
and  fine  root  respiration  are  a  function  of 
average  daily  temperature,  tissue  biomass 
and nitrogen content, as suggested by  Ryan 
(1991).  The  empirical  model  presented  by 
Lloyd & Taylor (1994) is used to represent 
the dependence of tissue (and soil) respira­
tion upon temperature,  instead of the more 
common Q10 approach, to account for the of­
ten  observed  shift  in  Q10 with  temperature 
(Tjoelker et al. 2001). Growth respiration, fi­
nally, is assumed to be a constant fraction of 
available  carbon  (Thornley  &  Johnson 
1990). 

Understorey gas-exchange and site wa­
ter balance

The representation of transpiration and net 
carbon exchange from a generic understorey 
is based on the approach proposed by Dewar 
(1997), who adapted and evaluated the RES­
CAP model (RESource CAPture -  Monteith 
1986,  Monteith  et  al.  1989)  for  the  eva­
luation of forest growth and forest transpira­
tion. 

According to this approach, gas exchanges 
are  limited  either  by  maximum  potential 
photosynthesis,  proportional  to  absorbed 
light, or by maximum potential transpiration, 
which  is  a  function  of  soil  water  content. 
Water-use efficiency (WUE, carbon gain per 
water lost) is modulated by both air humidity 
and  atmospheric  CO2 concentration  (Jones 
1992).  The seasonal  pattern of  understorey 
foliage and root growth is derived from com­
puted assimilation, assuming a constant ratio 

between  net  and  gross  primary  production 
(Waring et al.  1998) and a constant coeffi­
cient of allocation to fine roots. 

Canopy  interception  is  assumed  to  be  a 
fixed  proportion  of  incoming  precipitation, 
and superficial run-off takes place whenever 
the water content of the single-layer of soil 
exceeds  soil  porosity.  Water  drainage  to  a 
water  table  at  a  constant depth of 20 m is 
represented  following  Campbell  (1985).  A 
rooting depth of 1 m and a soil sand fraction 
of 0.85 were assumed in all simulations. 

Foliage water relations
Because  of  its  effects  on  allocation  and 

growth,  the  transport  of  water  through  the 
soil-plant  continuum has  been  modelled  in 
detail as described in Magnani et al. (2002). 
Soil water potential and hydraulic resistance 
are a function of soil water content and tex­
ture  and  of  fine  root  density  (Campbell 
1985). Root resistance is assumed to be in­
versely  related  to  fine  root  biomass  (Ma­
gnani et al. 1996), whilst aboveground resist­
ance is a simple function of sapwood basal 
area and tree height (Whitehead et al. 1984). 
Such a crude formulation has been shown to 
be  appropriate  in  the  case  of  P.  sylvestris 
(Magnani  et  al.  2000).  Values of  soil,  root 
and  sapwood  hydraulic  resistance  are  then 
adjusted for the effects of temperature (Ma­
gnani et al. 2002). 

Growth and mortality
An annual time step has been chosen in the 

representation of mortality and stand growth, 
a reasonable simplification in evergreen co­
nifers.  Growth  allocation  among  foliage, 
sapwood and fine roots is driven by the as­
sumption of optimal plant growth under hy­
draulic  constraints  (Magnani  et  al.  2000, 
Magnani et al. 2002). Evolution is assumed 
to have resulted in an allocation strategy that 
maximizes plant fitness within the limits im­
posed by the species’ functional characteri­
stics  and  by  the  environment.  Height  has 
been chosen as a fitness criterion to be ma­
ximized,  because of its  role in inter-indivi­
dual competition and plant survival in closed 
canopies. Height increments are assumed to 
be proportional to the difference between fo­
liage production and foliage turnover,  as if 
new foliage,  after  replenishing the existing 
crown, formed a new layer over the top of 
the canopy with a fixed foliage density; the 
relationship  was  parameterized  using  data 
from Ovington (1957). 

The  constraints  imposed  by  the  environ­
ment on foliage production and height incre­
ments  are  depicted in  Fig.  1.  Were  all  re­
sources  to  be  allocated  to  foliage  growth, 
this would result  in extremely negative va­
lues of leaf water potential over the course of 
the year, threatening the survival of the plant 
(Tyree & Sperry 1989). Minimum leaf water 
potential, on the contrary, has been found to 
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be rather constant over a range of environ­
mental conditions and developmental stages, 
as  reviewed  for  P.  sylvestris by  Magnani 
(2000). If this functional homeostasis is to be 
maintained,  allocation  has  to  favour  trans­
port  tissues  over  foliage  growth  in  ageing 
stands  or  under  stress  conditions,  as  often 
observed (Axelsson & Axelsson 1986, Men­
cuccini & Grace 1995, Mencuccini & Grace 
1996a).  Optimal  height  growth,  moreover, 
requires  that  resources  be  allocated  among 
transport tissues in an efficient way, in order 
to increase hydraulic conductance at the low­
est  possible carbon cost.  This  results in  an 
age-independent ratio between sapwood area 
and fine root biomass (Magnani et al. 2000). 
The  balance,  however,  is  strongly  affected 
by  environmental  conditions,  more  carbon 
being allocated to feeder roots under stress 
conditions,  in good agreement  with experi­
mental evidence (Santantonio 1989, Gholz et 
al. 1994). 

Finally,  stand density is  progressively re­
duced either by imposed thinnings or by dis­
tance-dependent  mortality,  represented  by 
the self-thinning law (Westoby 1984). Both 
thinnings  and mortality  are  assumed to  re­
duce not only stand volume, but also foliage 
biomass and other living tissues to the same 
extent. A fixed proportion of tissue biomass 
is  also  lost  every  year  through  turnover 
(Thornley & Johnson 1990). 

Soil carbon dynamics
The two-compartment model of  Andrén & 

Kätterer 1997 has been chosen to represent 
soil respiration and the transition from young 
to old soil carbon pools. A constant humidi­
fication coefficient is assumed. Decomposi­
tion of young and old organic matter and hu­
midification are affected to the same extent 

by soil temperature and soil water potential, 
as  captured  by the  multiplicative  model  of 
Andrén & Paustian (1987). 

Weather simulation
The model relies for its input on monthly 

climatological  data,  as  provided  for  the 
whole of Europe by the LINK data-set (Hul­
me et al. 1995). 

Air temperature is derived from daily ma­
ximum  and  minimum  temperature  as  de­
scribed by Goudriaan & van Laar (1994). An 
average  daily  value  of  atmospheric  trans­
missivity  is  obtained  from  relative  helio­
phany,  according  to  the  Angstrom  model 
(Maracchi et al. 1983). Based on this value, 
instantaneous global radiation and the frac­
tion of diffuse  radiation are then computed 
(Goudriaan  &  van  Laar  1994).  Downward 
long-wave  irradiance  is  derived  from  air 
temperature  and  atmospheric  emissivity, 
which in turn is assumed to be under clear 
conditions a function of air vapour pressure 
and  temperature,  as  predicted  by the Brut­
saert’s model  (Kustas et  al.  1989).  The ef­
fects  of  cloudiness  on  atmospheric  emissi­
vity  are  represented  following  Monteith  & 
Unsworth (1990). 

Air vapour pressure is assumed to be con­
stant  over  the  day (Goudriaan & van  Laar 
1994).  Dew-point  temperature  is  computed 
as  described  by  Kimball  et  al.  (1997).  In­
stantaneous  vapour  pressure  deficit  is  then 
obtained as the difference from saturated air 
humidity,  derived  from  Teten’s  equation 
(Jones 1992). 

Model simulations
A summary of functional parameters for P.  

sylvestris applied in the model is reported in 
Box  1.  These  correspond  to  conditions  of 

good nutrient availability, so as to be able to 
analyse  the  effects  of  climate  alone.  The 
model, in its present form, does not take into 
account site-specific differences in any func­
tional  parameters  other  than  below-ground 
allocation. This assumption is supported by a 
previous study by  Oleksyn  et  al.  (2003) in 
which  the  observed  differences  in  leaf  N 
concentration,  a  parameter  of  particular in­
terest because of its relationship with photo­
synthetic  potentials,  amounted  to  no  more 
than 15% over  a  latitudinal  range  of  more 
than 20°, and opposite trends were observed 
in situ and in a common garden experiment. 
Moreover  Poyatos et al. (2007) demonstrate 
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Fig. 1 - Flow diagram illustrating the criteria for 
growth allocation according to the hypothesis of 
functional homeostasis in water transport (Magnani 
et al. 2000, Magnani et al. 2002). Allocation to fo­
liage is maximized, as long as it does not induce leaf 
water potentials exceeding a safety range. Allocation 
between sapwood and fine roots, according to the 
principle of optimality, maximizes the return of new 
hydraulic conductance from carbon investment, so as 
to free more resources for foliage and height incre­
ments.

Fig. 2 - Location of sites considered in the 
simulation. The range of sites encompasses a 
latitudinal transect from Northern Finland to 
Southern Germany, as well as a longitudinal 
transect  from  South-east  England  to  Ru­
mania.
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that,  similar  to  hydraulic  architecture,  also 
stomatal conductance and its response to air 
and soil humidity change in Scots pine popu­
lations across Europe, but they attribute ob­
served differences to acclimation rather than 
ecotype adaptation to site conditions. 

Once tested against both growth and func­
tional  data,  the  model  has  been  applied to 
simulate  Scots  pine  growth  along  two  re­
gional  transects  across  Europe  (Fig.  2 and 
Tab.  1).  The transects  explore  a  latitudinal 
gradient from Northern Finland to Southern 
Germany  and  a  longitudinal  one  from  the 
maritime climate of England to the more dry 
and continental  climate  of Rumania,  at  the 
south-eastern limit of the species range. 

In contrast with site-specific model valida­
tion, no differences in soil texture and depth 
were  considered  in  regional  simulations, 
since  soil  characteristics  vary  on  a  much 
finer scale than climate and no clear patterns 
are apparent at the continental level. 

A list of the sites and of their key climatic 
characteristics is  reported in  Tab.  1.  At all 
sites,  climatic  characteristics  correspond to 
the lowest elevation in the LINK data-base 
(Hulme  et  al.  1995).  A  very  high  initial 
stocking  density  of  5  x  104 trees  ha-1,  as 
would be expected in a naturally regenerat­
ing stand (Ovington 1957), and no artificial 
thinning was  assumed throughout,  so as  to 
neglect any national differences in manage­
ment regimes. 

Temperature  and  water  availability  are 
among  the  main  limiting  factors  for  plant 
growth on a regional scale. The sensitivity of 
model predictions to a temperature change of 
± 2 °C and to a ± 10 % shift in precipitation 
has been therefore analysed in detail, taking 
the climate of south-east England as a refer­
ence, so as to be able to interpret the pattern 
observed along the European transects. 

Model results
Model  results  for  two  locations in  south-

east  England  and  Central  Finland,  respec­
tively,  are reported in  Fig. 3 and compared 
with predictions from local Growth & Yield 
tables  (Edwards  & Christie 1981) and per­
manent sample plots (Sievanen, unpublished 
data). The systematic error in height predic­
tions at the British site is partly explained by 
the  fact  that  average  stand  height,  as  pre­
dicted by the model, is compared with tabu­
lated values of top height. 

Additional  support  for  the  model  comes 
from a  comparison  (Fig.  4)  with  literature 
data of annual aboveground net primary pro­
duction (ANPP)  from a Scots pine chrono­
sequence in Thetford Forest  (Sussex,  UK - 
Ovington 1957, Mencuccini & Grace 1996b) 
and from a number of sites around Jädraås 
(Sweden  -  Albrektson  &  Valinger  1985). 
Both the age-related decline in productivity 
and  the  marked  differences  in  ANPP 
between the two locations are well captured 
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Tab. 1 - Location of sites considered in the simulation and key climatic characteristics: aver­
age annual temperature, July temperature, annual precipitation (P) and the ratio between po­
tential evapotranspiration (PET) and precipitation. Potential evapotranspiration is based on 
the Priestley and Taylor model (Priestley & Taylor 1972), assuming an average net longwave 
irradiance of 60 W m-2.

Site Latitude Longitude Annual T 
 (°C)

July T 
 (°C)

P
 (mm yr-1) PET / P 

N Finland 67° 15’ 29° 15’ - 1.9 10.0 524 0.45
S Finland 62° 15’ 24° 15’ 3.2 14.1 503 0.69
N Germany 53° 15’ 13° 15’ 8.6 16.0 535 1.16
E England 52° 15’ 0° 45’ 9.1 14.0 564 0.94
S Germany 47° 15’ 7° 15’ 10.4 17.6 963 0.74
Austria 47° 15’ 15° 15’ 9.0 17.4 715 1.04
Hungary 47° 15’ 21° 15’ 10.3 18.7 481 1.83
Rumania 46° 15’ 24° 15’ 9.5 18.0 476 1.72

Fig. 3 - Test of model 
predictions. The deve­
lopment of mean height 
and stand volume pre­
dicted by the model for 
Southeast England (thick 
line) and Central Finland 
(thin line) are compared 
with figures from British 
Growth & Yield tables 
(black circles, Edwards 
& Christie 1981, YC 14, 
intermediate thinning) 
and from Finnish per­
manent sample plots 
(white circles, R. Sie­
vanen, unpublished 
data). Prescribed thin­
nings were applied in the 
simulation for SE Eng­
land, whilst self-thinning 
only was assumed for 
the Finnish stand.

Tab. 2 - Sensitivity of selected growth variables to key environmental factors. Percentage 
changes in stand height (H) and total volume at 100 years (Vtot), average gross (GPP) and net 
primary production (NPP) and fraction allocated to fine root production (λr) as a result of im­
posed changes in air temperature and precipitation. Sensitivity is defined as S = (O1 - O0) / O0 

where O0 and O1 are model output under reference and changed conditions.

Parameter Change H
 (%)

Vtot 
 (%)

GPP
 (%)

NPP
 (%)

λr 
 (%)

Temperature + 2 °C - 5.2 - 6.7 3.2 - 1.5 7.6
- 2 °C - 8.6 - 21.4 - 22.7 - 19.0 - 0.4

Precipitation + 10 % 1.0 1.5 - 0.4 - 0.6 - 3.1
- 10 % - 2.4 - 2.4 0.6 1.1 4.6
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by the model. 
An  analysis  of  model  sensitivity  demon­

strates  (Tab.  2)  that  both  height  and  total 
volume are negatively affected by a tempe­
rature change in either direction, but for dif­
ferent  reasons:  warming,  on  the  one  hand, 
would  beneficially  affect  canopy photosyn­
thesis, but because of the direct effect on res­
piration a slight reduction in net primary pro­
duction would be expected. Moreover, allo­
cation to fine  roots is  predicted to increase 
under warmer conditions as a result of higher 
transpiration rates, leading to an overall  re­
duction in  aboveground increments.  Colder 
conditions, on the other hand, would mainly 
result  in  lower  gross  primary  production, 
whilst  only marginal  changes in respiration 
and carbon allocation are predicted. Starting 
from the relatively mild British conditions, 
precipitation changes are predicted to have a 
relatively minor effect on growth, mainly the 
result of a shift in the allocation pattern. 

When  values  of  stand  height  and  total 
(standing plus self-thinned) volume after 100 
years are compared across Europe, a rather 
clear picture emerges (Fig. 5), with a marked 
decline in final height and even more in total 
volume  moving  northwards  and  eastwards. 
The lowest volume increments are predicted 
at the northern limit  of the range (50 % of 
the  maximum,  corresponding  to  south-east 
England),  while  modelled  values  for  Ru­
manian  stands at  the  south-eastern extreme 
are still 63 % of the maximum. Differences 
between sites are not limited to final values 
but  involve  the  dynamics  of  height  and 
volume growth (Fig. 6). 

The relationship between  height  and total 
volume  increments  is  known  to  be  rather 
constant  at  any  particular  site  (Eichorn 
1904), but quite variable at the regional scale 
(Christie & Lines  1979).  This variability is 
captured by the model, as shown in  Fig. 7: 
the slope of the relationship is highest at the 
most  productive  sites,  since  total  volume 
production  is  more  strongly  reduced  than 
height  under  limiting  environmental  condi­
tions (Fig. 5). 

Stand aboveground net primary production 
(and stand current annual increment, which 
is closely related to  ANPP) is the result of 
three processes, acting in series: stand gross 
primary production (GPP) is reduced by res­
piration  to  net  primary  production  (NPP) 
which is allocated above- and below-ground. 
In mathematical terms (eqn. 1): 

where λr represents the fraction of  NPP al­
located  below-ground.  When  the  relative 
contribution of the three terms is compared 
across  Europe,  the  functional  determinants 
of  growth  differences  can be better  under­
stood.  When figures  are  normalized  to  op­
timum values (Fig. 8), it can be seen that at 

the northern limit of the range the reduction 
in gross primary production (-53 %) exceeds 
the corresponding value for growth (-50 %; 
Fig. 5), as low temperatures also reduce the 
proportion  of  available  carbon  that  is  lost 

through respiration.  The opposite is  true at 
the dry limit of the range, where a 26 % re­
duction in GPP translates in a 36 % decline 
in growth rates. In this case the discrepancy 
is  the  result  not  of  respiration  differences, 
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Fig. 4 - Test of model predictions. The development of stand above-ground net primary pro­
duction  (ANPP)  predicted  by  the  model  for  south-east  England  (thick  line)  and  central 
Sweden (thin line) are compared with experimental data from a Scots pine chronosequence 
in Thetford Forest, UK (black circles, Ovington 1957; black triangles, Mencuccini & Grace 
1996)  and  from  a  series  of  sites  around  Jädraås,  Sweden  (white  circles,  Albrektson  & 
Valinger 1985).

Fig. 5 - Simulated 
height (H100) and 
total volume at age 
100 (V100) for a 
range of sites 
along two latitud­
inal and longitud­
inal transects 
across Europe.

ANPP=GPP⋅NPP
GPP

⋅1−r
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but of greater below-ground allocation (+13 
%). 

Discussion
Several  components  of  the  model  have 

already  been  independently  tested,  lending 
credibility to model  results (Magnani  et  al. 
2004).  Annual  dynamics  of  gas  exchange 
have been successfully compared with eddy-

covariance  data  from  three  pine  forests 
across Europe (Kramer et al. 2002). The re­
sponse of resource allocation and growth to 
age and the environment has also been tested 
against field and literature data (Magnani et 
al. 2000, 2002). An additional confirmation 
of the predictive ability of the model comes 
from  the  comparison  with  P.  sylvestris 
growth dynamics at contrasting sites (Fig. 3 

and  Fig. 4). The sites differ considerably in 
latitude, climate and applied management re­
gimes;  the  good  agreement  between  mo­
delled and measured data should be therefore 
viewed  as  a  confirmation  of  the  precision 
and generality of the model. 

Scots pine seems to find near-optimal con­
ditions  in  the  English  climate  (Christie  & 
Lines  1979).  It  is  therefore  not  surprising 
that, according to the sensitivity analysis re­
ported in  Tab. 2, growth would be reduced 
both  by  an  increase  and  by  a  decrease  in 
temperature,  although  by  different  mecha­
nisms. Cold temperatures would mainly im­
pair  photosynthesis  and  net  carbon  ex­
change,  in particular cold soil  temperatures 
can  affect  the  transpiration  deficit  during 
spring  with  negative  effects  on  forest  pro­
ductivity  (Mellander  et  al.  2004).  On  the 
other hand, a climate warming would result 
in  higher  vapour  pressure  deficits  inducing 
higher  transpiration  rates.  In  these  warmer 
climate conditions, a decrease in soil water 
availability  could  affect  forest  productivity 
with a shift in carbon allocation resulting in 
a  decrease of green parts,  and at  the same 
time in a greater allocation to below-ground 
fractions (Lapenis et al. 2005). This apparent 
sensitivity to water stress is confirmed by the 
response to changes in precipitation (Tab. 2) 
and  is  consistent  with  the  conclusions  by 
White (1982) that variations in  P. sylvestris 
productivity in Great Britain are associated 
primarily with changes in solar radiation and 
soil water balance. Moreover, in recent stu­
dies  Briceno-Elizondo  et  al.  (2006) have 
modelled the effect  of solar radiation avail­
ability  on  southern  and  northern  Finland 
Scots pine stands under climate change sce­
nario;  under  thinning,  the  climate  change 
condition increased the growth of Scots pine 
up to 28% in the south and up to 54% in the 
north. 

The predicted response to temperature, on 
the  contrary,  contradicts  the  suggestion  by 
Cannell  et  al.  (1989) that  a  3  °C warming 
could result in a growth increase as high as 
54% under  British conditions.  This  predic­
tion, however, was derived from an analysis 
of  growth  sensitivity  to  temperature  under 
boreal  conditions  and  the  authors  warned 
that the response to temperature could flatten 
off at a July temperature of 15 °C. Our re­
sults  suggest  that  the  relationship could be 
even  reversed  considering  an  increase  in 
warming conditions. 

A  key  role  of  low  temperatures  at  the 
boreal  limit  (as  well  as  at  the  altitudinal  - 
Grace 1988) and of water availability in the 
southern part of the range (Oberhuber et al. 
1998) is confirmed by our regional analysis. 
The sites considered encompass much of the 
natural  range  of  the  species  in  western 
Europe (Boratynski 1991), covering a wide 
interval  of  latitude,  temperature  and  water 
availability  (Tab.  1).  Simulation results  are 
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Fig. 6 - Simulated de­
velopment of stand 
height and total 
volume for a range of 
sites across Europe. 
Results are reported 
for Southeast England 
(continuous thick), 
Northern Finland 
(dash-dot), Northern 
Germany (dotted), 
Southern Germany 
(continuous thin) and 
Rumania (dashed line).

Fig. 7 - Simulated total volume production-height curves for a range of sites across Europe. 
See Fig. 6 for legends.
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in  good agreement  with  the conclusions of 
Ineson  et  al.  (1984),  who  studied  the  pro­
ductivity of Scots pine across Europe. From 
a re-analysis of a data-set of 18 P. sylvestris 
stands throughout Europe (Cannell 1982) by 
principal  component  analysis  (PCA),  they 
found that almost 50% of the variability in 
productivity  was  explained  by  the  first  ei­
genvalue,  related  to  temperature,  whilst  an 
additional 26% was associated to the second 
PCA axis, related to precipitation. Once re­
ferenced to the climate of Europe, their re­
sults show a good agreement with the pattern 
resulting from the present paper. 

The results are  only partly confirmed,  on 
the contrary,  by the review of  P. sylvestris 
growth  and  yield  tables  across  Europe 
presented by Christie & Lines (1979): height 
increments are quite similar across most of 
the  temperate  zone,  but  markedly lower  in 
the boreal zone. Even greater differences are 
observed when volume increments are con­
sidered. On the other hand, the growth de­
cline at  southern and eastern locations pre­
dicted  by  the  model  is  not  apparent  in 
growth and yield tables. This probably stems 
from the fact that simulations always refer to 
lowland sites, whilst P. sylvestris in these re­
gions is more commonly found (and gener­
ally planted) at higher elevations and under 
moister conditions. 

The  use  of  a  functional  model  makes  it 
possible not only to predict, but also to un­
derstand  the  mechanisms  behind  such 
changes  in  forest  productivity.  Contrasting 
processes  seem  to  be  involved  in  the  re­
sponse  of  forest  growth  to  limiting  condi­
tions under different climates (Fig. 8). Gross 
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Fig. 8 - Simulated determinants 
of stand growth for a range of 
sites along two latitudinal and 
longitudinal transects across 
Europe. Mean values over 100 
years of stand gross primary 
production (GPP), the ratio 
between net- and gross primary 
production (NPP / GPP) and the 
fraction of growth allocated to 
fine root production (λr) are re­
ported.

Box 1 - Summary of parameter values used in computations. Several photosynthetic parameters related to the properties of Rubisco are as­
sumed to be invariant among C3 species and a value has been therefore derived from detailed analyses published in the literature (see De 
Pury & Farquhar 1997). Maximum electron transport rate has been assumed to be linearly related to Vc

max (Leuning 1997).

Paramater Definition Units Value Source
a1 coeff. in gs vs A equation Pa-1 5.2 x 105 Kellomäki & Wang 1998
D0 coeff. in gs response to vapour pressure deficit Pa 1200 Wang 1996
g0 stomatal conductance to CO2 in darkness mol m-2 s-1 2.3 x 10-3 Kellomäki & Wang 1998
kfr specific hydraulic conductance of fine roots m3 s-1 MPa-1 kg-1 2.3 x 10-7 Roberts 1976, Roberts 1977, Magnani et al. 

2000
ks specific hydraulic conductivity of sapwood m2 MPa-1 s-1 1.3 x 10-3 Mencuccini & Grace 1995
lr fine root longevity Yr 0.65 Persson 1980
ls sapwood longevity Yr 39 Helmisaari & Siltala 1989
Nf nitrogen concentration in foliage kg N kg-1 0.015 Mencuccini & Grace 1996a
Nr nitrogen concentration in fine roots kg N kg-1 0.0075 Helmisaari & Siltala 1989
Ns nitrogen concentration in sapwood kg N kg-1 0.0005 Finn & Braekke 1995
rg growth respiration coefficient - 0.28 Chung & Barnes 1977

Vc
max maximum carboxylation rate mol m-2 s-1 50 x 10-6 Kellomäki & Wang 1998
α photosynthetic quantum efficiency mol e- quantum-1 0.28 Wang et al. 1996
ρf foliage density in the canopy (height vs. foliage 

growth relationship)
kg m-3 0.73 Ovington 1957

Ψ critical leaf water potential MPa -1.4 Magnani et al. 2000
Ψ0 soil Ψ for maximum stomatal closure MPa -1.0 Irvine et al. 1998
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primary  production  is  reduced  below  its 
maximum value,  corresponding  to  the  Bri­
tish site, because of low temperatures and a 
short vegetative period, on the one hand, and 
of low air and soil humidity (as captured by 
the increasing PET /  P values in  Tab. 1) on 
the other.  The ratio  between  net  and gross 
net primary production, in turn, is quite con­
stant across all of the temperate region and 
only increases in the boreal zone, reflecting 
the pattern of annual mean temperature. Un­
der dry conditions,  on the contrary,  above­
ground  productivity  is  most  seriously 
hampered by the need to allocate increasing 
amounts of resources to fine root production 
and maintenance. 

The  potential  relevance  of  tree  structural 
acclimation for forest growth under dry con­
ditions  has  already  been  stressed  by 
Berninger  &  Nikinmaa  1997,  who  con­
sidered  in  their  simulations  only  potential 
changes in foliage-to-sapwood area ratio. In 
analogy with HYDRALL predictions, they sug­
gested that a strong reduction in volume in­
crements  at  the  southern limit  can only be 
explained by climate-induced changes in tree 
functional  structure.  An additional  increase 
in  carbon  allocation  below-ground,  as  pre­
dicted  by  the  HYDRALL model,  could  have 
even more important effects, because of the 
fast turnover rate of fine roots (Schoettle & 
Fahey 1994, Konopka et al. 2005). 

Such  changes  in  allocation,  however,  al­
though of utmost importance under dry con­
ditions, have only a minor and not so clear 
effect  when  other  climates  are  considered. 
This explains why they have been generally 
neglected in forest  growth models, traditio­
nally  applied  to  boreal  or  temperate  moist 
conditions (Ågren et  al.  1991,  Ågren et  al. 
1996).  Explicit  consideration  of  structural 
acclimation,  on  the  other  hand,  appears  to 
extend the generality of the  HYDRALL model 
to a wider range of environments. 

These general considerations can be prob­
ably  extended  to  other  forest  tree  species. 
The pattern of forest  productivity predicted 
by the HYDRALL model is consistent with the 
results for Europe of the empirical model of 
Paterson  (1956),  who  correlated  maximum 
forest productivity for a large number of spe­
cies  with  summary  climatic  statistics.  This 
seems to suggest that, irrespective of the spe­
cies considered, the same basic processes are 
at  work in determining the response to cli­
mate of forest ecosystems. 
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