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Claes-Göran Alriksson b, Martin Goude c,4, Johan Bergh a,5

a Linnaeus University, Faculty of Technology, Department of Forestry and Wood Technology, Växjö SE-35195, Sweden
b Linnaeus University, Faculty of Health and Life Sciences, Department of Biology and Environmental Science, SE-Kalmar 39182, Sweden
c Swedish University of Agricultural Sciences, SLU, Faculty of Forest Sciences, Unite of Field-based Forest Research, Åbacken 104, Simlångsdalen SE-31396, Sweden

A R T I C L E I N F O

Keywords:
Forest fertilisation
Plant nutrition
Picea abies
Anthropogenic deposition
Nutrient limitation

A B S T R A C T

Nutrient limitation of forest growth, especially nitrogen (N) deficiency, is widespread in the boreal region. N
fertilisation has thus become a common silvicultural practice in Fennoscandian Norway spruce stands, but to
what extent phosphorus (P) is co-limiting productivity and how initial basal area affects the growth response to N
addition remains unresolved. To address these questions, two experiments were established in mid-rotation
Norway spruce stands in southern Sweden where decades of high atmospheric N deposition have reduced the
severity of N-limitation. In a P experiment initiated in 2011, we tested P addition alone (two applications of
200 kg P ha− 1) and in a second study also starting in 2011 (NP experiment), a single dose of N was administered
alone (200 kg ha− 1 in thinned and unthinned stands, hereafter called N and N-unthinned treatments) and in
combination with P (N+P = one-time 200 kg N ha− 1, two applications of 200 kg P ha− 1 in thinned stands). P
addition alone increased PAI (periodic annual increment) significantly by 21% during the first, moister
assessment period up to 2014 and by 18% in the drier 2015–2019 period, resulting in a 10% increase in final
stem volume yield. In the NP experiment, significant PAI increases under favourable meteorological conditions
up to 2014 occurred in all fertilisation treatments. The strongest effects were seen in the N-unthinned treatment
while no significant additive effect resulted from the joint addition of N and P (N: +20%, N-unthinned: +38%,
N+P: +23%). In the drier 2015–2019 period, only the N+P treatment caused significantly greater PAI (+29%).
Final stem volume yield in the NP experiment significantly increased by 10%, 39% and 16% in the N, N-
unthinned and N+P plots, respectively. In both experiments, foliar P and thus P/N rose drastically in response to
P addition alone or in combination with N. Minor increases in leaf area index (LAI) only occurred in P-containing
treatments. Our findings indicate that Norway spruce productivity in southern Sweden is constrained to a similar
extent by both N and P. Sustainable nutrient management in Norway spruce growing regions with high N loading
(like southern Sweden) should prioritise P over N supply.

1. Introduction

The growth of boreal cold-temperate forests is often limited by low
soil nutrient availability, especially nitrogen (N) (Tamm, 1991).
Therefore, nutrient addition commonly results in a marked growth
stimulation in northern forests (Bergh et al., 1999; Saarsalmi and

Mälkönen, 2001; Tamm, 1991). Trees growing in nutrient-poor condi-
tions usually respond quite strongly to fertilisation as an improved
supply of nutrients gives rise to a greatly expanded needle mass and thus
increased photosynthetic carbon (C) assimilation and productivity
(Cannell, 1989). Without other strong limitations, increased photosyn-
thesis is directly proportional to tree growth and biomass accumulation.
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The nutrient-driven stimulation of photosynthesis is not only due to an
enlargement of the leaf area but also to enhanced photosynthetic effi-
ciency through increases in chlorophyll and Rubisco concentration and
activity (Manter et al., 2005). This means that the photosynthetic effi-
ciency typically increases under elevated N supply compared to an
unfertilised stand of average nutritional status and production capacity
(Roberntz and Stockfors, 1998). The greater stemwood production is
also partly explained by changes in resource allocation between below-
and aboveground biomass (Axelsson and Axelsson, 1986). Improved soil
nutrient availability tends to reduce a tree’s investment belowground
(root growth, rhizosphere symbionts, exudation) while allocating more
resources to aboveground organs (needles, branches, trunk). Fertilisa-
tion of Norway spruce and Scots pine with 150 kg N ha− 1 in mid-to
late-rotation stands stimulates growth usually by 10–20m3 ha− 1 in
Sweden and Finland (Ingerslev et al., 2001; Jacobson and Pettersson,
2001; Saarsalmi and Mälkönen, 2001). In Sweden, the fertiliser-induced
growth stimulation is greater in the northern part of the country
compared to the South (Bergh et al., 1999) and lasts for 6–10 years with
a slightly longer fertiliser effect for Norway spruce than for Scots pine
(Pettersson and Högbom, 2004).

The anthropogenic deposition of N has been high for many decades in
Sweden but has decreased somewhat in the last 10 years and is commonly
lower than in many European countries (Bertills and Näsholm, 2000;
Karlsson et al., 2022). However, atmospheric N deposition varies greatly
across Sweden, with the highest rates around 15 kg ha− 1 y− 1 occurring in
the southwest but significantly lower loads in the central and northern
parts of the country (Karlsson et al., 2022). The long-term N deposition
has certainly reduced the degree and severity of N limitation in soils,
especially in southern Sweden, but it remains uncertain to what extent
this has alleviatedN constraints to growth, not least because of the strong
influence of humus type on N availability (Ericsson, 1995). In reforested
areas situated on former agricultural land where chronic N enrichment
has led to the accumulation of large soil nutrient legacies (Svensson et al.,
2023b), high atmospheric N deposition may even result in N saturation
and/or N leaching when N inputs exceed the retention capacity of the
system. A set of thinning and fertilisation experiments starting in the
1960s in Scots pine and Norway spruce plantations across Sweden,
covering a range of climate and site conditions, showed no growth
response to N fertilisation in Norway spruce stands in southern Sweden
(Bergh et al., 2014). At sites where water limitation can be ruled out, this
indicates either N saturation or that nutrients other than N are limiting
growth, e.g. phosphorous (P). Additional growth effects have sometimes
been achievedwhenNwas applied frequently at rather high doses, either
separately or in combination with P and potassium (K) (Albrektson et al.,
1977; Dralle and Larsen, 1995; Harrington and Wierman, 1990; Tamm
et al., 1999). However, numerous studies in the boreal region have been
unable to demonstrate additional growth stimulation linked to P and K
supplementation suggesting no current shortage of these elements
(Harrington and Devine, 2011; Newton and Amponsah, 2006; Nilsen and
Abrahamsen, 2003). But nutrient deficienciesmay develop over time, for
example Akselsson et al. (2008) demonstrated progressive P-limitation in
Norway spruce stands in south-central Sweden exposed tohighN loading,
which could be reversed by P addition. Nilsen (2001) proposed that the
effects of additional nutrients in combination with N on growth and
biomass production may be more significant in younger forests. For
Norway spruce this has recently been demonstrated across large parts of
Sweden (Blaško et al., 2022; Svensson et al., 2023a).

To shed light on the role of P in Norway spruce growth, alone and in
combination with N, a set of experiments was established in 2011 in
mid-rotation stands (30 – 38 years old) in southwest Sweden, where the
highest atmospheric N deposition in the country occurs, which mitigates
the widespread N limitation to some extent (Bahr et al., 2015; Karlsson
et al., 2022). In a nested sub-experiment, we also tested the interaction
between thinning and N addition in relation to growth, but for logistical
reasons we restricted this to N fertilisation as this is used operationally in
Fennoscandian forest management.

The objectives of this study were to (i) determine the growth
response to P addition in mid-rotation Norway spruce stands in south-
west Sweden, (ii) evaluate the growth response to N alone and in com-
bination with P, (iii) examine the interactive effect of thinning and N
fertilisation on spruce growth and (iv) provide forest practitioners with
guidelines for N and P application.

2. Material and methods

2.1. Field site

This study was done in mid-rotation stands of Norway spruce (Picea
abies (L.) Karst.) planted between 1974 and 1983 at the Tönnersjöheden
Forest Research Park in the boreo-nemoral zone in southwest Sweden
(56◦ 41’ – 42’ N, 13◦ 6’ – 7’ E; Fig. 1, Table 1). This area has a relatively
high atmospheric N deposition of 14.5 kg N ha− 1 yr− 1 (Karlsson et al.,
2022). Situated at an elevation between 70 and 120m above sea level,
the sites are characterised by various types of podzol (IUSS Working
GroupWRB, 2015) overlying glaciofluvial parent material with a C/N of
25 in the organic horizon (Almeida et al., 2019). O-horizon thickness
varied between 5 and 20 cm. The A-horizon was between 5 and 10 cm in
depth, followed by a ca. 3 cm wide E-horizon (eluvial horizon). The
B-horizon varied in depth between approximately 15–25 cm followed by
the undisturbed C-horizon. The pH (H2O) at the experimental sites
varied between 4.4 and 4.7.

2.2. Experimental design and treatments

This study consisted of two separate experiments, a P experiment,
where P alone was added to the plots and an NP experiment, where N
alone and in combination with P was added. The P experiment was made
up of 12 plots, arranged into six blocks, each consisting of a control (C)
and a phosphorus-treated (P) plot, all of which were thinned in October-
November 2010 (Table 1). P was applied twice as superphosphate in
September 2011 and July 2012 at a dose of 200 kg P ha− 1 (Table 2).

The NP site contained an additional treatment as a sub-experiment
where N was added to unthinned stands to test the interaction be-
tween thinning and N fertilisation. For logistic reasons, we confined this
to the addition of N as this is a commonly used practice in forestry. Prior
to the start of the experiment in October-November 2010, all NP plots
were thinned, except the N-unthinned plots (Table 1). The NP experi-
ment consisted of 24 plots arranged in six blocks comprising the
following 4 treatments: thinned control stands (C), N-fertilised thinned
stands (N) using one application of 200 kg N ha− 1, N-fertilised unthin-
ned stands (N-unthinned) using one application of 200 kg N ha− 1, N and
P fertilisation in thinned stands (N+P) using 200 kg N ha− 1 once plus
200 kg P ha− 1 applied twice (Table 2). N was applied as ammonium
nitrate in July 2011 and P as superphosphate in July 2011 and July
2012. The area of the plots ranged between 0.065 and 0.1 hectare, which
was accounted for when estimating the area-based growth.

2.3. Tree measurements and growth

Tree height and diameter at breast height (DBH, 1.3 m above ground)
were measured three times starting in 2009 in the NP experiment and in
2011 in the P experiment, followed by assessments at the end of the 2014
and 2019 growing seasons to calculate the standing volume and periodic
annual increment (PAI). The DBH of each tree was measured crosswise
using callipers and height was determined in a subsample of trees in the
plots. Brandel’s volume function (Brandel, 1990) was used to calculate
the volume per tree in order to derive amean stem volume per hectare for
each plot. Growth was assessed as periodic annual increment (PAI) per
stem, by calculating the difference in volume over the period between
measurement dates. The first period comprised the start of the respective
trial to 2014 and the second from 2015 to 2019.
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2.4. Needle nutrient sampling and analysis

One-year-old needles were collected from the upper part of the green
crown of 5 dominant or subdominant trees within a treatment at the end
of the 2012, 2013 and 2016 growing seasons. Needle samples were
merged (ca. 100 g dry weight) and their N concentration was deter-
mined using an elemental analyser (CNS-2000, LECO Corp., St. Joseph,
MI, USA) and inductively coupled plasma (ICP) mass spectroscopy
(Optima 7300 DV ICP-OES, PerkinElmer Inc., Waltham, MA, USA) was
used to measure P concentration. The foliar P/N ratio was expressed as a
percentage of P to N on a mass basis.

2.5. Soil sampling and analysis

Soil was sampled from all 12 P plots (6 controls and 6 P-fertilised)
and in the control plots of the NP experiment on February 13 and 14 in
2023. The N and NP plots had been fertilised recently as part of a sub-
sequent study and were therefore excluded. Soil was sampled along two
parallel transects along the length of the plots. Ten subsamples were

collected and merged into one composite sample per plot. Approxi-
mately 100 g mineral soil from 0 to 20 cm depth was collected after
removing the humic layer in each subsample. The soil was sieved on site
(8 mm mesh size).

The soil samples were kept in the refrigerator until the following day
and then analysed for phosphate, nitrate and ammonium. The soils were
extracted with 0.2 M KCl and centrifuged at 5000 rpm. The H2PO4

–, NO3
–

and NH4
+ in the supernatant was analysed using colorimetric Hach-

Lange kits (LCK 349, LCK 339, LCK 309, respectively) and a spectro-
photometer (DR 3900, Hach Lange, Düsseldorf, Germany). Soil pH
(H2O) was analysed in the extract (soil/solution 1:5). Soil P was barely
detectable in the control plots, whereas the soil P concentration was on
average 1.6 µg g− 1 P in the P-fertilised plots (Table 3). Total soil N
availability was similar in all sampled plots with a somewhat larger
share of NO3

– relative to NH4
+ in the P plots, while these two inorganic N

compounds occurred in similar proportions in the control soil of the NP
experiment (Table 3).

Soil water content and water-holding capacity (WHC) were deter-
mined by water saturation for approximately 36 hours and drying at 105
◦C for 12 hours. Gravimetric soil moisture was above 20 % in all plots
and mass based WHC was greater than 50 % in all plots (Table 3).

To examine the texture, soil was taken from the 12 plots (6 C and 6 P
plots) in the P experiment and the control plots of the NP experiment and
dried at 105 ◦C for 24 hours. Approximately 200 g mineral soil of each
sample was sieved to four fractions (> 4 mm, 4 – 2 mm, 2 – 0.25 mm, <
0.25 mm) for 10 minutes and then the different fractions were weighed.
The soil at the P site is derived from glacial sediments with silty-sandy
texture and less than 10 % gravel. The soil of the NP site had a similar
silty-sandy texture but was more strongly influenced by moraine mate-
rial which was reflected in a larger proportion of gravel (> 10 %).

2.6. LAI

Leaf area index (LAI) was determined by indirect leaf area mea-
surement as auxiliary data at 60 points per plot in April 2023. These
points were systematically distributed along two diagonal transects (30
points per transect). This optical method comprised recordings of diffuse
sky radiation using a plant canopy analyser (LAI-2200 C, LI-COR,
Lincoln, NE, USA). The LAI measurements were corrected to better
represent the true LAI of the stand, using correction functions developed
by Goude et al. (2019).

2.7. Climate and metrological data

Climate and soil temperature data was obtained from the weather
station near the Tönnersjöheden Forest Research Park in Simlångsdalen,
as part of a climatemonitoring programwithin the Swedish University of
Agricultural Sciences Unit of Field-based Forest Research. Data acquisi-
tion and management follows the standard World Meteorological Orga-
nisation (WMO) protocols. Mean annual precipitation in the area is
1064 mm and the mean annual temperature is 6.4 ◦C (Hedwall et al.,
2017). The 3-month standardized precipitation-evapotranspiration
index (SPEI) was calculated to characterise dry and wet conditions dur-
ing the studyperiod (Fig. 2, R package SPEI, Vicente-Serrano et al., 2010).

2.8. Statistical analysis

All statistical analyses were performed in the R software environ-
ment (R Core Team, 2023). PAI and foliar N, P and P/N ratios were
analysed as a function of the assessment period, fertiliser treatment, and
their interaction using linear mixed effects (LME) models with ‘block’ as
random term (R package nlme, Pinheiro et al., 2023). Stem volume and
LAI were analysed in the same manner with fertiliser treatment as the
sole explanatory variable because these response variables were only
assessed once at the end of the study. Graphical model validation tools
(residuals plots) were used to assess the underlying assumptions of

Fig. 1. Map of Sweden (GSD-Maps of Sweden © Lantmäteriet) showing the
location of the P and NP experiments at the Tönnersjöheden forest
research park.
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normally distributed errors and variance homoscedasticity. The LMEs
for PAI showed no gross violations of the model assumptions. Hetero-
scedasticity occurred in the LME for stem volume yield in the P exper-
iment and was modelled using an exponential variance function
(varExp) with fertilisation treatment as grouping variable (stratified
variance modelling by treatment group; R packge nlme, Pinheiro et al.,
2023). In the P experiment, heteroscedastic error patterns in the LMEs
associated with the foliar N concentration were modelled using an
exponential variance function (varExp). In case of the foliar P concen-
tration, a combination of a power variance function (varPower) and a
constant variance function (varIdent) allowing different variances across
treatment groups, were used. In the LME related to the P/N ratio, het-
eroscedasticity was modelled using an exponential variance function
(varExp) with ‘year’ as grouping variable. In the NP experiment, the LME
associated with leaf N showed homogeneous errors. Heteroscedasticity
in the LME for leaf P was dealt with using a constant variance function
permitting differing variance among treatment groups (varIdent), while
a power variance function (varPower) was used in the P/N analysis. In
the LME for the LAI related to the P experiment, heteroscedasticity was
modelled using an exponential variance function (varExp) with fertil-
isation treatment as grouping variable.

The significance of the fixed effects was determined using a back-
wards selection approach based on likelihood ratio tests. To minimise

disruption of the reading flow, we report the degrees of freedom of the L-
statistic as subscript. Post hoc testing was performed using Tukey con-
trasts to determine significant differences at α = 0.05 between the
different fertilisation treatments (R package emmeans, Lenth, 2023).

3. Results

3.1. Meteorological conditions

The SPEI values indicated rather moist conditions until the end of
2014, followed by an intermediate year, and a relatively dry period from
2016 – 2019 (Fig. 2). The lowest SPEI values, around − 1.5, occurred in
2018 and in the beginning of 2019 in the wake of the severe pan-
European 2018 summer drought.

Throughout the study, mean monthly air temperature during the
May–September growing season ranged between 8.9 ◦C (May 2015) and
19.3 ◦C (July 2018). Soil temperature at 20 cm depth never dropped
below the freezing point with a winter minimum of 0.2 ◦C and summer
maximum of 18 ◦C (Fig. 2). Monthly precipitation varied between
8.5 mm (July 2018) and 214 mm (September 2012) during the study
period (Fig. 2).

Table 1
Stand age, site index (SI), quadratic mean diameter (QMD), Lorey’s mean height (HL), basal area (BA) and standing volume (V) prior to the start of the nutrient
treatments. The two right-most, grey-shaded columns give the basal area and standing volume removed by the pre-treatment thinning. Means ± standard error.
C = unfertilised control, N = N fertilisation, N+P = joint N and P addition, N-unt = N fertilisation in unthinned stands, P = P fertilisation.

Stand characteristics Removal 

Experiment Treatment Age 
(years) 

SI 
(m)

QMD 
(cm)

HL
(m)

BA  
(m² ha-1)

V  
(m² ha-1) 

BA  
(m² ha-1)

V  
(m² ha-1)

NP C 31.4 ± 0.6 33.4 ± 0.7 14.9 ± 0.6 13.5 ± 0.3 17.0 ± 0.1 116.9 ± 2.9 5.3 ± 0.9 35.1 ± 7.4

NP N 30.6 ± 1.0 34.4 ± 0.7 15.5 ± 0.5 14.1 ± 0.5 17.0 ± 0.0 122.1 ± 4.0 6.5 ± 0.5 44.8 ± 4.1

NP N+P 30.5 ± 0.8 34.3 ± 0.7 15.5 ± 0.4 13.8 ± 0.3 16.9 ± 0.1 118.7 ± 2.3 6.8 ± 0.6 45.8 ± 4.8

NP N-unt 31.7 ± 0.5 34.6 ± 0.6 15.3 ± 0.2 14.4 ± 0.2 25.3 ± 0.4 186.5 ± 4.9 0.1 ± 0.1 0.4 ± 0.4 

P C 38.0 ± 0.0 31.5 ± 0.4 15.8 ± 0.3 15.0 ± 0.3 22.1 ± 0.8 171.0 ± 9.4 0.0 ± 0.0 0.4 ± 0.3 

P P 38.0 ± 0.0 31.5 ± 0.6 15.8 ± 0.4 15.0 ± 0.3 23.1 ± 0.7 178.1 ± 8.3 0.1 ± 0.0 0.7 ± 0.4 

Table 2
Summary of the added nutrients and their quantities (kg ha− 1), the commercial products used and their timing of application to the respective treatments.
N* = Nitrogen thinned and Nitrogen unthinned.

Year Plot Product 1 Product 2 N P Ca Mg S B

2011 N* Yara Skog-CAN 200 0 37 18 0 1.5
2012 N* 0 0 0 0 0 0
Total N* 200 0 37 18 0 1.5
2011 NP Yara Skog-CAN Yara Superfosfat P20 200 200 37 18 12 1.5
2012 NP Yara Superfosfat P20 0 200 0 0 12 0
Total NP 200 400 37 18 24 1.5
2011 P Yara Forforiravinne 1–9–0 Ca 22 200 140 0 222 0
2012 P Yara Superfosfat P20 0 200 0 0 12 0
Total P 22 400 140 0 234 0

Table 3
Soil phosphorous, nitrate and ammonium concentration as well as gravimetric water content (GWC) and water holding capacity (WHC) in 2023 in control and
P-treated plots of the P trial and the control plots of the NP trial. Means ± standard deviation (n = 6).

Experiment Treatment P
(µg g− 1)

NO3
-

(µg g− 1)
NH4

+

(µg g− 1)
GWC
(%)

WHC
(%)

Share of particles
(< 0.2 mm)

P C 0.1 ± 0.02 1.2 ± 0.1 0.8 ± 0.1 22.8 ± 2.0 57.8 ± 3.2 38.4 ± 5.3
P P 1.6 ± 1.1 1.2 ± 0.1 0.5 ± 0.1 21.4 ± 2.3 52.2 ± 1.7 38.1 ± 3.4
NP C 0.03 ± 0.01 0.8 ± 0.2 0.9 ± 0.3 27.7 ± 3.9 56.7 ± 3.9 33.5 ± 6.3
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3.2. Tree growth

In the P experiment, there was no significant treatment × year
interaction on PAI (L1 = 1.55, P = 0.21) but both main effects were sta-
tistically significant. Adding 200 kg Pha− 1 to the strongly P-deficient soil
(Table 3) increased PAI by 21 % (+ 3.74 m3 ha− 1 yr− 1) relative to the
control from 2011 to 2014 and by 18 % (+ 2.63 m3 ha− 1 yr− 1) in the
2015–2019 period (L1 = 23.52, P < 0.001; Fig. 3A). Irrespective of
treatment, PAI was 24 % higher in the moister first period than in the
following markedly drier period (Figs. 2 and 3 A; L1 = 28.79, P < 0.001;
Fig. 3A). The P-driven stimulation of PAI resulted in a significantly larger
stem volume compared to the control (+ 10 %, L1 = 3.86, P = 0.049;
Fig. 3B).

In the NP experiment, conducted on severely P-depauperate soil
(Table 3), we found a significant treatment× year interaction on PAI (L3
= 16.01, P = 0.001). In the 2009–2014 period, a post hoc analysis
revealed that all fertiliser treatments increased PAI significantly relative

to the control (Fig. 3C). The peak increase of 38 % occurred in the N-
unthinned treatment (+ 6.8 m3 ha− 1 yr− 1), which was significantly
higher than the 20 % increase in PAI observed in the N treatment (+
3.6 m3 ha− 1 yr− 1) but did not differ significantly from the 23 % PAI
increase following N+P addition (+ 4.0 m3 ha− 1 yr− 1).

In the second, notably drier period between 2015 and 2019, the N
and N-unthinned treatments produced virtually no extra growth
compared to the unfertilised control while N+P addition caused a sig-
nificant increase in PAI of 29 % (+ 5.3 m3 ha− 1 yr− 1; Fig. 3C). At the
final assessment in 2019, the stem volume of standing trees was signif-
icantly greater in all treatments compared to the control (L3 = 53.8, P <

0.001). N-addition alone increased stem volume by 10 % in thinned
plots and by ca. 39 % in unthinned stands, while the joint application of
N+P resulted in a 16 % increase in stem volume in thinned plots
(Fig. 3D).

3.3. Needle N, P and P/N

In the P experiment, P addition caused a small increase in foliar N
compared to the control in 2012 (+11 %) and 2013 (+8 %) but not in
2016, and on a whole this trend did not result in a significant treatment
× year interaction at an alpha level of 0.05 (L2 = 4.99, P = 0.082). In a
simplified model without interaction term, the main effect of P addition
on foliar N was also not significant (L1= 2.71, P = 0.099). Overall, foliar
N showed a significant decrease over time from around 1.5 to 1.2 %
(main effect of assessment year: L2 = 30.54, P < 0.001; Fig. 4A). As
anticipated, P fertilisation strongly increased foliar P concentration
relative to the control, but the effect size varied across years from 2.5 to
3.4-fold (smallest increase in 2016) resulting in a significant treatment×
year interaction (L2 = 20.97, P < 0.001; Fig. 4 B). P addition strongly
increased foliar P/N ratios and this effect varied with time resulting in a
significant treatment× year interaction (L2= 11.87, P = 0.003; Fig. 4C).
In the control trees, foliar P/N ranged between 7.3 and 7.5 while needles
from P-treated trees showed values between 18.4 and 23 (Fig. 4C). In the
NP experiment, we detected a significant treatment × year interaction
on foliar N concentration (L6 = 31.83, P < 0.001; Fig. 4D). The largest
treatment effect occurred in 2012, when N-fertilised trees showed the
highest foliar N, significantly exceeding control values by 31 %
(Fig. 4D). Trees in the N-unthinned treatment also showed significantly
higher foliar N compared to the control (+16 %) while the N+P treat-
ment did not result in statistically significant differences (Fig. 4D). In
2013, the strongly elevated foliar N in the N-treatment had vanished and
only the trees in the N-unthinned treatment showed significantly higher
needle N relative to the control (+14 %, Fig. 4D). In 2016, all treatments
showed similar foliar N values around 1.3 % (Fig. 4D). Foliar P con-
centrations did not differ significantly among the control, N and N-
unthinned treatments (ca. 840 – 1040 mg kg− 1) but were between 2.3
and almost three times greater in needles of trees receiving N+P
(Fig. 4E). As this pattern was consistent across assessments, there was no
treatment × year interaction (L6 = 5.72, P = 0.455) but both main ef-
fects were statistically significant (fertiliser treatment: L3 = 34.13, P <

0.001; year: L2 = 19.95, P < 0.001). Foliar P/N also exhibited a signif-
icant treatment × year interaction (L6 = 12.85, P = 0.045). The N+P
treatment invariably resulted in greatly elevated P/N ratios between
13.6 and 16.4 across years, while the values in the other treatments
remained consistently below the critical P/N ratio of 10 (indicating a
shift towards P-limitation), albeit with some statistically significant
differences in the first year of assessment (Fig. 4F).

3.4. LAI

In the P experiment, P addition resulted in a small but statistically sig-
nificant increase in LAIof 5 %roughly10years after application (L1=3.96,
P = 0.047, Fig. 5 A). In the NP experiment, we also found a significant
overall treatment effect (L3=51.03,P<0.001, Fig. 5B). Thegreatest LAI of
12.3 occurred in the N-unthinned treatment and a post hoc comparison

Fig. 2. 3-month Standardized Precipitation-Evaporation Index (SPEI), daily
global radiation (RG) during the growing season, air temperature at 1.7 m
height (Tair), soil temperature at 20 cm depth (Tsoil), and monthly precipitation
near the study site. The red line in the Tair plot indicates daily means and the
surrounding grey area gives the daily minima and maxima.
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showed that it was significantly higher than LAI values in the remaining
treatments, corresponding to a 27 % increase over the control, 22 % over
the N treatment and 15 % over the N+P treatment. The second highest LAI
of 10.7 was seen in the N+P treatment, whichwas significantly larger than
the LAI in the control and the N treatment (Fig. 5. B).

4. Discussion

4.1. Tree growth

When it comes to nutrient amendments in boreal forests, the focus
has traditionally been on N, while P has received far less attention so far
despite meta-analytic evidence that P limitation is equally pronounced
as N limitation (Elser et al., 2007) and models suggesting that this would
occur in south-western Sweden (Akselsson et al., 2008). In this study, we
set out to assess whether P availability constrains Norway spruce pro-
ductivity in southern Sweden and to examine the extent of co-limitation
with regard to N. During the first assessment period until 2014, indi-
vidually added P and N produced similar growth increases of around
20 % in our two experiments (Fig. 3), while the combined application of
N and P in the NP experiment failed to stimulate productivity further.
This hints at sub-additive independent co-limitation according to the
widely accepted framework of nutrient co-limitation by Harpole et al.
(2011), i.e. both N and P applied individually stimulate growth, but the
effect of the joint addition of N and P is smaller than the sum of the
individual responses. However, since our NP experiment lacks a pure P
treatment, we cannot provide conclusive evidence of sub-additive in-
dependent co-limitation, as this requires a full factorial experiment to
avoid confounding. The level of the N-driven growth stimulation in
thinned stands in our study is about a third lower than the ca. 30 %
(10–20 m3 ha− 1) commonly achieved with the traditional one-time
fertilisation late in the rotation (Hedwall et al., 2014; Ingerslev et al.,
2001). Stand developmental stage certainly plays a role in this context,
with younger Norway spruce stands (~ 20 years) responding more
vigorously to elevated N supply (Blaško et al., 2022; Svensson et al.,
2023a) and therefore one might anticipate stronger fertilisation effects

in our study. Blaško et al. (2022) showed that long-term N-addition in
young Norway spruce stands in central and southern Sweden increased
aboveground biomass C accumulation 1.5 times more than belowground
(predominantly stumps and coarse roots > 2 mm), while fine root
biomass surprisingly remained unchanged. Soil N enrichment resulting
from long-term elevated atmospheric N deposition (Bertills and
Näsholm, 2000; Karlsson et al., 2022) has partly eliminated the wide-
spread N deficiency in the wider study region (as suggested by the
relatively high initial site indices), which may largely explain the
lower-than-expected growth stimulation. This notion agrees with the
study by Bergh et al. (2014) that found no overall N-related growth
stimulation in response to long-term fertilisation in Norway spruce
stands predominantly located in southern Sweden. The authors ascribed
the lacking N growth response to high initial site fertility either resulting
from anthropogenic N loading or due to natural causes such as edaphic
conditions. This area of Sweden typically features soils with a strong
accumulation of organic matter, which can accumulate N over time. In a
re-fertilisation study using long-term N-addition trials in mature Scots
pine and Norway spruce stands across Sweden, N supply alone (2–14
years after the previous application) increased growth on average by
57 %, while its combination with P, K and magnesium produced only
insignificant growth gains (Jacobson and Pettersson, 2001). This lack of
an increase in effect size with joint N and P application relative to pure N
application reported by Jacobson and Pettersson (2001) is in line with
our findings after the first assessment under favourable weather condi-
tions (but see discussion below related to the drier period during the
second assessment). However, similar to our NP experiment, Jacobson
and Petterson’s (2001) study did not include the addition of P alone and
therefore independent co-limitation by N and P could not be reliably
established.

Nitrogen addition to soils may increase P availability and uptake
through an upregulation of phosphatase activity and thus delay or
alleviate P limitation (Arenberg and Arai, 2021; Marklein and Houlton,
2012). Reductions in soil pH resulting from long-term N fertilisation
(Högberg et al., 2006) can have the opposite effect on the availability of
P, as it becomes increasingly immobilised by aluminium (Al3+) and iron

Fig. 3. Periodic annual increment (PAI) of Norway spruce during the two periods 2011–2014 and 2015–2019 in the P experiment (A) and stem volume of standing
trees at the time of the final assessment in 2019 (B). PAI in the NP experiment for the time spans 2009–2014 and 2015–2019 (C) and stem volume of standing trees in
2019 (D). Means ± standard errors, n = 6 blocks. Different lower-case letters indicate statistically significant differences α = 0.05 (post hoc analysis based on
Tukey contrasts).
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(Fe3+) ions. The unchanged foliar P levels in the N treatments relative to
the control seen in our NP experiment support neither of the above
scenarios (Fig. 4 E). Given the low soil pH at our sites (4.4 – 4.7) together
with the strong P deficiency, one would expect P immobilisation to
prevail and thus the steady foliar P values could be indicative of a dy-
namic equilibrium between P mobilisation and immobilisation. How-
ever, suboptimal foliar P/N ratios in the N treatments of our NP
experiment clearly indicate imbalances in P:N stoichiometry, which
could only be eliminated when P was included (see Fig. 4F and Section
4.2 below).

The N-induced stimulation of PAI observed in our NP experiment
during the first assessment period until 2014, disappeared completely
during the second assessment period (2015–2019), while the N+P

treatment continued to generate greater growth (Fig. 3). This finding
probably largely reflects differences in soil nutrient retention. Phos-
phorous mobility in soils is quite low, resulting in small leaching losses,
which means that P additions can cause a sustained increase in soil P
availability as evidenced by elevated soil P supply 30 years after fertil-
isation at a similar site in southern Sweden (Fransson and Bergkvist,
2000). The retention of N in the soil after fertilisation is generally lower
due to its greater solubility and mobility compared to P. The prevailing
coarse-textured glacial till soils in the study area are prone to N-leach-
ing, which may further reduce N availability. We can therefore not rule
out that the waning N-fertilisation effect on PAI seen in the second
assessment period may at least partly be due to microbial immobilisa-
tion, plant uptake (Houle et al., 2024) and/or soil N losses. The stronger
P retention in the soil may also promote sustained stimulation of mi-
crobial activity, which can improve overall soil nutrient availability
(Thirukkumaran and Parkinson, 2002).

Remarkably, the P-induced growth stimulation in the P trial
remained almost unchanged during the drier second assessment period
(2015–2019). Whether this is related to a P-driven increase in Norway
spruce tolerance to water deficit cannot be answered here but warrants
further investigation through controlled experiments, as P-mediated
stimulation of drought tolerance has been previously reported. For
example, in a study on the drought-sensitive, N-fixing Alnus cremasto-
gyne, P addition enhanced drought tolerance through an upregulation of
the antioxidant defence linked to enhanced enzyme activity and by
improving osmotic adjustment (Tariq et al., 2018). The recent finding of
a P-ring (P-enriched cells encircling the vascular tissue) in the roots of
multiple distantly related plant species, including Stone pine (Pinus
pinea), also suggests that P plays an important role in solute transport
and thus drought adaptation (Acharya and Pesacreta, 2023). Any
P-mediated increase in drought resilience will likely be complemented
by greater water-use-efficiency of Norway spruce in the future given the
strong response of shoot photosynthesis to rising atmospheric CO2
(Bader et al., 2016). CO2-driven increases in the WUE of Norway spruce
are more closely related to photosynthesis than to water savings
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(Leuzinger and Bader, 2012) and it has been shown that WUE
improvement requires adequate N supply (Ofori-Amanfo et al., 2023).

In addition to the two potential explanations for the prolonged effect
of P fertilization (soil retention, potential role in drought tolerance),
there may also be physiological benefits associated with a favorable P
supply, promoting longer-lasting growth stimulation compared to N.
Ample P availability is vital for membrane integrity and ensures that the
energy requirements for nutrient uptake and transport in plants (spe-
cifically adenosine triphosphate-fueled transporters) are met (Malhotra
et al., 2018), which is an essential prerequisite for supporting high
growth rates. In addition, P supports root development and is heavily
involved in photosynthetic C assimilation mainly via energy transfer and
enzyme regulation (e.g. Rubisco activation), therefore P shortage may
rapidly trigger cascading effects that directly and indirectly limit key
photosynthetic processes such as photophosphorylation or the regen-
eration of ribulose-1,5-bisphosphate (RuBP, the principal CO2 acceptor)
(Malhotra et al., 2018) resulting in reduced C fixation and hence po-
tential growth losses, despite adequate N supply.

In our study, the N-driven stimulation of PAI was stronger in
unthinned than in thinned plots and this is consistent with findings for
Scots pine which maintained stronger fertiliser responses in un-thinned
vs. thinned plots over a 30-year period across Sweden (Bergh et al.,
2014). We come to the same conclusion as Bergh et al. (2014), that
thinning operations must have reduced LAI below the level required to
achieve maximum productivity. With regard to forest management, this
suggests that thinning guidelines should be reconsidered if forest plan-
ning includes fertilisation (Persson et al., 2024). One should also bear in
mind that the strong stimulation of productivity in unthinned stands
may be offset over time by higher competition-based mortality (Pretzsch
and Grote, 2024), whereas timber quality may be even better in
unthinned stands (Krajnc et al., 2019).

Finally, it should be noted that Brandel’s (1990) empirical volume
function assumes a strict allometric DBH-height relationship and does
therefore not take into account potential fertiliser-induced increases in
biomass allocation to branches and foliage. While the leaf/stem biomass
ratio in closed-canopy Norway spruce stands has been reported to
remain largely unaffected by fertiliser addition (Axelsson and Axelsson,
1986; Blaško et al., 2022), the biomass allocation to adventitious
branches increased by 30 % in response to nutrient enrichment (Axels-
son and Axelsson, 1986). This implies that our nutrient-driven gains in
stem volume should be regarded as slightly conservative estimates.

4.2. Foliar N, P and P/N

In 2012 and 2013, P-treated trees in the P trial showed slightly
higher foliar N than the control but these differences had entirely van-
ished by 2016 (Fig. 4). Although this trend was not statistically signifi-
cant (at the given alpha level and sample size), it may imply a P-induced
stimulation of N uptake or reallocation to maintain foliar nutrient stoi-
chiometry as has previously been shown for P-fertilised Eucalyptus
grandis (Graciano et al., 2006) and thus deserves closer examination in
future studies. In the NP experiment, fertiliser-induced increases in
needle N seen in N or N-unthinned treatments in 2012–2013 seem to
have been reallocated to stem growth as indicated by similar values
across treatments in 2016. The generally lower foliar N values in 2016
may reflect reduced N availability due to immobilisation, accrual in
plant biomass and soil losses but could also be partly related to the onset
of drier conditions hampering N uptake. Foliar N concentrations in
Norway spruce growing in the Fennoscandian region have been reported
to range between 1 % and 1.8 % (Linder, 1995; Sikström et al., 1998),
which puts our values from 2012 and 2013 in the upper range (Fig. 4).
The relatively high foliar N values seen in the control trees of both ex-
periments, imply that continuously high atmospheric N deposition in
this area has largely eliminated needle N deficiency (Karlsson et al.,
2022) and to some extent, this could even be due to foliar N uptake
(Rennenberg and Gessler, 1999; Wilson and Tiley, 1998). The addition

of P alone (P experiment) or in combination with N (NP experiment)
increased needle P and thus P/Nwell beyond the empirically established
target ratio of 10 % (percent of N on a mass basis, Linder, 1995), while
all other treatments including the control showed P/N ratios < 10
indicating suboptimal P supply relative to N availability (Ericsson et al.,
1993; Linder, 1995). Trees can stimulate P mobilisation through
enhanced phosphatase activity under various soil stress conditions
including P deficiency (Clarholm and Rosengren-Brinck, 1995; Haroni
et al., 2020) and the same effect and underlying mechanism have been
reported for N addition (Marklein and Houlton, 2012). However, given
the low baseline level of soil P in the control plots of both experiments
(Table 3), it is highly unlikely that greater phosphatase activity could
make sufficient P available to eliminate the prevailing deficiency, which
is corroborated by our foliar P and P/N data from the NP experiment
(Fig. 4). However, since foliar P levels did not decrease in response to N
addition, this may indicate a sufficiently large phosphatase effect to
counteract the probable increase in P immobilisation related to a decline
in pH usually caused by N addition (Högberg et al., 2006).

Although the addition of N and P generally leads to greater biomass
accumulation above- and belowground, the allocation of resources
typically shifts in favour of aboveground organs (Blaško et al., 2022;
Feng et al., 2023). If fewer fine roots result from of such a change in
resource allocation, this could affect nutrient uptake. However, our re-
sults show no sign of impaired nutrient uptake regarding N and P, which
is consistent with the unchanged fine root biomass in response to
nutrient addition across five long-term fertilisation experiments in
Norway spruce stands in central and southern Sweden (Blaško et al.,
2022).

4.3. LAI

The potential for nutrient-driven increases in LAI is greatest in
aggrading conifer stands where canopies have not closed yet (Albrektson
et al., 1977; Brockley, 2010; Colbert et al., 1990). At the time of fertil-
isation, our stands were at mid-rotation and had already reached canopy
closure, leaving little scope for further increases in leaf area, although
peak LAI values > 20 have been documented for conifer stands (Asner
et al., 2003; Iio et al., 2014). Indeed, our findings from the P experiment
indicate that stand-level leaf area in these southern Swedish spruce
stands is P-limited, albeit only to a small extent. This is corroborated by
the results of the NP experiment, where among the thinned treatments
only the N+P treatment stimulated greater LAI. Unsurprisingly, in the
absence of thinning substantially higher LAI values close to 13 can be
attained (see N-unthinned in Fig. 5 B). We have not measured foliage
mass but Blaško et al. (2022) reported that needle biomass remained
unresponsive to NPK-fertilisation across five long-term studies in young
Norway spruce plantations in central and southern Sweden. If this holds
true for our experiments, then the observed increase in LAI would be a
result of an increase in SLA (specific leaf area), which has indeed been
reported to be more responsive to P rather than N in Mongolian pine
(Zheng et al., 2017).

5. Conclusions

Our findings demonstrate that on (relatively) nutrient-poor soils it is
possible to achieve a similarly strong stem growth stimulation in Nor-
way spruce with the addition of P instead of N. The lower-than-expected
growth response to N fertilisation and the relatively high initial site
indices indicate a partial elimination of soil N deficiency through
chronic N deposition in southern Sweden. Our study provides funda-
mental and practical information for the development of sustainable
nutrient management strategies in Norway spruce stands. Most impor-
tantly, in Norway spruce growing regions with high N loading origi-
nating from atmospheric deposition or other sources, we strongly
recommend prioritising the supply of P over N.
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