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ABSTRACT

ARTICLE HISTORY

When modelling forest growth, capturing the eﬀects of climate change is needed for reliable longterm predictions and management choices. This remains a challenge because commonly used
mensurational forest growth and yield models, relying on inventory data, cannot account for
climate change eﬀects. We developed hybrid physiological/mensurational basal area growth and
yield models, which combine physiological response to climatic conditions and empirical relations.
We included climate and site eﬀects by replacing time with light sums of photosynthetically active
radiation and modifying the latter with monthly soil water, vapour pressure deﬁcit, temperature,
and frost days. When parameterised with permanent sample plot data for Scots pine and Norway
spruce across Sweden, the hybrid models could reproduce observations well, although with no
increase in precision compared with time-based mensurational models. When considering
diﬀerent climate scenarios, a signiﬁcant impact on productivity from climate change emerged. For
example, a 2 °C warming enhanced Scots pine production by up to 14% in regions where
temperatures were originally cooler and soil water deﬁcit was low (i.e. northwest Sweden), but
depressed it, up to 9%, elsewhere. Hence, climate-sensitive models that take local variations into
account are necessary for accurate predictions and sustainable forest management.
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Introduction
Growth and yield models are essential tools for sustainable
management of forest resources. The commonly used mensurational models, which use inventory data to identify
relationships based on correlations, can eﬀectively predict
forest development under the conditions used for their parameterisation. Nevertheless, they cannot reliably simulate the
eﬀects of growth conditions beyond the ranges covered by
the parameterisation data (Weiskittel et al. 2011). This is a
major limitation when considering the eﬀects of climate
change on forest productivity (Boisvenue and Running
2006; Martin-Benito and Pederson 2015), because of less
accurate long-term projections and limited ability to make
sustainable management decisions. Therefore, there is a
need for models and prediction tools to take climate
change into account.
One approach is the integration of some aspects of ecophysiology into forest growth and yield models, like the
ability of forests to utilise incoming solar radiation to
produce wood through photosynthesis (Monteith 1977;
Mason et al. 2011). A way to take these physiological concepts into account without excessive complexity is to use a
hybrid modelling approach. Hybrid models avoid key shortcomings of empirical mensurational models by combining
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them with process-based physiological models (Johnsen
et al. 2001; Weiskittel et al. 2011). At the same time, hybrid
models avoid the limitations of process-based models,
which capture the underlying processes that make trees
and forests grow, like light interception, carbon allocation,
and water and nutrient cycles. Taking these underlying processes into account can lead to complex model systems
that are diﬃcult to use in practical forestry due to their parameter and computational requirements. The lack of understanding of some forest growth processes also hinders
accurate predictions from purely physiological models
(Taylor et al. 2009; Weiskittel et al. 2011).
Hybrid models can be divided into three categories. First,
models using an external growth modiﬁer, i.e. the growth
predicted by the mensurational model is adjusted by a
modiﬁer derived from mechanistic models (Henning and
Burk 2004). Second, physiologically derived covariate
models, where parts of a mensurational model are replaced
by or complemented with covariates created using physiological process models (Baldwin et al. 2001; Mason et al.
2007). Third, allometric models, which are closer to processbased modelling as they are based on physiological submodels but rely on statistical patterns to explain the relationship between stem dimensions and biomass (Landsberg and
Waring 1997).
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The predictive performance of hybrid models are often
better than pure mensurational models, but varies greatly
depending on the model resolution, species and type of
hybridisation (Weiskittel et al. 2011). Stand-level models
have signiﬁcantly improved predictions (Battaglia et al.
1999; Snowdon 2001; Dzierzon and Mason 2006), while the
performance gains from hybridising tree-level models are
less clear (Henning and Burk 2004; Weiskittel et al. 2010). At
the stand level, the performance gain depends on the
output variable, with predictions of basal area improving
more than height (Snowdon 2001; Dzierzon and Mason
2006). However, the extent of model improvement declines
over longer prediction periods (Snowdon 2001). Beyond
improved predictive performance, a major gain from the
hybrid modelling approach is the possibility to introduce
climate sensitivity into growth and yield models (Subramanian et al. 2019; Rachid-Casnati et al. 2020). The hybrid
models should ﬂexibly incorporate changing growing conditions to capture climate change eﬀects on forest production. This added ﬂexibility allows for better precision
and long-term projections and the opportunity to investigate
climate change impacts on forest productivity.
Climate change is expected to result in further temperature increases and, in many regions, changes in precipitation
patterns (IPCC 2021). In boreal regions of northern Europe,
temperature is predicted to increase considerably, and
more so at higher latitudes (Cattiaux et al. 2013; Jacob et al.
2014). Average annual temperatures are expected to increase
by 1 °C at latitude 55° N and 2 °C at 68° N in Europe by the end
of the twenty-ﬁrst century for the RCP2.6 scenario, and of 4
and 7 °C respectively for the RCP8.5 scenario (Jacob et al.
2014; SMHI 2020a). Precipitation projections are less certain,
but winter could become wetter and summers drier or
remain unchanged, with considerable local variation
(Eklund et al. 2015; Ruosteenoja et al. 2018; SMHI 2020a).
These changes in climate will aﬀect European forest
biomass production, which is centred in northern Europe. A
signiﬁcant part of that biomass consists of conifer forests in
Sweden (Rytter et al. 2015). In Sweden, 58% (23.6 million
ha) of the land area is covered by productive forest. The dominant tree species are Scots pine (Pinus sylvestris L.) and
Norway spruce (Picea abies (L.) Karst.), which together represent 80% of Sweden’s standing volume (SLU 2021). These
forests deliver important ecosystem services such as wood
production and carbon sequestration, helping reduce European carbon footprint (Rytter et al. 2016; Felton et al. 2020).
This makes forest productivity a crucial issue and highlights
the need for models that can predict climate change eﬀects
on forest growth in an uncertain future.
Warmer temperatures will likely accelerate forest growth
since temperature is often the most limiting factor in this
region (Bergh et al. 1999; Allen et al. 2010). Some of these
expected positive eﬀects have already been seen (Mensah
et al. 2021), with faster height growth under increased temperatures. However, higher temperatures combined with
unchanged or reduced precipitation could lead to drought
stress becoming more common during the growing season
(Ruosteenoja et al. 2018). Climate change could then
reduce forest productivity in locations and years where the

available water is depleted via faster evapotranspiration
(Belyazid and Zanchi 2019; Ruiz-Pérez and Vico 2020). An
example of this was the hot and dry summer of 2018 that
reduced forest productivity in central and northern Europe
(Peters et al. 2020). The net eﬀect of climate change on northern European forests is unclear.
Models able to capture climate impacts on productivity
can help support management decisions, like choice of
species and timing of silvicultural treatments. However,
there is a lack of climate-sensitive hybrid models applicable
to boreal forests in northern Europe. One option is the 3PG
model (Landsberg and Waring 1997) but it is still relatively
complex (Landsberg et al. 2005) and so far only parameterised on a regional scale (Subramanian et al. 2019). Most
climate-sensitive hybrid models with physiologically derived
covariates or external growth modiﬁers are developed for
plantation forestry of fast-growing species (Pinjuv et al.
2006; Mason et al. 2011; Rachid-Casnati et al. 2020). No
such models exist for conifer forests in northern Europe
that can be applied to a wide variety of sites.
In this study, building on the potentially usable light sum
equation (PULSE) hybrid approach (Mason et al. 2007) we
developed and compared several hybrid physiological/mensurational basal area yield models, to capture the eﬀects of
potentially key environmental conditions (vapour pressure
deﬁcit, soil water availability, temperature, and occurrence
of frost days). The models were applied to Scots pine and
Norway spruce in Sweden, and their prediction capacity
was compared with traditional mensurational models. The
overarching goals were i) to develop hybrid models with an
improved predictive ability, compared with traditional mensurational models; and ii) test the hypothesis that plausible
future climates scenarios with higher temperatures and
increased precipitation would yield higher basal area
growth compared with current climate.

Materials and methods
Modelling data
Data from the Swedish National Forest Inventory (NFI),
Swedish long-term forest experiments, and Swedish Meteorological and Hydrological Institute (SMHI) were used for model
ﬁtting and validation. The Swedish NFI covers the entire
country with temporary and permanent sample plots to
monitor and provide data on all Swedish forests. The NFI is
designed as a systematic sample grid with a random grid position, where the plots are clustered into square and rectangular
clusters (Fridman et al. 2014). Here we took advantage of the
Swedish NFI data from permanent plot inventories, with
repeated measurements between 1983 and 2017. Every permanent plot was measured once every ﬁve years, except
between 1993–2002, when the remeasurement period was
5–10 years. All trees with a diameter at breast height (DBH,
at 1.3 m) of 10 cm or larger were measured in a 10 m radius
plot. Trees between 4 and 10 cm DBH were measured in a
subset of the plot. The size of this subset changed over time.
From 2003 onward, the small plot was a 3.5 m radius circle,
but between 1993 and 2002, the small plot was a quarter
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circle with a 5 m radius. Beyond measuring the living trees, all
trees that had been cut or died since the previous census and
damaged trees were recorded starting in 1988, including the
cause of death or damage. Apart from tree measurements,
other general stand and site properties were recorded, such
as ground vegetation, soil texture, and previous management
history (Fridman et al. 2014).
The NFI data used for model ﬁtting and validation were
limited to plots inventoried from 1993 to 2017. However,
data from permanent plots from before 1993 were used in
data management to prepare consistent age and thinning
variables. All possible periods between 1993–2017 were
used in model ﬁtting to make the models as robust as possible (Lee 1998), resulting in a varied measurement interval
from 5 to 20 years. The steps taken to manage the NFI and
long-term experiment data before model implementation
are detailed in Appendix A.
The Swedish long-term forest experiment data come from
even-aged monocultures of Norway spruce and Scots pine
from Scania county in the south to Norrbotten county in
the north. The experiments were mainly focused on fertilisation, regeneration, spacing, and thinning in stands established through planting, seeding, or natural regeneration
(Elfving and Kiviste 1997; Nilsson et al. 2010). The mean plot
area was 0.06 ha (range 0.02–0.2 ha). Measurements were
made between 1960 and 2017, and the measurement interval
ranged from 1 to 36 years (mean = 8 years).
From the around 15000 permanent NFI plots and 7000
long-term experiment plots available, we selected 1922
plots for Scots pine for modelling and validation, of which
411 were long-term experiment plots and 1511 NFI plots,
covers the entire country. For Norway spruce, 836 plots
were used for modelling and validation, of which 219 were
long-term experiment plots and 617 NFI plots. These plots
corresponded to 7798 growth periods (2219 from experimental plots and 5579 from NFI plots) for Scots pine and 4623
growth periods (1658 from experimental plots and 2965
from NFI plots) for Norway spruce. The plot selection was
based on plot properties like species composition, tree
height and previous management. A more detailed description of the plot selection can be found in Appendix A.
We obtained monthly accumulated estimates of photosynthetically active radiation (PAR), global radiation on a horizontal surface (GHI), precipitation, and maximum, minimum,
and mean temperatures from 1958 to 2017 from SMHI. The
data was provided in 11*11 km raster ﬁles based on UERRA
reanalyses (SMHI 2020b), where each permanent plot was
linked to the closest pixel. Monthly temperatures were
adjusted for elevation diﬀerences between measured plots
the temperature raster points.

Model description
We built upon the potentially usable light sum equation
(PULSE) hybrid approach (Mason et al. 2007) to hybridise
mensurational models. The PULSE approach develops a
hybrid model with physiologically derived covariates, where
stand ages are substituted with potentially usable light sum
(PULS) (see below) in a compatible growth and yield
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equation. To increase model sensitivity to site and climate,
the monthly PAR was modiﬁed based on the 3PG-model
(Landsberg and Waring 1997) and then summed up to
PULS. The PULSE approach was successfully implemented
for plantations of Douglas-ﬁr (Pseudotsuga menzeisii (Mirb.)
Franco) in the USA (Mason et al. 2007), radiata pine (Pinus
radiata D. Don.) in New Zealand (Mason et al. 2011), and Eucalyptus grandis and Pinus taeda in Uruguay (Rachid-Casnati
et al. 2020). In these applications, with the hybrid models
had performance on par or higher compared with mensurational time-based models.

Mensurational model
As starting point for the PULSE hybrid model, we developed
one mensurational time-based model for Scots pine and one
for Norway spruce, using the Schumacher (1939) equation
augmented by initial plot stem number before thinning
(Equation 1):
 bST c   bST c 
t1
t1
log (G1 )
+a 1−
t2
t2
G2 = e
(1)
where G1 and G2 are the total basal area (m2 ha−1) at the
beginning and end of the measurement period, t1 and t2
are stand ages (years) at the beginning and end of the
period, ST is initial stem number (stems ha−1) before thinning,
and a, b and c are parameters to be estimated. The Schumacher (1939) equation complies with the properties of a compatible growth and yield model deﬁned in Clutter (1963). The
mensurational model was ﬁtted to the inventory data using
the nonlinear least squares function (nls) in the R (version
3.6.1) statistical computing platform (R Core Team 2016).

Hybridisation of the mensurational model and
determination of the potentially useable light sum
To hybridise the mensurational model, they were reﬁtted
with the same plot data and compatible growth and yield
equation (Schumacher 1939). However, the time variables
were replaced with PULS (Equation 2). PULS accumulated
from stand establishment to t1 (PULS1), and PULS accumulated from establishment to t2 (PULS2) replaced the stand
age variables t1 and t2. For example, if t1 was 50 years, it
was replaced by PULS accumulated for those 50 years. The
hybrid model form is thus:

bST c  
bST c 
PULS1
PULS1
log(G1 )
+a 1−
PULS2
PULS2
G2 = e
(2)
PULS in the hybrid model was calculated from monthly total
PAR values in MJ m−2. To better reﬂect potential photosynthesis, the monthly PAR was adjusted to climate and site
properties by multiplying the radiation by a set of modiﬁers
before summing it between the times of establishment and
inventory (PULSt);
PULSt =

t


Ri min( fT , fF )min( fW , fD )

(3)

i=1

where Ri is the total PAR for month i (MJ m−2), fT is the
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modiﬁer for temperature, fF is the frost modiﬁer, fW is the soil
water modiﬁer, and fD is the vapour pressure deﬁcit (VPD)
modiﬁer, each in month t (Figure 1). All the modiﬁers (presented below) are non-dimensional and ranging between 0
and 1. In Equation (3), the minimum value of fW or fD was
used because both modiﬁers aﬀect tree water availability
and use. Similarly, the minimum of fT and fF was used since
both aﬀect photosynthetic response to temperature.
PULS and climatic condition modiﬁers were calculated
based on climate data from SMHI from 1958-2017. If the
time of planting was before 1958, summed PAR from 1958
to 1968 was re-proportioned to account for the missing
years and give an estimated PULS for the entire growth
period.

water balance calculations were modiﬁed to ﬁt available
data and regional conditions better.
The VPD modiﬁer is built around the relationship between
monthly mean daytime vapour pressure deﬁcit (VPD) and leaf
stomatal conductance, where increasing VPD causes the leaf
to close its stomata to reduce water losses (Grossiord et al.
2020). Stomatal closure also reduces photosynthesis and
hence ﬁxed carbon. The modiﬁer declines exponentially
with increasing VPD as:
fD = e−kg VPD

where kg (0.05 mbar) is a constant based on the relationship
between VPD (mbar) and stomatal conductance relation
(Sand 2004). VPD (mbar) is calculated as follows (Mason
et al. 2007):

Climatic condition modiﬁers
The modiﬁer functions (Figure 1) were based on the 3PG
model (Landsberg and Waring 1997), but the underlying

(4)

VPD =

DTmax − DTmin
2

(5)

Figure 1. Functions for calculating modiﬁers used to adjust incoming radiation (PAR) values according to the following monthly variables. a) vapour pressure
deﬁcit (VPD). b) mean monthly temperature (°C) by species. c) soil water ratio (soil water balance (mm) (S) divided by the potentially available soil water
(mm) (Φ) (see equation 10). d) number of frost days in a month.
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where DTmax and DTmin are the saturated vapour pressure
when the temperature is equal to the monthly maximum
(Ta-max) and minimum (Ta-min) temperature respectively.
These are calculated based on the temperature as:
17.269Ti
T
DTi = 0.61078e i + 237.3

(6)

where Ti is either the monthly maximum or minimum temperature (°C) (Allen et al. 1998).
The temperature modiﬁer captures the increase in net
photosynthesis with temperature until the optimum temperature; and its decline beyond that (Bergh et al. 1998;
Kolari et al. 2007; Way and Yamori 2014). There is also a
minimum temperature, which indicates the lowest temperature for net photosynthesis. The minimum was used to indicate when growth stopped for winter and started again for
spring. The temperature modiﬁer is computed as follows:
⎧
(Tmax −Topt )
⎪
⎪
⎨  Tec −Tmin  Tmax −Tec
(
) (Topt −Tmin ) Tmin ,Tec ,Tmax
fT =
T
−T
T
−T
⎪
opt
min
max
opt
⎪
⎩
0
Tmax ≤Tec orTec ≤Tmin
(7)
where Tmax, Tmin and Topt (°C) were the species-dependent
maximum, minimum, and optimum temperatures for net
photosynthesis. Tec was the monthly mean daytime temperature. We used daytime mean temperature because it gives
better precision than using daily means (Mason et al. 2011).
Tec was calculated assuming that diurnal temperature
change is sinusoidal with minimum at 3 AM and maximum
at 3 PM (Mason et al. 2011) using monthly maximum (Tamax) and minimum (Ta-min) temperatures as extremes:
Tec =Ta max 0.7575+ Ta min 0.2425

(8)

The soil water modiﬁer captures the decrease in growth
due to water stress by lowering PULS. The soil water
modiﬁer is:
fw =

1

1 − rw nu
1+
cu


S
rw =
F

have sandy loam texture, the most common texture in the
Swedish NFI data.
S was estimated using a monthly soil water balance based
on a modiﬁed T-model (Alley 1984). Depending on whether
potential evapotranspiration (E0) was higher or lower than
monthly precipitation (P) and temperature, the soil water
content at the end of the month, St, was determined as:
⎧
min ((P − E0 ) + St−1 , F) P ≥ E0 and Ta ≥ 5 ◦ C
⎪
⎪


⎨
E0 − P
P , E0 and Ta ≥ 5 ◦ C
St−1 exp −
St =
⎪
F
⎪
⎩
F
Ta , 5 ◦ C
(11)
where St-1 is the soil water content at the end of the previous
month. The soil was thus assumed to always be saturated
(St = Φ) if Ta < 5 °C, regardless of precipitation inputs and evapotranspiration losses, to account for water storage in ice and
snow during winter.
Potential evapotranspiration was estimated with the
Priestley and Taylor (1971) formula as:
E0 = a

(10)

Φ was estimated using soil-speciﬁc porosity (Clapp and Hornberger 1978) together with the proportion of soil water that is
plant-available (Andersson and Wiklert 1972; Dunne and Willmott 1996) and the mean rooting depth of boreal coniferous
forests (Jackson et al. 1996). The maximum plant-available
water in the rooting zone (Φ) was set to 104 mm soil for
gravel and sand, 148 mm for loamy sand, 192 mm for sandy
loam, 240 mm for loam, 296 mm for silt, 208 mm for clay,
and 350 mm for peat. Some of the long-term experiment
plots lacked soil texture information and were assumed to

D
rn
D+g

(12)

where α is a constant (set at 1.26), Δ is the slope of the saturated vapour pressure curve, γ is the psychrometric constant,
and rn is net radiation.
The slope of the saturated vapour pressure curve was calculated as (Allen et al. 1998):



17.27Ta
4098 0.6108 exp
Ta + 237.3
D=
(Ta + 237.3)2

(13)

Net radiation was estimated from the linear relationship
between net radiation and total shortwave radiation (GHI)
(Wm−2). The intercept (qa) is −90 Wm−2, and the slope (qb)
is 0.8 (Sand 2004).
rn = (qa + qb GHI)

(9)

where cθ and nθ are constants depending on soil type, and rw
is the ratio between plant-available soil water at the end of
the month (S) and the maximum possible plant-available
soil water (Φ), both referred to the rooting zone, i.e.
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(14)

The psychrometric constant (γ) was determined as (Allen et al.
1998):
g = 0.665∗10−3 Pa

(15)

where Pa is the atmospheric pressure (kPa) calculated using
plot-speciﬁc elevation (alt; m above sea level):


293 − 0.0065alt 5.26
Pa = 101.3
293

(16)

Finally, the frost modiﬁer assumed that monthly photosynthesis is reduced proportionally to the number of days with
a minimum temperature < 0 °C during the month (Landsberg
and Waring 1997). The frost modiﬁer was calculated as:
fF = 1 −

Number of frost days per month
Number of days per month

(17)
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Model ﬁtting and evaluation
Model ﬁtting was based on two-thirds of the NFI and longterm experiment plots, with the remaining third used for validation. The modelling procedure was used for ﬁtting both the
time-based (Equation 1) and hybrid (Equation 2) models. When
ﬁtting the hybrid models, models containing only one modiﬁer
(i.e. setting other f values in Equation 3–1) were ﬁrst considered
to see each modiﬁer’s eﬀect independently. After that, models
containing all modiﬁers were considered.
The time-based and hybrid models were compared by
applying them to the validation dataset and analysing
residuals. Precision, bias, and normality of residuals were
assessed when comparing models by examining root mean
square error (RMSE), means and plots of residuals, and
residuals frequency distributions. Parameter signiﬁcance was
checked by ﬁtting the models to a random sub-sample containing one interval per plot to reduce autocorrelation eﬀects.
All model ﬁtting, data management and statistical analyses were done in R (version 3.6.1) (R Core Team 2016).

Sensitivity analysis on climate change
A sensitivity analysis was performed on the hybrid models to
test the impact of changing climatic conditions according to
scenarios of temperature and precipitation increase.
Observed conditions between 1993 and 2013 were altered
to determine the growth over a hypothetical 20-year period
under changed climate. Monthly temperatures were
increased by 2 or 4 °C, and monthly precipitation was
increased by either 10 or 20%. To account for the change in
frost days due to increasing temperatures, the number of
frost days was reduced by 25% if the temperature increased
by 2 °C and 50% if the temperature increased by 4 °C
(Meehl et al. 2004). These changes were in line with the predicted average changes to summer (June, July, August)
climate for the end of the twenty-ﬁrst century in northern
Europe for the RPC2.6 and RPC8.5 climate scenarios respectively (SMHI 2020a).
140 NFI plots from all over Sweden were randomly
selected for the climate analysis from the third of the plots
used for validation. All plots were assigned a starting basal
area of 20 m2 ha−1, an age of 35 years and an initial plot
stem number before thinning of 1500 stems ha−1 for Scots
pine and 2000 stems ha−1 for Norway spruce, with
unchanged climate data. The species-speciﬁc hybrid models
containing all modiﬁers (Hybrid-TFDW) simulated basal area
development for 20 years using observed and altered
climate data. Predicted basal area values were compared to
evaluate the eﬀects of changing climatic conditions on the
hybrid model output. The baseline for this comparison was
the predicted basal area using observed climate data. Predicted basal areas for the scenarios with altered climate
data were then compared against this baseline. The comparison was presented as the relative change (%) in basal area for
each climate scenario and species-speciﬁc model. Diﬀerences
between scenarios and between species-speciﬁc hybrid
models were evaluated using Tukey’s (HSD) test following
analysis of variance (p < 0.05) with the following models

(Equation 18 and 19). Equation 18 was used separately for
each species to test diﬀerences between scenarios:
Y = SC + e

(18)

where Y is the relative diﬀerence (%) in basal area compared
to the baseline, SC is the climate scenario, and e is the error.
Equation 19 was used to test the diﬀerence in response
between the species-speciﬁc hybrid models, separately for
each scenario, where TS is tree species (either Scots pine or
Norway spruce):
Y = TS + e

(19)

Results
Model performance
Both the time-based and hybrid models with single and combined modiﬁers showed a good and relatively unbiased ﬁt
against the model data with similar patterns for Scots pine
(Figures 2 and A.1). Similar results were obtained for
Norway spruce (Figures 3 and A.2). When comparing the
residuals for the diﬀerent tested models, there were minor
diﬀerences, and the hybrid models did not have a better ﬁt
(i.e. smaller RMSE) than the time-based models (Table 2).
The hybrid models showed minor diﬀerences in RMSE
between predicted and measured basal area compared
with the time-based mensurational models for both species
during validation (Table 2). Both the hybrid and mensurational models showed good and unbiased predictions
during validation with similar residual patterns for Scots
pine (Figures 2 and A.3) and Norway spruce (Figures 3 and
A.4).
The unmodiﬁed PULS (blue line in Figure 4a) showed no
signiﬁcant trend over the 60 years, and anomalies with
respect to the mean were small. When the radiation was
modiﬁed by the temperature modiﬁer (PULSfT; red line in
Figure 4a) it showed an increasing trend due to temperature
increases during the period and sensitivity to especially warm
and cold years. Both PULSfT and mean annual temperature
(Figure 4b) had a signiﬁcant (p-value < 0.05) positive trend
during the measurement period.

Climate sensitivity
Growth limitations
Under the current climatic conditions, soil water was a substantial limiting factor for growth (i.e. fW was < 0.6), mostly
in southern and eastern Sweden (Figure 5a), between June
and September (Figure A.5). Outside those months, water
was not limiting growth (fW ≈ 1). Increased precipitation
reduced the limitation imposed by soil water availability,
with fW increasing on average by 0.1 (i.e. 13%) in July when
precipitation increased by 20% (Figure 5c). Increased temperature led to increased soil water limitation with fW decreasing by 0.14 (18%) on average in July when temperatures
increased by 4 °C (Figure 5b). When temperature and precipitation increased simultaneously, water availability was similar
to current climate with no change to the average fW values
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Figure 2. Residuals of the ﬁtted mensurational time-based model (a) and the hybrid model (Hybrid-TFDW) (b) for Scots pine. Residuals from the validation of the
mensurational time-based model (c) and the hybrid model (Hybrid-TFDW) (d). The thick lines show the trend in the residuals.

(Figure 5d). For VPD, there were limitations ( fD between 0.8
and 0.9) during April-September, with lower fD values associated with monthly average temperatures over 20 °C (Figure
A.6). Increased temperatures resulted in more limitation
from VPD with an average decrease in fD by 2% when temperatures increased by 4 °C, with similar geographical patterns.
Under current climate, temperature limitations were low
during the summer months (June, July, and August), when
the average monthly temperatures were around 15–20 °C,
except for plots in the far northwest ( fT ≈ 0.9) where temperatures were lower (around 10–15 °C) (Figure A.7). Periods
outside the summer had lower fT values (fT < 0.9), with fT ≈
0 in December, January, and February. As expected, temperature limitations increased with latitude (Figure A.7). The frost
modiﬁer patterns were similar, with no limitations ( fF ≈ 1) in
the summer and increased limitations closer to winter (fF <
0.1) (Figure A.8). Increased temperatures resulted in less
frost and temperature limitation with the same geographical
patterns. Increased temperatures by 4 °C resulted in an
increase of fF by 0.24 (47%) and fT by 0.15 (28%) on average
over the year.

when temperatures increased by 4°C (Figure 6). This variation
in response depended on location (Figures 7 and 8), with
increased temperatures leading to reduced growth in
south-eastern Sweden and increased growth in the northwest. An increase in precipitation with unaltered temperature
had the greatest positive eﬀect on basal area development in
the southern and eastern regions.
When combining the eﬀects of increased temperature and
precipitation, the positive eﬀect on basal area was highest in
the north. The geographical patterns were similar for the
diﬀerent temperature and precipitation scenarios and both
species-speciﬁc models (Figure 7 and 8). For Norway spruce,
there was a larger negative eﬀect of increased temperatures
in southern and eastern regions. There were also less positive
eﬀects of combined temperature and precipitation increases
compared with Scots pine.
The diﬀerence in scenario response between the hybrid
models for Norway spruce and Scots pine was signiﬁcant
(p-value < 0.05) for all scenarios except for the two scenarios
where precipitation increased by 10 and 20%.

Discussion
Growth response
On average, all climate change scenarios resulted in a signiﬁcantly (p-value < 0.05) increased basal area, except under the
+2 °C warming scenario at current precipitation, where the
result of the Norway spruce model was not signiﬁcantly
diﬀerent from the current climate. The diﬀerent scenarios
yielded a considerable variation in response, especially

Improvements in model performance by
hybridisation
The hybrid models with climatic condition modiﬁers can
easily take into account site and climatic conditions, including changes expected in the future. Long-term trends due to
a changing climate can be accounted for, as seen in Figure 4,
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Figure 3. Residuals of the ﬁtted mensurational time-based model (a) and the hybrid model (Hybrid-TFDW) (b) for Norway spruce. Residuals from the validation of
the mensurational time-based model (c) and the hybrid model (Hybrid-TFDW) (d). The thick lines show the trend in the residuals.

Table 2. Estimated parameters for the ﬁtted basal area models and their standard errors (SE) and model ﬁt and validation RMSE (m2 ha−1). Time-based (Equation
1) = mensurational model using time as driving variable. Hybrid (Equation 2) = unmodiﬁed PULS, Hybrid-D = modiﬁed by VPD, Hybrid-W = modiﬁed by soil water,
Hybrid-T = modiﬁed by temperature, Hybrid-F = modiﬁed by frost, and Hybrid-TFDW = all four modiﬁers included. All estimated parameters were signiﬁcant (pvalue < 0.05).
Species
Scots pine

Time-Based
Hybrid
Hybrid-D
Hybrid-T
Hybrid-W
Hybrid-F
Hybrid-TFDW

Norway spruce

Time-Based
Hybrid
Hybrid-D
Hybrid-T
Hybrid-W
Hybrid-F
Hybrid-TFDW

RMSE (m2 ha−1)

Parameter

Model
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate
SE
Estimate

a
4.822
0.017
4.816
0.017
4.816
0.017
4.806
0.016
4.760
0.016
4.806
0.016
4.728
0.016
5.113
0.018
5.089
0.017
5.082
0.017
5.098
0.018
5.092
0.018
5.097
0.017
5.082
0.018

b
0.151
0.006
0.156
0.007
0.151
0.007
0.139
0.006
0.108
0.005
0.139
0.006
0.076
0.006
0.328
0.022
0.303
0.020
0.281
0.018
0.287
0.019
0.195
0.013
0.259
0.017
0.144
0.010

c
0.224
0.006
0.224
0.006
0.228
0.006
0.238
0.006
0.276
0.007
0.238
0.006
0.324
0.007
0.119
0.009
0.137
0.009
0.148
0.009
0.143
0.009
0.192
0.009
0.156
0.009
0.231
0.009

Model ﬁtting
1.404

Validation
1.471

1.393

1.470

1.398

1.473

1.394

1.475

1.396

1.481

1.394

1.475

1.396

1.485

2.507

2.279

2.472

2.242

2.465

2.238

2.483

2.252

2.476

2.194

2.476

2.262

2.485

2.267
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Table 1. Variables and parameters used in the climate modiﬁer calculations.
Parameter or variable
Monthly mean daytime vapour pressure deﬁcit
Canopy response to VPD
Monthly average of the daily temperature
Monthly average of the daily minimum temperature
Monthly average of the daily maximum temperature
Monthly average daytime temperature
Species-speciﬁc maximum, minimum, and optimum temperatures for
photosynthesis:
Pinus sylvestris

Symbol

Unit

VPD
kg
Ta
Ta-min
Ta-max
Tec

mbar
mbar
°C
°C
°C
°C

Soil water modiﬁer coeﬃcient for clay, clay loam, sandy loam, and sandy soils

Tmax, Tmin and
Topt
Tmax, Tmin and
Topt
cθ

Soil water modiﬁer exponent for clay, clay loam, sandy loam, and sandy soils

nθ

Atmospheric pressure
Slope of the saturation vapour pressure curve
Psychrometric parameter
Net radiation
Total shortwave radiation
Intercept and slope of the relationship between Rn and GHI
Photosynthetically active radiation
Monthly precipitation
Interception
Potential evapotranspiration
Actual evapotranspiration
Plant available soil water balance in the root zone at the end of the month
Soil water balance previous month
Potentially plant-available soil water in the root zone
Soil water ratio between S and Φ

Pa
Δ
γ
Rn
GHI
qa, qb
PAR
P
I
E0
E
S
St-1
Φ
rw

Picea abies

Value

Reference

0.05

(Sand 2004)

°C

40, −2, 20

(Kolari et al. 2007)

°C

42, −3, 15

(Bergh et al. 1998)

0.4, 0.5, 0.6,
0.7
3, 5, 7, 9

(Landsberg and Waring
1997)
(Landsberg and Waring
1997)

−90, 0.8

(Landsberg and Sands 2011)

kPa
kPa°C−1
kPa°C−1
kWh m−2
kWh m−2
Wm−2
MJm−2
mm
mm
mm
mm
mm
mm
mm

Figure 4. 140 randomly selected NFI plots, a) yearly radiation sum (MJ m−2) over the measurement period for unmodiﬁed PULS (MJ m−2; blue line), and PULS
modiﬁed by temperature (PULSfT; red line). b) yearly mean temperature (°C) at the same sites. The black lines show linear trends.

where the trend of increased temperature between 1958
and 2017 was captured in the modiﬁed PULS variable. If
just time had been used, the model could not have included
the eﬀects of the increasing temperature and changed
growth conditions as the hybrid model could with the temperature modiﬁer. The same ability to capture changes in
growing conditions could be seen when looking at the
change in growth limitations (Figure 5). The soil water
modiﬁer ( fW) illustrates the ecophysiological response to a
changing climate. Using this and other modiﬁers allows
accounting for climatic conditions during growth predictions

and provide opportunities to evaluate what factors limit
growth the most. As seen in Figure 5a, even under current
climate, soil water is a limiting factor for growth in parts of
southern and eastern Sweden. This eﬀect of water deﬁcit
on productivity is in line with previous ﬁndings and satellite
data, where low precipitation and water availability
decreased production and irrigation had positive eﬀects on
productivity in southern Sweden but not in the north
(Bergh et al. 1999; Bergh et al. 2005; Ruiz-Pérez and Vico
2020). That limitation is either reduced or increased depending on climate scenario.
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Figure 5. Average eﬀect for July of temperature and precipitation changes on the soil water modiﬁer (fW) during a 20-year simulation with altered input climate
data. The dots represent randomly selected permanent sample plots from the Swedish NFI. The panels show scenarios of: (a) current climate, (b) temperature
increased by 4 °C, (c) precipitation increased by 20%, and (d) precipitation increased by 20% and temperature increased by 4 °C.

Figure 6. Relative change of basal area (%) after a 20-year simulation with altered input climate data compared with current climate. The diﬀerent scenarios tested
were increased monthly precipitation by either 10% or 20%, increased monthly temperatures by either 2 °C or 4 °C, and all four combinations of increased temperature and precipitation. All scenarios, except for the 2 °C warming scenario at current precipitation for Norway spruce, were signiﬁcantly diﬀerent (p-value <
0.05) from the unaltered climate scenario.

Against our expectations, there were only minor diﬀerences in precision between the time-based models and the
hybrid models when compared against the validation data
set (Table 2), even in the case on no climatic modiﬁers. Compared with other studies using the PULSE approach, there
was a lack of improvement, pointing to the ability of even
simple models to capture the key dynamics via their empirical
parameters. A reason for this lack of signiﬁcant improvement
in precision could be the long rotations and slow growth of
Scandinavian boreal forests, the main diﬀerence with

respect to previous applications of the PULSE approach
with climatic modiﬁers. Shorter rotations (10-30 yrs) and
faster growth, like those of eucalyptus in Uruguay (RachidCasnati et al. 2020) and radiata pine in New Zealand (Mason
et al. 2011), makes the results more sensitive to weather
ﬂuctuations during and between years. For example, if one
year in a 10-year rotation was characterised by detrimental
growing conditions, this single year would aﬀects 10% of
the rotation. This eﬀect is larger, compared with e.g. a 70year rotation, where a single unfavourable year would only

SCANDINAVIAN JOURNAL OF FOREST RESEARCH

69

Figure 7. Relative change in basal area change (%) after a 20-year simulation with altered input climate data compared with current climate using the hybrid Scots
pine model containing all modiﬁers (Hybrid-TFDW). The dots represent 140 randomly selected permanent sample plots from the Swedish NFI. Scenarios: (a) =
increased temperature increased by 2 °C, (b) = increased precipitation increased by 10%, and (c) = increased precipitation increased by 10% and increased temperature increased by 2 °C.

aﬀect 1.4% of the rotation. Short-term variation has a smaller
eﬀect with longer periods since it evens out in the long run
(Snowdon 2001).
The climatic modiﬁers during the growing season were
close to one in most parts of Sweden, showing that, under
the current climate, the growth conditions captured by
these models did not substantially limit growth. The only
exception was the soil water modiﬁer in south-eastern
Sweden, where summer water deﬁcit limited forest growth
also under the current climate. The low limitation on
growth from these factors could partly explain the lack of
improvement of the hybrid models compared to other modelling approaches.
The lack of improvement could also result from how PULS
was calculated. As described in the materials and methods,
age is not an error-free variable in the Swedish NFI (Elfving
2010; Fahlvik et al. 2014). Since accumulated radiation is
based on the estimated age, errors in the NFI age variable
aﬀect the modiﬁed PULS.

Relevance and uncertainties in the climate modiﬁers
Climatic conditions impacted basal area growth through the
climate modiﬁers, reducing the incoming usable radiation.
These modiﬁers require several input variables, which are
not always directly measurable. Furthermore, to be simple
enough for inclusion in a hybrid model, the modiﬁers
cannot fully represent the complex plant physiological

mechanisms and their responses to growing conditions. For
example, the temperature modiﬁer requires ﬁxed values for
optimum, maximum, and minimum temperature for photosynthesis. These values are potentially variable in space and
time, as trees acclimate to temperature even within a single
season (Way and Yamori 2014; Vico et al. 2019). The eﬀects
of acclimation in the models created in this study and other
models of similar level of complexity need to be investigated
further (Rogers et al. 2017).
The soil water modiﬁer was the most complex modiﬁer to
design and determine, requiring several assumptions and
simpliﬁcations. The calculations of the soil water balance
and the eﬀect of temperature changes on plant-available
soil water through evapotranspiration likely played a role in
the value of soil water modiﬁer, and hence the hybrid
models’ ability to account for soil water availability. Nevertheless, comparing the soil water balance and evapotranspiration to other studies focusing on Sweden showed that the
method used in this paper was reliable (Jaramillo et al.
2013; Destouni and Verrot 2014). To limit data requirements
and ensure easy applicability, we determined water balance
only at the monthly scales, likely obtaining results less accurate than a daily resolution would have oﬀered. A ﬁner temporal scale would better adhere to the processes, thus
reducing the number of simplifying assumptions, but at the
cost of ﬁne-resolution meteorological data and computational eﬀort. Further, there would be a mismatch in time
scales with respect to other factors included in the model.
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Figure 8. Relative change in basal area change (%) after a 20-year simulation with altered input climate data compared with current climate using the hybrid
Norway spruce model containing all modiﬁers (Hybrid-TFDW). The dots represent 140 randomly selected permanent sample plots from the Swedish NFI. Scenarios:
(a) = increased temperature increased by 2 °C, (b) = increased precipitation increased by 10%, and (c) = increased precipitation increased by 10% and increased
temperature increased by 2 °C.

Under current climate, the most important modiﬁer in the
hybrid models was the temperature modiﬁer. It captured the
response to temperature during the growing season and,
implicitly, also large variations in growth period length
across locations and under diﬀerent climate scenarios. The
hybrid model can capture the variation in growing season
length by responding to the temperature increase during
spring and decreased temperatures in autumn. This is an
important feature to increase prediction precision today
and for long-term predictions where climate change is
expected to increase temperatures and growth period
length (SMHI 2020a).

Response to climate change
The sensitivity analysis showed that the hybrid models were
sensitive to changes in climatic conditions, and the responses
were in line with those expected for the region. On average,
increasing temperature alone positively aﬀected basal area
development but with large variation (Figure 6). The eﬀects
were positive in northern and western Sweden and negative
in southern and eastern regions. These results partly agree
with previous studies ﬁnding that temperature is currently a
limiting factor to growth in northern Europe (Bergh et al.
1999; Allen et al. 2010) and that the accelerating height
growth can partly be explained by increased temperatures
(Mensah et al. 2021). If the VPD and soil water modiﬁers
were omitted, the eﬀect of increasing temperature would

be exclusively positive, at least for the scenarios explored
here. Temperatures would get closer to the optimum for
photosynthesis, resulting in lower production limitations
(Cannell 1989), and higher temperatures in spring and
autumn also prolong the growing season. However, the
hybrid models in this study also account for water availability
and vapour pressure deﬁcit. With increasing temperature,
both these factors reduce production. Thus, including each
factor aﬀected by increasing temperature in the model was
necessary. The overall result was that growth was negatively
aﬀected by increasing temperature where the available water
cannot support increased evapotranspiration, like in parts of
southern and eastern Sweden. These results agree with
results based on large-scale data analysis, suggesting that
increased temperatures can reduce forest production in the
southern parts of northern European boreal forests because
increased temperatures lead to less plant-available soil
water (Ruiz-Pérez and Vico 2020).
The eﬀect of temperature on soil water availability was
also well illustrated in Figure 5b. If temperature increased
without any precipitation change, the resulting increase in
evapotranspiration would lead to lower available soil water
and reduced growth. Previous studies have shown the
same trend of reduced productivity due to higher temperatures and less available soil water (Ruosteenoja et al. 2018;
Belyazid and Zanchi 2019). These results indicate what
could happen to forests in northern Europe if summer temperatures increase and precipitation remains stable. A
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concurrent decrease in precipitation (or lengthening of dry
periods) would lead to even further reductions in growth.
The drought of 2018 was an example of this when severe
water deﬁcit, caused by high temperature and low rainfall,
reduced forest productivity in central and northern Europe
(Peters et al. 2020). Such weather extremes have and will
become more frequent in the future (Coumou and Rahmstorf
2012; Toreti et al. 2019), highlighting the need for predicting
the eﬀects of such extreme weather events and planning
future management to reduce their impacts.
If summer precipitation was to increase along with temperature, the adverse eﬀects of increased temperature (and
hence evapotranspiration) could be counterbalanced, as
seen in Figure 5d. The positive production response would
then result from more frequent optimal temperatures and
fewer frost days. There would still be a clear diﬀerence
between southern and northern Sweden, with a higher production increase in the north (Figure 7c) because of more
limitations from temperature under current climate.
Increasing precipitation with unchanged temperature
positively impacted basal area growth since it reduced
water deﬁcit limitation. Lower deﬁcits allowed more of the
available sunlight to be used in photosynthesis. That would
increase growth, following the light use eﬃciency theory
(Waring et al. 2016). The eﬀects were highest in southern
and eastern Sweden, where it was drier, and water was
already a limiting factor during the summer months with
current climate.
Signiﬁcant diﬀerences in response to altered climatic conditions between the two species-speciﬁc hybrid models show
the importance of including species diﬀerences. The diﬀerence in response between Scots pine and Norway spruce
was mainly due to diﬀerent temperature responses, as captured by the parameter values for optimum, maximum, and
minimum temperature in the temperature modiﬁer and the
diﬀerent parameterisation data. However, there was no signiﬁcant diﬀerence between the species when only precipitation changed. Since Norway spruce is a more droughtsensitive species (Zang et al., 2012), one could expect that
the decreased water deﬁcit from increased precipitation
would have a greater positive eﬀect on Norway spruce than
Scots pine. It is thus important to consider species-speciﬁc
water use strategies and responses to water deﬁcit to
capture the eﬀects of changes in climatic conditions.

Conclusions
In the face of climate change, it is necessary to explicitly
include the role of climatic conditions in forestry models,
for accurate predictions and correct management choices.
We developed and parameterised hybrid physiological/mensurational models for basal area for Scots pine and Norway
spruce. Despite the added complexity and absence of
increased precision compared with empirical mensurational
models, the ability to respond to climate changes in an ecophysiological manner makes the hybrid models developed
in this study an excellent alternative. Simulations using
these hybrid models and other studies suggest that precipitation and temperature changes expected under climate
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change will signiﬁcantly impact forest productivity, with positive or negative outcomes depending on local conditions.
These results showed the importance of taking climate
change and local variation into account when making longterm predictions. Therefore, hybrid models could be an
essential tool for more robust predictions of how forests
will be aﬀected by a changing climate. A way to further
improve the hybrid models could be to implement measurements of leaf area index (LAI). Implementation of LAI in water
balance calculations and estimation of absorbed radiation
could result in better ecophysiological accuracy and further
reinforce the models’ species and site adaptation. However,
implementing LAI would require better and more widely
available estimates of LAI than were available for this study.
Also, for more accurate long-term predictions of all forests
in northern Europe, hybrid models for other species and management regimes than conifer monocultures managed
through a clear-cutting system need to be developed.
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