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Highlights
•	 Volume growth responses increased linearly with the applied nitrogen (N) dose up to 

200 kg N ha–1.
•	 Precipitation, site fertility, and time since fertilization affected the growth responses.
•	 Volume growth response to nitrogen fertilization was larger for Scots pine than for Norway 

spruce.
•	 Results can support planning of environmentally responsible and economically viable preci-

sion fertilization.

Abstract
The effects of nitrogen (N) fertilization on tree growth have been studied widely in boreal forests 
in Finland, but a quantitative synthesis is still lacking. We performed a quantitative synthesis on 
volume growth responses to N fertilization in Scots pine (Pinus sylvestris L.) and Norway spruce 
(Picea abies (L.) Karst.) stands in experiments established on mineral soils across Finland. Our 
study employed findings of 9 published studies including 108 Scots pine and 57 Norway spruce 
observations covering a wide range of N fertilization treatments, as well as forest stand- and 
climatic conditions. Based on these observations, we built linear mixed models to describe the 
N fertilization-induced annual volume growth response of Scots pine and Norway spruce stands. 
Our models showed that the N dose was the best predictor for volume growth response, and the 
growth response increased linearly with increasing N dose for both tree species. The volume 
growth responses also increased along with an increase in mean annual precipitation. The annual 
volume growth response decreased with the time since fertilization. For Scots pine, the best model 
also contained site fertility; increase in site fertility increased the volume growth response. These 
findings emphasize the need for site-specific precision fertilization schemes to sustainably improve 
growth and carbon sequestration of boreal forests.
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1	 Introduction

Boreal forests have an essential role in climate change mitigation because they can efficiently 
sequester and store carbon (C) into tree biomass and soil (Mäkipää 1995; Ilvesniemi et al. 2002; 
Bradshaw and Warkentin 2015). However, tree growth in boreal forests is commonly limited by 
nitrogen (N) availability (Tamm 1991). Nitrogen fertilization increases N supply and consequently 
tree growth, thus offering a way to rapidly increase the rate of C sequestration (Kellomäki et al. 
1982; Sikström et al. 1998; Jörgensen et al. 2021).

The effects of N fertilization on tree growth in mineral soils have been studied widely in 
the boreal region. The results suggest that the magnitude and duration of the growth response are 
affected by multiple factors (Saarsalmi and Mälkönen 2001; Hedwall et al. 2014). The duration 
of the growth response depends on the tree species, site fertility and the geographical location. 
For Norway spruce (Picea abies (L.) Karst.) N fertilization has been observed to increase growth 
typically for 8–10 years and for Scots pine (Pinus sylvestris L.) 6–8 years following the fertilizer 
application (Laakkonen et al. 1983; Pettersson 1994). The growth response is more persistent in 
the northern boreal zone than in the southern boreal zone (Laakkonen et al. 1983; Pettersson 1994). 
In the southern boreal zone, however, the growth response is larger, because the warmer climatic 
conditions enhance potential photosynthesis, nutrient uptake, and nutrient cycling (Pettersson 1994; 
Philben et al. 2016). In previous studies, N fertilization increased the annual volume growth by 
1–2 m3 ha–1 for Scots pine and Norway spruce stands during the first 6–10 years after fertilization 
(Kukkola and Saramäki 1983; Valinger et al. 2000).

The magnitude of the growth response can be increased by choosing appropriate properties 
and dose of the fertilizer (Kukkola and Saramäki 1983). According to the current practical forestry 
guidelines in Finland, the recommended dose of N is 100–200 kg ha–1 (Äijälä et al. 2019). According 
to previous studies, the annual volume growth response increases until the N dose is 250 kg ha–1, 
after which the volume growth response starts to saturate, and extra N supply does not markedly 
improve the growth anymore (Kukkola and Saramäki 1983; Pukkala 2017). Furthermore, the differ-
ent N in fertilizers affect growth responses (Kukkola and Saramäki 1983). Common N compounds 
used for forest fertilization are ammonium nitrate, ammonium sulfate, urea, and urea-formaldehyde 
(Lehto and Ilvesniemi 2023). The ammonium compounds and urea are water soluble, and rapidly 
released into the soil, whereas the urea-formaldehyde is slowly mineralized into ammonium and 
nitrate (Jahns et al. 2000, 2003; Smolander et al. 2022). Fast release of the water-soluble N increases 
the risk of N leaching (Binkley et al. 1999) and may alter ground vegetation species composition 
(Jetsonen et al. 2024). The adverse environmental effects of N-fertilization can be decreased, and 
cost-efficiency of fertilization improved when the dose and properties of the N fertilizer meet the 
nutrient needs of the stands.

The effects of N fertilization have been studied extensively in Finland since the 1960s, and 
the results on the growth responses have been descriptively summed in literature reviews (Kuk-
kola and Saramäki 1983; Pettersson 1994; Saarsalmi and Mälkönen 2001; Lehto and Ilvesniemi 
2023). However, quantitative synthesis of the N fertilization experiments is still lacking. The results 
from single fertilization experiments or from descriptive verbal syntheses do not provide sufficient 
support for defining precision fertilization schemes which may sustainably improve growth and 
carbon sequestration of boreal forests.

In this study, we performed a quantitative synthesis on observed volume growth responses 
to N fertilization in Scots pine and Norway spruce stands in multiple fertilization experiments 
established on mineral soil site types across Finland from the 1960s to the 1990s. Based on these 
observations, we built predictive models to describe how much the N fertilization may increase 
annual volume growth of Scots pine and Norway spruce stands after the fertilization. We explored 
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the effects of N fertilizer dose, geographical location, site type, initial stand volume, and time 
since fertilization on the volume growth response in Scots pine and Norway spruce stands. Based 
on previous knowledge, we hypothesized that 1) increasing N fertilizer dose increases the volume 
growth response, 2) the volume growth response is larger the more fertile the sites, and 3) the 
volume growth response is larger in the south than in the north. The results of our quantitative 
synthesis are expected to provide support to planning site-specific environmentally responsible 
precision fertilization schemes for Scots pine and Norway spruce stands.

2	 Material and methods

2.1	 Systematic literature survey

We searched for published research articles for forest N fertilization studies implemented in Fin-
land from 1960 to 2023, which were established in Scots pine or Norway spruce stands on mineral 
soils. Peer reviewed articles and gray literature filling these criteria were searched using the pearl 
growing method, where more eligible articles are found from references of other eligible articles 
(Schlosser et al. 2006). We used keywords “nitrogen fertilization,” “Scots pine,” and “Norway 
spruce” to find the first studies. The eligible articles had to be available in Google Scholar, the 
open repository of the Natural Resources Institute Finland (Jukuri), or Library databases of the 
Universities of Oulu Eastern Finland and Helsinki to be included in the study.

The eligible articles were initially included in the dataset if they contained information on 
the amount of fertilizer applied (kg ha–1), nutrient concentration of the fertilizer, and a growth 
response variable, such as stand volume, height, basal area or diameter. In total 22 articles filled 
the initial inclusion criteria and the information about fertilization treatment and growth response 
were extracted from them. Also, information about the stand characteristics before the fertiliza-
tion, such as initial stand volume, site type (Cajander 1949), and the location of each study site, 
were extracted from the primary studies into a dataset. Long-term (1961–1990) effective annual 
temperature sum and long-term mean annual precipitation were also included into the dataset. In 
case they were not reported, we retrieved them from the Finnish Meteorological Institute open 
data repository (https://en.ilmatieteenlaitos.fi/open-data). If information about any other variable 
was missing, the data entry was left empty. If the growth responses were presented in the studies 
in a graph form only, PlotDigitiser-program version 3.1.5 (https://plotdigitizer.com/app) was used 
to extract the values.

From four studies reporting findings of repeated fertilization, we included in our analyses 
only the growth data measured between the first and the second fertilizer application. Addition-
ally, three articles reporting results of repeated fertilization experiments were excluded because 
the effect of first fertilization could not be extracted. Also, only stands with initial volume 
larger than 50 m3 ha–1 at the time of fertilization were included in the analyses because seedling 
stands with dominant height below 7 m are not fertilized in practical forestry in Finland; this 
criterion excluded one article. Furthermore, three articles that did not use N in the fertilization 
or used it mixed with ash, were also excluded because the aim was to study the effects of N 
fertilizer. After these exclusions we selected the growth response variable to be the volume 
growth because it had the highest number of observations. From the final data we excluded 
four articles that did not report the initial stand volume or the volume growth. Additionally, two 
articles were removed because they added only one observation each to the dataset; inclusion 
of these articles would have hindered evaluation of the random effect covariance matrix in the 
mixed model analysis.

https://en.ilmatieteenlaitos.fi/open-data
https://plotdigitizer.com/app
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We included 9 articles to the final dataset and these 9 articles providing the data for the 
synthesis are summarized in Table 1. In total, the dataset consisted of 108 Scots pine observations 
and 57 Norway spruce observations, covering a wide range of N dose, initial stand volumes, site 
types, and climatic conditions. The total number of study locations was 97, and they were located 
between latitudes 60°N–68°N (Fig. 1). Long-term (1961–1990) mean annual temperature for the 
study sites varied from –1.3 to 4.9 °C, long-term mean annual precipitation from 400 to 700 mm 
and long-term effective temperature sum from 740 to 1280 d.d. (Table 1).

2.2	 Statistical data analyses to quantify the magnitude of the volume growth response

After the volume growth was selected to be the studied growth response variable, we had to calculate 
the effect of fertilization and standardize it to enable comparisons between the studies. First, total 
volume growth response after the fertilization was calculated by subtracting the volume growth 

Fig. 1. Location of Scots pine sites (A) and Norway spruce sites (B) presented in the 9 reviewed articles (see Table 1 
for references and article ids). The dataset contained 108 Scots pine observations and 57 Norway spruce observations 
from 97 different locations in Finland, covering a wide range of N dose, initial stand volumes, site types, and climatic 
conditions. Lines represent the grouping of observations based on location. The lines follow roughly the temperature 
sum, the northernmost part is temperature sum below 1000 d.d., middle is 1000–1200 d.d., and the southernmost is 
over 1200 d.d.
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values of unfertilized control plots from the volume growth values of the fertilized plots and, where 
applicable, summed over the study period. Second, to enable comparison between studies with 
different durations, we used the mean annual growth response in our analyses. It was computed by 
dividing the total volume growth response with the time elapsed since the fertilization.

One-way ANOVA was used to analyze the differences in volume growth responses between 
geographical locations (Gsouth, Gmiddle, Gnorth, Fig. 1). The differences in volume growth responses 
between site types (Cajander 1949) were analyzed with nonparametric ANOVA using Kruskal–
Wallis test and Wilcoxon rank sum test. All of the studies were conducted in Finland; hence they 
reported forest site types according to the classification of Cajander (1949), which is common 
forestry practice in Finland. The site type classification is based on the ground vegetation and the 
vegetation species composition has been shown to correlate with the site fertility (Nieppola and 
Carleton 1991). To obtain numerical classification of site fertility for the later statistical analyses, 
Cajander’s site types were combined into two groups which were coded as Boolean variable 
(Gfertility). The first group contained medium-fertile sites (Myrtillus site type, MT), and the other 
group contained all the medium-poor and poor sites (Vaccinium site type, VT and Calluna site 
type, CT) (Figs. 2 and 3).

Fig. 2. Frequencies of Scots pine study site locations in Finland (A), site types ac-
cording to Cajander (1949) (B), initial stand volumes (C), applied N fertilizer doses 
(D), and time since fertilization (E).
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The analyses were conducted separately for Scots pine and Norway spruce data. Long-term 
effective temperature sum (Tsum), long-term mean annual precipitation (Pa), site fertility (Gfertility), 
geographical location (Gsouth, Gmiddle, Gnorth, Glat), initial stand volume (Vini), time since fertilization 
(SF), and the applied N dose (FN), were used to explain the mean annual volume growth response 
in our analyses. Two different approaches were used to describe the geographical location: Lati-
tude in decimal degree (Glat) and a dummy variable indicating whether the site was in Northern 
(Gnorth), Middle (Gmiddle), or Southern (Gsouth) Finland (Fig. 1). Initial stand volume (Vini) was the 
measured volume of the tree stand (m3 ha–1) before fertilization. Time since fertilization was also 
used as an explanatory variable because volume growth response is known to decrease gradually 
over time (Kukkola and Saramäki 1983). Linear mixed models were used to analyze the effects of 
different variables on the mean annual volume growth responses (Eq. 1).

where the dependent variable y is the mean annual volume growth response obtained by fertili
zation (m3 ha–1 yr–1), βT is a transpose of a coefficient vector (β1, β2, β3, … , β10) (see Table 2), 

Fig. 3. Frequencies of Norway spruce study site locations in Finland (A), site types 
according to Cajander (1949) (B), initial stand volumes (C), applied N fertilizer 
doses (D), and time since fertilization (E).

, (1)y   X Zβ T
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X is a vector of explanatory fixed variables (see Table 2), Z is the vector of article id (Table 2) 
as random factors, and ε is the residual. The statistical analyses were performed with R 4.2.2 (R 
Core Team 2022). For the linear mixed effect models lme-function from nlme-package (Pinheiro 
and Bates 2024) was used.

First, we analyzed which are the best single variables (Table 2) explaining the variation in the 
volume growth response. Second, we kept the best explanatory variable, and inserted an additional 
variable to the model. Third, we kept adding explanatory variables, and studied how the goodness-
of-fit of the models improved. Fourth, we started from a full vector of explanatory variables, and 
applied backward stepwise regression using dredge from package MuMIn (Bartoń 2024) to find 
the best combination of explanatory variables. Article identification number (Aid) was used as a 
random factor in all of the models. In both Scots pine and Norway spruce data, Tsum and Pa were 
highly correlated, and decreased towards the North. To avoid the multicollinearity, only one vari-
able reflecting the climate and growing conditions of the site (Glat, Tsum and Pa) was included in a 
model (Supplementary file S1, available at https://doi.org/10.14214/sf.24041). Multicollinearity of 
the models was evaluated based on variance inflation factor. All of the models created in the steps 
from one to four were compared based on the Akaike Information Criteria (AIC), R2, RMSE, and 
p-values (Suppl. files S2, S3, S4). The best model for both Scots pine and Norway spruce, was 
selected based on the smallest AIC-values.

3	 Results

3.1	 Synthesis of the data

The data of both Scots pine and Norway spruce consisted of almost equal numbers of observations 
from Southern, Middle, and Northern Finland, however little more observations were from the 
Middle of Finland (Figs. 2 and 3). Most of the observations for Scots pine represented medium-
poor fertile Vaccinium site type (VT), whereas all observations for Norway spruce represented 
medium-fertile Myrtillus site type (MT). The initial stand volume was mainly between 100 m3 
and 200 m3 ha–1. Majority of the stands were fertilized with 120 kg N ha–1, and the duration of 
experiments was typically from 4 to 10 years (Figs. 2 and 3, Table 1).

Table 2. Variables used in modeling the volume growth response of Scots pine and Norway spruce and the range of 
values in the dataset compiled from fertilization studies made in Finland.

Variables Coefficients Description Range of 
values in  

Scots pine  
data

Range of  
values in  

Norway spruce 
data

y Annual mean volume growth response obtained by N fertilization 
(m3 ha–1 yr–1)

0.18–2.7 0.36–2.3

FN 1 Applied dose of nitrogen (kg ha–1) 54–208 59.8–180
Pa 2 Mean annual precipitation (mm) 396–714 472–630
Gfertility 3 Site fertility group: Boolean, 1 when Site type ∈  [MT], else 0  0, 1 0, 1
Tsum 4 Effective temperature sum (d.d.) 743–1282 884–1283
Gsouth 5 Area group: Boolean, 1 when in Southern Finland, else 0 0, 1 0, 1
Gmiddle 6 Area group: Boolean, 1 when in Middle Finland, else 0 0, 1 0, 1
Gnorth 7 Area group: Boolean, 1 when in Northern Finland, else 0 0, 1 0, 1
Glat 8 Latitude of the stand in decimal degree 61.76–68.91 61.76–66.50
Vini 9 Initial stand volume (m3 ha–1) 47–173 60–200
SF 10 Time since fertilization 4–15 4–15
Aid 11 Identification number of the article where the data is from 1–9 1, 2, 4, 8

https://doi.org/10.14214/sf.24041
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3.2	Volume growth responses in different geographical locations and site types

The mean annual volume growth response did not differ between Southern, Middle, and Northern 
Finland for Scots pine and Norway spruce (Fig. 4). In medium-fertile (MT) Scots pine stands the 
volume growth response was significantly higher (p < 0.05) than in less fertile ones. For medium-
poor fertility (VT) Scots pine stands the volume growth response was significantly higher (p < 0.05) 
than in poor fertility (CT) stands (Fig. 4). The interaction between site type and geographical loca-
tion could not be reliably assessed because of the limited number of observations from different 
site types.

3.3	 Linear mixed models

The applied N dose (FN) was the best single variable explaining the magnitude of volume growth 
response both in Scots pine and Norway spruce stands (Table 3). In addition, mean annual precipi-
tation (Pa) and time since fertilization (SF) were significant explanatory variables. For Scots pine, 
also the site fertility (Gfertility) explained the volume growth responses (Suppl. file S2). FN and Pa 

Fig. 4. The volume growth response of Scots pine (A) to N fertilization in different site types and geographical loca-
tions, and the volume growth response of Norway spruce (B) in different locations (data only available from medium-
fertile (MT) sites). The site type classification is according to Cajander (1949), and all the sites are located in Finland.

Table 3. Comparison of alternative linear mixed models (Eq. 1) for volume growth responses to nitrogen fertilization 
in Scots pine and Norway spruce. The best model based on AIC-values (bold) and models with single explanatory 
variables (variables and their units are presented in Table 2). DF is degrees of freedom, AIC is Akaike’s Information 
Criteria, R2 is coefficient of determination of the fixed effects, and RMSE is residual mean square error. The models are 
ranked according to the AIC-value.

Tree species Independent predictors included in Eq. 1 DF AIC R2 RMSE p-value

Scots pine FN + Pa + Gfertility + SF 107 73.3 0.547 0.318 <0.001
FN 107 105.7 0.314 0.360 <0.001
Gfertility 107 124.2 0.090 0.376 0.003
Pa 107 127.3 0.050 0.378 0.016
SF 107 127.6 0.178 0.368 0.016

Norway spruce FN + Pa + SF 56 2.7 0.510 0.204 <0.001
FN 56 9.7 0.240 0.210 <0.001
Pa 56 33.1 0.101 0.272 0.041
SF 56 34.5 0.157 0.278 0.169
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together explained 38% of the variation for Scots pine and 34% for Norway spruce (Suppl. file S3). 
For Scots pine, FN together with time since fertilization SF explained 38% of the variation of volume 
growth response and FN together with Gsouth explained 25%.

For Scots pine the best combination of explanatory variables were FN, Pa, Gfertility, and 
SF according to AIC-values (Suppl. file S4: Table S4.1). These fixed effect variables explained 
together 55% of the variation in the Scots pine volume growth response (Table 3). The best model 
for Norway spruce included FN, Pa, and SF, and the fixed effects explained 51% of the variation 
(Table 3). The article identification number as a random effect increased the goodness of fit of the 
Norway spruce model but did not have a significant effect on the Scots pine model.

The volume growth response increased with increasing FN and Pa (Table 4). The increase 
in SF decreased the annual mean volume growth response (Table 4). On medium-fertile sites, the 
Scots pine volume growth response was larger than on less fertile sites (Table 4, Fig. 5).

Table 4. Parameter values of the fixed and random effects of the best linear mixed models for Scots pine 
and Norway spruce volume growth responses. The volume growth response is in units of m3 ha–1 yr–1 and 
explanatory variables, and their units are presented in Table 2.

Scots pine Norway spruce
Fixed effects β SE p-value β SE p-value

Intercept –0.271 0.319 0.399 –1.254 0.598 0.041
FN (kg N ha–1) 0.009 0.001 <0.001 0.009 0.001 <0.001
Pa (mm) 0.001 0.001 0.022 0.003 0.001 0.006
Gfertility 0.619 0.155 <0.001
SF (yrs.) –0.071 0.013 <0.001 –0.059 0.023 0.086
Random effects Variance SD Variance SD

Aid <0.001 <0.001 0.012 0.107
Residual 0.101 0.318 0.044 0.211

Fig. 5. Mean annual measured (dots) and modeled (lines, the best models according to Table 4) volume growth re-
sponses as a function of applied N fertilizer dose for different annual precipitation (Pa), site fertility level (Gfertility = 1 
includes MT, and Gfertility = 0 includes VT and CT, Cajander (1949)). Pa values represent conditions in Northern (red 
and orange lines) and Southern (blue and green lines) Finland while time since fertilization (SF) is set to 10 years for 
both tree species. Panel A shows Scots pine and B the Norway spruce volume growth responses.
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4	 Discussion

The effects of N fertilization on volume growth, wood production, and its economic profitability 
in different growing conditions have been investigated in previous studies, and the results have 
been discussed in literature reviews by Saarsalmi and Mälkönen (2001) and Lehto and Ilvesniemi 
(2023). However, there has not yet been quantitative synthesis on growth responses of Scots 
pine and Norway spruce stands based on these earlier N fertilization studies in Finland. Compil-
ing such quantitative information is needed to support the decision making in practical forestry, 
especially for the use of sustainable precision fertilization schemes to promote rapid carbon 
sequestration.

Combining data from 9 published fertilization studies for Scots pine and Norway spruce 
across Finland allowed us to analyze the effects of N dose, climatic conditions, and stand charac-
teristics on the mean annual volume growth responses induced by N fertilization. Only Kukkola 
and Saramäki (1983) have earlier built predictive models for the volume growth responses after 
N fertilization based on fertilization experiments established in 1955–1965 in Southern Finland. 
After that, many new fertilization experiments have been established and results published. In 
our dataset, all of the included articles reported results from experiments that were fertilized after 
1965. We also filled in the missing weather data from the historic records (Finnish Meteorologi-
cal Institute 2024) to consider the effect of climatic conditions across the south-north gradient 
of Finland.

We found that N fertilizer dose, mean annual precipitation, site fertility, and time since 
N fertilization affected the mean annual volume growth responses. The growth response to N 
fertilization is primarily induced by the increase in needle N-concentration, which enhances leaf-
level photosynthetic rate (Kellomäki and Wang 1997a, 1997b). As predicted, in our models, the 
volume growth response increased linearly with respect to N dose, but it should be noted that 
the volume growth response may saturate at high N doses. This is due to the fact that N fertili-
zation increases the needle mass and leaf area index (Choi et al. 2005), which eventually starts 
to increase the shading in the canopies (Hyvönen et al. 2007). Higher needle mass increases the 
interception, evaporation, and transpiration, which may decrease soil water content (Linder et 
al. 1987; Bergh et al. 2005; Launiainen et al. 2016), and therefore may limit the volume growth 
response.

A N fertilizer dose of 120 kg ha–1 is overrepresented in the dataset because three of 
the studies included (Lipas and Levula 1980; Laakkonen et al. 1983; Lipas 1988) had a high 
number of extracted observations for stands fertilized with 120 kg N ha–1, and the number of 
the extracted observations was high (Table 1). All these three experiments were started in 1968 
or 1969, and according to Laakkonen et al. (1983) the 120 kg N ha–1 was the upper limit of the 
recommended fertilizer dose at the time. For Scots pine this was not a problem as there were 
a sufficient number of other N doses in the data, but for Norway spruce this may cause some 
uncertainty when using the model with lower or higher N doses than 120 kg N ha–1. We per-
formed statistical analyses to investigate which variables explained the variation in the volume 
growth responses in only the 120 kg N ha–1 fertilized studies, and the results remained the same 
as with the whole dataset.

We observed that climatic conditions affected the volume growth responses. The mean annual 
volume growth response increased with increasing mean annual precipitation. Higher precipitation 
and water availability have also been found to increase the growth response to N fertilization in 
previous studies (Lim et al. 2015). On the other hand, it should be noted that mean annual precipi-
tation and the effective temperature sum were highest in southern Finland, and decreased towards 
the north in our dataset, and they correlated with latitude (Suppl. file S1). Due to this connection 
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between mean annual precipitation and location, precipitation as an explanatory variable in our 
models may be a proxy for the geographical location of the site rather than reflect the effect of site 
water availability per se. Models containing effective temperature sum and latitude as an explanatory 
variable were also statistically significant (p < 0.05), but when comparing AIC values, the model 
with mean annual precipitation was chosen as the best model (Suppl. files S4, S5).

The site fertility also created variation in the volume growth responses as expected; the 
volume growth responses were higher in medium-fertile than in less fertile sites for Scots pine. 
This was supported by the previous study of Pettersson (1994), who found that the relative growth 
response for Scots pine was higher in fertile sites when N dose was below 150 kg ha–1. However, 
with the higher N fertilizer doses, it is possible that following the Liebig’s law of the minimum 
(Fabrika and Pretzsch 2013), the availability of other nutrients, for example phosphorus, boron, 
or potassium, may start to limit the growth response (Gustavsen and Lipas 1975; Tamm 1991). 
Nutrient poor sites are generally located on coarse-textured soils, and therefore water deficiency 
can also limit the growth response (Kellomäki 2022a). For Norway spruce, all the experiments in 
our dataset were conducted on medium-fertile sites, and therefore, a similar kind of comparison 
was not possible.

To identify the effect of the stand development phase on the growth response we used the 
initial stand volume, because it was most frequently reported in the synthesized studies. Higher 
initial volume predicted lower volume growth response for both Scots pine and higher volume 
growth response for Norway spruce, however the impact was not large enough for the variable to 
be included in the best models. Based on the previous studies, the stand development stage affects 
nutrient demand, and the N accumulation to the tree biomass is fastest in the early phases of stand 
development (Palviainen and Finér 2012). Tree size and the competitive position in the stand also 
affects the growth response; absolute volume growth is highest in dominant trees (Kukkola 1978). 
But the growth response tends to decrease with stand age (Gustavsen and Lipas 1975). The created 
models can only be applied in the stands where initial volume is over 50 m3 ha–1 because initial 
stand volumes lower than that were not included in the analyses.

There was less variation in the applied amounts of N in Norway spruce data than in Scots pine 
data (Figs. 2d and 3d). The volume growth responses for Norway spruce were also lower than for 
Scots pine. Also, previous studies have shown higher growth responses to N fertilization in Scots 
pine stands than in Norway spruce stands (Moilanen and Meriluoto 1984; From et al. 2016). The 
differences between Scots pine and Norway spruce can be explained by different nutrient require-
ments (Ingestad 1979; Mälkönen 1979), and initial nutrient balance of the site, as Scots pines 
typically grow in less fertile, N-limited sites (Kalliola 1973; Kellomäki 2022a). Norway spruce 
also needs more N to produce the same stand volume than Scots pine, because Norway spruce has 
higher needle mass and needle N concentrations (Palviainen and Finér 2012).

According to Kukkola and Saramäki (1983), the volume growth response for Norway spruce 
is longer-lasting than for Scots pine, and higher N fertilizer doses cause a longer lasting growth 
response, than lower dosages (Kellomäki 2022b). The peak of growth response comes also later 
and lasts longer for Norway spruce than for Scots pine. The delayed impact is related to the pho-
tosynthesizing foliage biomass, which consists of 6–12 needle age cohorts for Norway spruce, 
and only 3–5 needle age cohorts for Scots pine (Jalkanen et al. 1995; Niinemets and Lukjanova 
2003). Improved N availability starts to increase photosynthesis gradually with the renewal of 
needle cohorts (Kukkola and Saramäki 1983; Kellomäki 2022b). The best models for both Scots 
pine and Norway spruce contained time since fertilization, and the mean annual volume growth 
response decreased with the time elapsed from fertilization as predicted. This aligns with the results 
of previous studies that have reported the growth response to decrease after six years and ceases 
after ten years (Kukkola and Saramäki 1983; Pettersson 1994).
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There might have been some additional factors causing variation in the volume growth 
responses as the data were collected from various experiment designs. We used the articles as a 
random effect in the models to capture the variation caused by different methodologies. Articles 
included in the present study applied different ways to calculate the stand volume, which may 
affect the results. Variation in the volume growth responses might have been affected by the use 
of different fertilizers (Kukkola and Saramäki 1983). The growth response to urea is known to be 
weaker than to ammonium nitrate because urea evaporates easily (Laakkonen et al. 1983). One 
additional source of variation in the dataset might be due to different forest management history 
in the study sites. Thinning together with N fertilization induces a larger growth response than 
N-fertilization alone (Haapanen et al. 1979), because thinning also changes availability of other 
resources, such as light and water. These additional variations had more impact on the Norway 
spruce data due to lower number of observations in the dataset.

N fertilization increases wood production in boreal forests, and therefore it also increases the 
rate of carbon sequestration (Jörgensen et al. 2021). Thus, N fertilization can be used as a tool for 
climate change mitigation. However, N fertilization may lead to nutrient leaching to groundwater, 
nutrient export to water courses, and changes in vegetation species composition (Binkley et al. 
1999; Hedwall 2014; Jetsonen et al. 2024). Deciding the optimum N fertilizer dose needs balancing 
between the anticipated volume growth response, economic feasibility, and avoiding the adverse 
environmental effects. The results of this study can be used to support planning environmentally 
responsible and economically viable precision fertilization, as they can provide quantitative infor-
mation about volume growth responses to different N fertilization doses in different conditions. The 
results can be used to calculate the climate change mitigation potential and economic feasibility 
of fertilized Scots pine and Norway spruce stands, and to better understand the pathways of N 
fertilizer in the forest ecosystem. Our results suggest that in fertilization management the optimal 
N dose depends on the geographical location, initial stand fertility and tree species. More research 
is needed on the growth responses using higher N doses especially from Norway spruce stands and 
from the most fertile sites (Oxalis-maianthemum (OMaT) and Oxalis-myrtillus (OMT) site types) 
which were completely lacking from the literature.
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