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A B S T R A C T   

While there is consensus that fertilization with nitrogen (N) is a cost-effective way of increasing both forest 
biomass yield and timber harvest profitability, the strength and longevity of legacy effects are debated. To 
quantify legacy effects of past fertilization, we analysed 21 mixed Pinus sylvesteris and Picea abies stands. The 
stands, on average 23 years old at the time of this study, were either unfertilized (n=7), fertilized with 150 kg N 
ha− 1 once 36 years ago (n=7), or twice, 45 and 36 years ago, respectively (n=7), during the previous stand 
rotation. We performed measurements on soil N mineralisation and N availability, forest growth, ground 
vegetation community composition, soil and vegetation C/N ratios and soil C and N stocks, many of which 
responded to legacy N fertilization earlier in stand development. Our results show that the legacy effects of 
fertilization during the previous stand rotation have diminished through time, indicating an eventual conver
gence of stand properties. Specifically, all significant effects present in the previous measurement period (over a 
decade ago), were weaker or completely absent in the current study (i.e. 36 years after fertilization and 23 years 
after initiation of the new stands). None-the-less, this indicates a longer legacy effect of N fertilization than what 
is normally considered and suggests that care should be taken to mitigate unwanted, long-term effects when 
utilizing N addition to promote tree growth in boreal forests.   

1. Introduction 

Plant growth in northern boreal forest ecosystems is generally 
limited by low availability of N (Binkley and Högberg, 2016). This 
makes fertilization with N an attractive way of increasing forest biomass 
yield (Nohrstedt, 2001), which can increase timber harvest profitability 
by up to 15 % (Jacobson and Pettersson, 2010). About 40 000 ha of 
Swedish forest is fertilized annually ("measures in forestry", 2023) and 
while this area only represents a small part of the available productive 
forest land (> 20 million ha) in Sweden, there is potential for a more 
widespread and/or intensive use of forest fertilization (Bergh and 
Hedwall, 2013). The standard fertilization dose utilized in Nordic 
forestry is 150 kg N ha− 1, added once or twice late in the forest rotation, 
which often results in an approximately 30 % increase in biomass 
growth, increased N concentrations in needles, and potential effects on 
N leaching, changes in understory diversity, and alterations to soil C 
cycling processes (Mayer et al., 2020; Nohrstedt, 2001). While the im
pacts from standard doses normally are considered to last no more than 

10 years, long term changes (i.e. > 10 years) usually only occur under 
more intensive fertilization (Nohrstedt, 2001). However, a few studies 
have reported that even standard forest fertilization practices can have 
legacy effects that impact the forest ecosystem properties and processes 
at the start of the next rotation. For example From et al., (2015) showed 
increased growth of young trees in stands fertilized with standard N 
doses during the previous forest generation, as well as changes in the 
species composition of the ground vegetation (Strengbom and Nordin, 
2012, 2008). Furthermore, extractable soil ammonium (NH4-N) and 
nitrate (NO3-N) were found to be higher in previously fertilized stands, 
indicating higher rates of N mineralization and mobile soil NH4-N and 
NO3-N, than in stands that were not previously fertilized (From et al., 
2015). Hence, these studies suggested that standard fertilizer additions 
in boreal forests may induce legacy effects on vegetation growth and N 
cycling. 

While the potential to increase forest growth is attractive, N addition 
also has the potential to induce vegetation changes that negatively affect 
biodiversity (Bobbink et al., 2010, 1998; Midolo et al., 2019). The N 

* Corresponding author. 
E-mail addresses: marcus.j.larsson@slu.se (M. Larsson), michael.gundale@slu.se (M.J. Gundale).  

Contents lists available at ScienceDirect 

Forest Ecology and Management 

journal homepage: www.elsevier.com/locate/foreco 

https://doi.org/10.1016/j.foreco.2024.121967 
Received 9 February 2024; Received in revised form 3 April 2024; Accepted 2 May 2024   

mailto:marcus.j.larsson@slu.se
mailto:michael.gundale@slu.se
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2024.121967
https://doi.org/10.1016/j.foreco.2024.121967
https://doi.org/10.1016/j.foreco.2024.121967
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2024.121967&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Forest Ecology and Management 563 (2024) 121967

2

enrichment levels which an ecosystem can tolerate without suffering 
significant harmful effects according to present knowledge (i.e. the N 
critical load; Nilsson and Grennfelt, 1988) is suggested to occur in boreal 
forest understory vegetation at levels as low as 6 kg N ha− 1 yr− 1 (Nordin 
et al., 2005) and the effects often intensify with increasing N loads 
(Midolo et al., 2019). Rare species (Suding et al., 2005) such as orchids, 
(e.g., Calypso bulbosa), or areas with low background N deposition are 
also often impacted to a larger degree than common species or areas 
exposed to comparatively higher rates of background N deposition 
(Hedwall et al., 2013). Changes in species composition could also arise 
through indirect N addition-effects such as changes in the light envi
ronment (Strengbom et al., 2004), or altered susceptibilities to natural 
enemies such as pathogenic fungi (Nordin et al., 2006; Strengbom et al., 
2002). 

The increase in forest productivity following fertilizer additions can 
also lead to increased soil carbon accumulation, beneficial for the 
mitigation of atmospheric CO2 (Friedlingstein et al., 2020; Hyvönen 
et al., 2008; Johnson and Curtis, 2001; Jörgensen et al., 2021). This 
effect is mainly due to the increased production of above and below
ground plant litter, and shifts in the soil microbial community, 
hampering soil organic matter decomposition (Forsmark et al., 2021; 
Haas et al., 2018; Jörgensen et al., 2022; Maaroufi et al., 2019, 2015). 
However, the majority of results demonstrating impacts of N additions 
on soil carbon accumulation in boreal forests stem from experiments 
using either large doses of N applied a single time, or small doses added 
repeatedly during long periods of time (Forsmark et al., 2020; Huang 
et al., 2011; Hyvönen et al., 2008; Maaroufi et al., 2015; Olsson et al., 
2005). It remains unclear whether standard forest fertilization regimes 
used by the forest industry, (i.e., one or two “standard” dose applications 
during late rotation) result in long-term increases in soil carbon storage. 
Therefore, to make informed decisions regarding fertilization practices, 
there is a need for improved understanding of the strength and longevity 
of any unintended legacy effects that may arise from it. 

In this study we utilize a study system situated in the boreal forest of 
mid-Sweden, designed to represent standard fertilization practices in 
accordance with the guidelines recommended by the Swedish Forest 
Agency (“measures in forestry” 2023). We evaluated whether a one or 
two-time application of 150 kg N ha− 1 at the end of the previous stand 
rotation resulted in long term legacy effects on both above and below
ground forest properties 36 years since fertilization and 23 years into the 
current forest rotation. Legacy effects in this study system were initially 
reported by Strengbom and Nordin, (2012, 2008), and (From et al., 
2015), approximately 10 years after the new stands were initiated. At c. 
23 years of age, the stands have now reached canopy closure, which may 
have consequences for how forest properties and processes are affected 
by legacy N. In addition to follow up measurements of tree growth, N 
mineralization and extractable soil N, and ground vegetation species 
composition, effects on soil carbon were also examined. 

We tested the following hypotheses: 
That fertilization would have a legacy effect on:  

1. soil N cycling process, such that previously fertilized stands would 
exhibit higher net mineralization rates and higher amounts of mobile 
soil NH4-N and NO3-N. We expected this because a previous study 

from the same experimental system showed nearly four times higher 
soil N mineralization rates on fertilized sites compared to the control 
(From et al., 2015).  

2. tree growth during the current stand rotation, where fertilized stands 
would exhibit larger basal area, height growth, and volume. We 
expected this because a previous study from the same experimental 
system showed on average 25 % higher trees on fertilized sites 
compared to the controls (From et al., 2015).  

3. understory plant community composition and foliar N content, such 
that previously fertilized stands would show greater abundance of 
nitrophilic species (e.g., graminoids), and higher foliar N contents. 
We expected this because a previous study from the same experi
mental system showed that species composition and foliar N content 
of stands that had been fertilized were separated from the controls 
(Strengbom and Nordin, 2008).  

4. soil C and N, such that previously fertilized stands would exhibit 
larger soil C and N stocks. 

Testing these hypotheses in combination will provide valuable in
formation regarding the persistence of legacy effects stemming from 
standard N fertilization practises in boreal forests, which may help 
optimise future forest management practises to maximise biomass 
growth, while simultaneously avoiding unwanted side-effects. 

2. Materials and method 

2.1. Study area 

Data used in this analysis was gathered from 21 forest stands, each 
sized between 4.7 and 22.4 ha spread out over an 8500 ha forest land 
area in the middle boreal zone (Ahti et al., 1968) in central Sweden 
(62◦58 "N, 16◦40"E). The studied stands either had, or had not, been 
subjected to N fertilization before harvest and regeneration. Control (C) 
stands (n = 7) were never fertilized, N1 stands (n = 7) were fertilized 
with 150 kg N ha− 1 once in 1985, and N2 stands (n = 7) were repeatedly 
fertilized with 150 kg N ha− 1 in 1977 and 1985; thus, our study included 
7 stands for each treatment (Table 1). Fertilizer N was added as granules 
of ammonium nitrate (NH4NO3) spread by tractor or aircraft. The forest 
land, currently owned by the forest company SCA (Svenska Cellulosa 
Aktiebolaget) was at the time of stand selection owned by the Swedish 
state-owned company, Sveaskog. The initial stand selection done in 
2008, see From et al., (2015) was based on information describing the 
stands before clear-cut, originating from Sveaskoǵs forest inventory. 
Care was taken to select the stands with similar initial productivity 
indices, elevation, temperature sum (growing degree days; Womach, 
2005), slope (forest floor incline from 1 (<10 % inclination) to 5 
(>50 %), tree species composition, soil conditions and stand age at the 
time of site selection. Further details of the study system are found in 
(From et al., 2015; Strengbom and Nordin, 2008). 

The annual precipitation in the area is between 500 and 600 mm per 
year, and the atmospheric background N deposition ranges from 1.6 to 
2.4 kg ha− 1 year− 1 (Karlsson and Hellsten, 2022). All stands used in the 
study had mesic site conditions with Udic moisture regime and soil were 
Typic Haplocryods developed on glacial till with an organic surface 

Table 1 
Number of stands per treatment, site index (SI), elevation (above sea level, a.s.l.), temperature sum (GDD) and forest floor slope. The stands were fertilized once in 1985 
(N1) with 150 kg N Ha-1, twice (N2), both in 1977 and 1985 with 150 kg N Ha-1 or never fertilized (C).  

Stands (n) Control N1 N2 F-value p-value 
7 7 7 

Site index (H100), m) 20.6 ± 0.2 19.7 ± 0.3 20.4 ± 0.3  3.00  0.08 
Elevation a.s.l (m) 334 ± 21 358 ± 20 334 ± 17  0.54  0.59 
Temperature sum (GDD) 937 ± 6 900 ± 22 923 ± 11  1.59  0.23 
Slope (1− 5) 2.00 ± 0.22 1.86 ± 0.26 1.72 ± 0.18  0.41  0.67 

Note. Table adapted from (From et al., 2015). 
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layer (O-horizon), sometimes also referred to as plant litter layer, where 
the upper part is relatively undecomposed and the lower parts were 
strongly humified (Driessen, 2001; From et al., 2015; Strengbom and 
Nordin, 2008). The relative abundance of the two dominant species 
(Pinus sylvesteris and Picea abies) prior to clear-felling ranged from 25 % 
to 75 % with no difference between fertilized and unfertilized stands 
(Mann–Whitney U-test: U = 83.5, p = 0.348) (From et al., 2015), and the 
forest field layer was dominated by dwarf shrubs such as Vaccinium 
myrtillus and Vaccinium vitis-idaea., i.e., all stands were classified as 
spruce forest of bilberry type (Påhlsson, 1995). All stands were har
vested by clear-felling between 1997 and 2000, subjected to soil scari
fication, and then planted with identical seedling stock of either Pinus 
sylvestris or Picea abies at a density of 2200–2300 seedlings ha− 1. Today 
the majority of stands contain a combination of both species and a mix of 
planted and naturally regenerated trees. Some areas have also been 
pre-commercially thinned, removing mainly spontaneously regenerated 
birches that have mixed into the planted conifer seedlings. 

2.2. Buried bags and ion capsules 

The buried bag technique (Eno, 1960; Gundale et al., 2011) was used 
to investigate N mineralization in all stands. Between June 15–18, 2021, 
seven samples from the entire O-horizon in each replicate stand (i.e. 147 
samples in total) were collected with a cylindrical (diameter 10 cm) soil 
corer along 45 m transects passing through the centre of each stand. The 
depth of the O-horizon (ca. 5–15 cm) made sampling of the entire ho
rizon possible for all 49 samples. After gently removing large roots and 
the top layer of easily identifiable plant material, half of each sample 
was put in a plastic bag, put into a cooler and transported back to the lab 
for analysis. The other half was put into another plastic bag and buried 
in the organic horizon in situ. The buried cores were then collected 85 
days later (14–15 of September), transported them to the lab in a cooler, 
and processed them for analysis. All samples were sieved (2 mm mesh) 
and then extracted in 1 mol KCL and analysed for NH4 and NO3 using an 
Auto Analyzer 3 spectrophotometer (OmniProcess, Solna, Sweden). Net 
mineralization was calculated as the difference in NH4-N and NO3-N (mg 
g− 1 dry weight [DW] soil) between the June and September sample 
times. Any damaged bags were excluded before estimating mineraliza
tion, and before statistical analyses, sub-replicate samples of NH4-N and 
NO3-N from the same stands were pooled to obtain one single value of 
mineralization per stand, with these stand level values serving as true 
replicates. 

Resin ion-exchange capsules (PST-1, Universal Bioavailability Envi
ronment/Soil Test, MT, USA) were used to estimate the amount of soil 
mobile NH4-N and NO3-N (mg/capsule) in all stands. Between the 15–18 
of June 2021, six capsules were buried just beneath the bottom of the 
organic horizon along a transect through each stand center. Later the 
same year, between the 14–15 of September, all capsules were retrieved, 
put in plastic bags, and transported to the lab for analysis. In the lab, the 
ion-exchange capsules were brushed off to get them as clean as possible, 
and then placed in 50 ml Falcon tubes. Ten ml of 1 mol KCl was then 
pipetted into the tubes, followed by 30 min agitation. This process was 
repeated 3 times, resulting in a total of 30 ml sample extracts. The NH4- 
N and NO3-N concentration on these extracts were analysed using an 
Auto Analyzer 3 spectrophotometer (OmniProcess, Solna, Sweden). 
Before statistical analysis sub-replicate samples from the same stands 
were pooled to obtain one single value per stand. 

2.3. Tree growth 

Data on tree species composition and tree growth were gathered in 
June 2022. The stands were inventoried by using a square grid randomly 
positioned over the entire 8500 ha forest area on the map. Each grid cell 
was 100 × 100 m in size and all grid cell intersections contained within 
each of the 21 stands on the map were inventoried using circular (r =
5.64 m) plots, located during the inventory process with GPS. If a plot 

randomly landed on a nature conservation set-aside patch originating 
from the previous stand, it was excluded from sampling. After the 
removal of these specific sub-plots, a total of 253 sub-plots were in
ventoried across the whole experiment, divided among the different 
stands. Each stand was thus inventoried using the same “resolution” but 
the number of inventoried plots per stand varied depending on the size 
of the stand (4 plots in the 2.34 ha smallest stand, and 25 plots in the 
26.4 ha biggest stand). In every plot, tree species and diameter at breast 
height (1.3 m.) was measured for all trees taller than 1.3 m. We also 
measured the height of the tree closest to the plot centre, and one tree in 
every cardinal direction closest to half the radius of the plots, i.e., 5 
samples trees in total within each plot (Gundale et al., 2014). If two trees 
were equally close to the cardinal points, the clockwise positioned trees 
were used. As the stands used in this study are actively managed forests, 
pre-commercial thinning’s had been performed in some of the stands 
since the last measurement in 2010. Pre-commercial thinning is a reg
ular part of the forest management regime in Sweden, performed when 
the stand height is about 2–6 m (Pettersson et al., 2012) and involves 
removing selected, mainly young trees that have spontaneously regen
erated and serve as competition for the planted cohort. This is done with 
a handheld motorized brush cutter to allow more development space for 
the remaining trees. The practice is not to be confused with commercial 
thinning, which is performed much later in stand development with the 
aid of a harvester and forwarder-group, and removes a substantial 
portion of stand basal area. At the time of our measurements, 5 stands in 
the C-treatment, 4 stands in the N1-treatment, and 3 stands in the 
N2-treatment had been subjected to pre-commercial thinning, while the 
rest remained un-thinned. For all variables, sub-replicate values from 
the same stands were pooled to obtain one true replicate value of 
average DBH and height per stand. Thus, for all statistical analysis, the 
stand was considered the unit of replication. 

2.4. Ground vegetation and plant foliar chemistry 

In July 2021 the vegetation was scored using a modified version of 
the point intercept method (Jonasson, 1988). We analysed the ground 
vegetation (vascular plants, bryophytes and lichens) at 200 random 
points along a 45 m transect through the centre of each stand. At each 
point we placed a stick (4 mm in diameter) and counted the number of 
contacts each species made with the stick. In addition, fresh foliage 
material from 4 different plant species, Vaccinium myrtillus, Picea abies, 
Deschampsia flexuosa and Pleurozium scheberi were also collected along 
the transects. These four species are common and represent four 
different groups of plants, i.e., dwarf shrubs, trees, grasses and mosses. 
For Vaccinium myrtillus, Deschampsia flexuosa, and Pleurozium scheberi 
fresh foliage material (leaves) were collected from seven random places 
along each transect while current year shoots from Picea abies were 
gathered from five different trees on or close to the transects. The ma
terial was immediately dried in paper bags in room temperature and 
then dried at 40 C◦ for 48 h in the lab. The material was then milled and 
analysed for total N and C concentrations (g/g dry mass) using a Isotope 
ratio mass spectrometer (DeltaV,Thermo Fisher Scientific, Bremen, 
Germany) and an Elemental analyser (Flash EA 2000, Thermo Fisher 
Scientific, Bremen, Germany). Three samples of Vaccinium myrtillus were 
not included in the final analysis due to processing errors. Before sta
tistical analyses, replicate samples from the same stands and species 
were pooled to obtain one value of foliar N content per stand and 
species. 

2.5. Soil C and N 

The soil C and N content (g g− 1 dry mass) was sampled in each stand 
between the 15–18 of June 2021 at seven regular intervals along the 
same transects used to sample the ground vegetation. The organic ho
rizon was sampled with a cylindrical (diameter 10 cm) soil corer, and 
the top 10 and 20 cm layers of the mineral soil was collected with a 
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metal core sampler (diameter 1.59 cm). The material was put in paper 
bags and after transport to the lab sieved (2 mm mesh) and then dried at 
70 C◦ for at least 36 h, then stored in room temperature awaiting ana
lyses. The samples where later milled, and total C and N concentration 
analysed using an Isotope ratio mass spectrometer (DeltaV,Thermo 
Fisher Scientific, Bremen, Germany) and an Elemental analyser (Flash 
EA 2000, Thermo Fisher Scientific, Bremen, Germany). Before statistical 
analysis, replicate samples of C and N were pooled to obtain one value of 
concentration per element and stand. We upscaled C and N stocks only 
for the soil organic layer because many previous studies have shown that 
mineral soil C and N stocks are unresponsive to N fertilization (Blasko 
et al., 2022; Forsmark et al., 2020; Maaroufi et al., 2015; Xu et al., 2021). 
Carbon and N stocks in the organic layer were thus calculated by 
multiplying the C and N concentrations with the combined dry weight of 
the pooled samples from each stand, and then upscaled to Mg ha− 1 using 
the combined cross-sectional area of the subsamples in each stand. For 
mineral soils we only analysed C:N ratios. 

2.6. Experimental design and statistical analysis 

For all statistical analyses the experiment is regarded as a completely 
randomized design, with each stand serving as the unit of replication. To 
test for difference in total net mineralization rates (ammonification plus 
nitrification, N mg g− 1 DW soil), total soil exchangeable N (NH4-N +
NO3-N, mg per ion capsule), tree diameter (cm), tree height (m), vege
tation C and N status (g g− 1 dry mass), soil C/N concentrations (g g− 1 dry 
mass), and soil C and N stock (Mg/ha) analyses with a linear mixed- 
effects model ANOVA were performed. Using the fertilization treat
ments as a fixed factor and the pre-commercial thinning as a random 
effect accounted for any variation this activity may have caused. If the 
analysis of variance showed any significant (α=0.05) main effects from 
the fertilization treatments, Tukeýs post hoc test for pairwise compari
son was used to further the analysis. Response variables were checked 
for normality and homoscedasticity with the aid of residual plots, no 
data transformations were necessary. The analysis of variance (ANOVA) 
was preformed using the R. lme4-package (Bates et al., 2015). 

To describe the differences in ground vegetation community struc
ture between the different fertilization regiments, we used non-metric 
multidimensional scaling based on Bray-Curtis dissimilarities, using 
the R-vegan-package (Oksanen et al., 2022) with k=3 and no data 
transformations. The NMDS was followed by a PERMANOVA based on 
9999 permutations using the fertilization treatments as factors. R-studio 
(version 1.3.1093) software was used for all statistical analyses (R Core 
Team, 2020). 

For all statistical tests we used a terminology suggested in Muff et al., 
(2022), where different ranges of p-values are reported on a continuum 
from “little or no evidence” to “very strong evidence”. A p-value of 
0.0001–0.001 subsequently was interpreted as very strong evidence, a 
value of 0.001–0.01 as strong evidence, 0.01–0.05 as moderate evi
dence, 0.05–0.1 as weak evidence, and p-values > 0.1 as no evidence. 

3. Results 

3.1. Soil nitrogen and forest growth 

Our results showed no evidence of any significant legacy effect from 
the previous forest fertilization on the soil N mineralization rates or 
mobile N. However, the trees in stands exposed to fertilization twice 
(N2) during the preceding stand rotation (150 kg N ha − 1 in 1977 and 
1985) were on average 20 % higher than trees in the control stands, 
suggesting weak evidence of a legacy effect of past N fertilization on tree 
growth > 35 years after the last fertilization event (p = 0.095; Table 2). 

3.2. Ground vegetation 

Our results showed no evidence, with one exception of weak evi
dence, that the ground vegetation was still affected by the previous 
fertilization(s). The NMDS showed considerable species community 
overlap between treatments (Fig. 1a), and a related PERMANOVA also 
provided no evidence (p=0.636) that vegetation composition differed 
between the fertilizer treatments. A complete species inventory list is 
provided in supplementary Table 1. We did, however, find weak evi
dence of a difference in foliar N values in dwarf shrubs (p = 0.09), but no 
evidence that the foliar N values in the three other functional groups of 
plants differed, including trees (p = 0.32), grasses (p = 0.42), and mosses 
(p = 0.55), (Fig. 1b). 

3.3. Soil metrics 

We found strong evidence (p=0.008) that soil C stocks differed in the 
organic layer, with lower C stock in the N1 treatment compared to the 
control and N2-treatment (Fig. 2a). However, no evidence of this effect 
was found comparing the control and N2-treatment. We also found 
strong evidence (p=0.006) that soil N stocks differed in the organic layer 
(Fig. 2b). With lower N stock in the N1 treatment compared to the 
control and higher N stock in the N2 treatment compared to both the N1 
treatment and the control stands. Comparison of the soils’ C/N-ratios, 
which was measured at three different depths (organic, 0–10 cm, and 
10–20 cm depth; Fig. 2c), indicated no evidence of any effect between 
treatments. 

4. Discussion 

The purpose of this study was to assess legacy effects from forest 
fertilization in rotational forestry. Particularly the focus was to deter
mine whether fertilizer induced effects on some key variables relating to 
forests productivity and understory species composition persisted 
following harvest of the fertilized forest stands, i.e. c. 23 years into the 
new forest rotation. Our data together with the existence of older 
measurements has given us the opportunity to follow the effects from the 
original fertilization event in 1977 and 1985 through the forest rotation 
boundary, and into the canopy closure of the new stand. Previous studies 
in the same study system had revealed that legacy effects from forest 
fertilization were present c. 10 years into the new stand rotation. 

Table 2 
The means (±1 SE, N=7) for total soil N mineralization rates (NH4-N and NO3-N mg g− 1 DW soil), total capture of N on ion capsules (NH4-N and NO3-N), tree 
diameter (cm) at breast height (DBH), and tree height (m), for each treatment. Results for p-values are based on a mixed-effects model ANOVA with treatment used as 
fixed factor and pre-commercial thinning as a random effects factor.  

Treatment Total mineralization Total soil mobile N DBH Tree height 
(N mg g− 1 DW soil) (N mg capsule− 1) (cm) (m) 

C 0.188 ± 0.037 0.109 ± 0.009 5.11 ± 0.592 4.41 ± 0.362 
N1 0.170 ± 0.030 0.111 ± 0.008 5.71 ± 0.320 5.30 ± 0.259 
N2 0.220 ± 0.060 0.133 ± 0.015 5.18 ± 0.511 5.57 ± 0.370 
p-value 0.747 0.356 0.386 0.095  
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Specifically, the ground vegetation species composition differed due to 
the fertilization (Strengbom and Nordin, 2008 and 2012), and trees in 
the fertilized stands had grown higher than those in stands not fertilized 
(From et al. 2015). Here we revisited the same forest stands > 35 years 
after the last application of fertilizer, and well into the next forest gen
eration as the trees had become c. 23 years old. We measured the same 
variables as in previous studies, as well as the carbon and nitrogen stock 
in the organic soil horizon, which was not measured previously. The 
combined body of data suggests that subsequent legacy effects from 
standard forest fertilization both have the potential to last much longer 
than originally assumed, and also confirms that legacy can persist (> 10 
years), but that they appear to diminish over time. 

In contrast to our first hypothesis, we detected no differences in 
mineralization rate between fertilized stands and non-fertilized stands 
(Table 1). This lack of difference diverges from measurements made 
earlier in the stand rotation, where mineralization was nearly four times 
higher in the N2 treatment compared to the control (From et al., 2015). 
Other long-term studies have also shown a significant decrease in gross 
N mineralization rate over time, but under much higher N application 
rates compared to our experiment (Högberg et al., 2014). 

In partial support of our second hypothesis, we found weak evidence, 
but a relatively large effect size (20 % increase), of a legacy effect from N 
addition on tree height between the control and N2 stands. In the pre
vious study using the same sites, N fertilization showed a similar average 
effect size of ca. 20 % in tree height between the control and N2-stands, 
but as the variation among sites then was much smaller, the effect of past 
fertilization also ended up as statistically significant (p = 0.026; From 
et al., 2015). However, in accordance with the earlier study there was no 
effect on tree diameter (DBH). Few other studies have evaluated legacy 
effects of past N addition using N doses that are comparable to the ones 
used in operational forest fertilization, and to our knowledge, no other 
study in the northern boreal zone has evaluated the growth response of 
trees this far in time from the fertilization event. Pettersson and 
Högbom, (2004) reported an overall (although non-significant) 

tendency of increased residual tree growth from standard fertilization 
application rates (150 kg N ha− 1), 14–28 years after the last fertilization 
event but within the same forest generation. Other studies have in 
contrast reported decreased growth approximately 20 years after 
cessation of N fertilization compared to controls (Högberg et al., 2014, 
2006), however it is worth noting that these results were based on a 
more intensive fertilization regimen (1350–2160 kg N ha− 1) than the 
standard application rates used in this study. While many factors may 
help explain the persistent effect of the N2-treatment on growth, and 
increased foliar N content in dwarf shrubs present, one such factor could 
be that fertilization offsets the immobilization of N that is often caused 
by the mycelial biomass and necromass production in N poor soils 
(Näsholm et al., 2013). This phenomenon has the potential to open up 
the N cycle to plants (Högberg et al., 2017) and could therefore serve as 
an explanation for both the still measurable tree growth and the absence 
of detectable N relative to the control stands in many other measure
ments. There is however also a possibility that the “excess” N is lost from 
the system or present in an ecosystem compartment we have not 
measured. 

In contrast to our third hypothesis, we found no difference in ground 
vegetation community structure or foliar N content, with the exception 
of weak evidence for a difference in foliar N content in Vaccinium myr
tillus. Our NMDS showed a considerable overlap in the species compo
sition of the ground vegetation between the treatments (Fig. 1a), and the 
following PERMANOVA indicated no significant effect. This result 
contrasts Strengbom and Nordin, (2008) who found a clear distinction in 
ground vegetation community composition between fertilized and 
non-fertilized stands in the same study system, as they noted a higher 
abundance of more N-demanding species on fertilized stands nine years 
after clear-felling. The following analysis of foliar N content in four 
functional groups of plants i.e., dwarf shrubs, trees, grasses, and mosses 
indicated a trend where stands exposed to fertilization showed a higher 
N content in plant foliage compared to the plants present in the control 
stands for all functional groups except trees. However, we found no 

Fig. 1. Left (graph 1a.): Visualization of the NMDS ordination for the ground vegetation community composition among the different treatments. Each coloured 
“spider” represents a treatment (red = control, green = single nitrogen application, and blue = two nitrogen applications). Data were analysed using PERMANOVA 
based on 9999 permutations, where no evidence of any effect were present from the fertilization treatments (p=0.636). Right (graph 1b.) Foliar N content in four 
different functional groups of plants, bars represent the mean (±1 SE, N=7) for each treatment. 
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Fig. 2. The left (graph 2a.) shows the C stock within the organic layer. The right, (graph 2b.) shows the N stock within the organic layer. The bottom figure (graph 2c) 
shows C/N-ratios in three different soil layers for each treatment (organic, 0–10 cm mineral soil depth and 10–20 cm mineral soil depth. Bars represent the different 
means (±1 SE, N=7). 
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significant differences, with the exception of weak tendency for a higher 
foliar N content of the dwarf shrubs. This result differs compared to the 
analysis made on plant material collected in 2007 (approximately 10 
years after clear-felling and 22 and/or 30 years after last fertilization 
event) where differences in foliar content between treatments could be 
detected in gathered plant material from all functional groups except 
mosses (Strengbom and Nordin, 2008). While there is a substantial body 
of evidence indicating that N enrichment effects terrestrial plant di
versity (Bobbink et al., 2010; Sullivan and Sullivan, 2018), long term 
legacy measurements such as we provide are very rare. A result similar 
to our study was found by Jacobson, Högbom and Ring, (2020), who 
reported no effects of fertilizers on ground vegetation diversity 10–34 
years after application, although significant differences in ground cover 
were detected. However their study did not measure legacy effects be
tween subsequent forest rotations, such as we did in our study. The 
disappearance of a measurable legacy effect could also be due to the 
ongoing canopy closure. Even if N is the overall growth-limiting 
nutrient, the decrease in light availability might make the above
ground competition more important than any persisting legacy effect 
stemming from the N fertilization treatments (Strengbom et al., 2004). 

For our last hypothesis, we expected that fertilization would have a 
legacy effect on soil C and N stocks, with greater stocks occurring in 
previously fertilized stands. We unexpectedly found evidence of both 
lower C and N stocks in the organic horizon present in N1 stands 
(fertilized in 1985) compared to the control and N2-stands, but no dif
ference between N2 stands (fertilized in 1977 and 1985) and the con
trols for C stocks. When measuring N stocks however the N2-stands 
showed higher stocks than both the control and N1 treatments, in line 
with our hypothesis. The reason for this variation in results is not clear 
but Hasselquist et al., (2012) suggested that responses in boreal forest to 
added N is not always linear, and that some initial level of N addition 
could stimulate microbial activity, whereas higher levels may suppress 
it. Comparing instead the C/N-ratios in three different soil layers 
(Fig. 2c) resulted in a similar pattern as the foliar N content with lower 
C/N in previously fertilized stands for all but the deepest soil layer, but 
despite these apparent trends, no evidence of significant differences was 
detected. While the soil C and N stock variables do not have an analo
gous set of older measurements present on the same stands to which we 
can compare, we note that other studies have shown that anthropogenic 
N enrichment can increase soil C stocks (Forsmark et al., 2021; 
Jörgensen et al., 2022; Mäkipää, 1995; Ring et al., 2011) and that higher 
N input rates appear to increase this effect (Forsmark et al., 2021, 2020; 
Ring et al., 2011). Studies from more southern latitudes that do report 
legacy effects between forest rotations also suggests that the forest floor 
and ground vegetation could act as a nutrient sink for added fertilizer, 
realising nutrients in subsequent forest rotation and thus increasing 
forest growth (Subedi et al., 2014). Destruction of the soil organic ma
terial instead appear to leave a legacy effect of declining productivity 
(O’Hehir and Nambiar, 2010). The same type of nutrient sink have been 
shown to occur in boreal areas (Gundale et al., 2014), and seems to 
subsists between forest rotations, as illustrated by the slightly higher N 
stock in the O-horizon in N2 stands present in our experiment. Our study 
thus addresses a key knowledge gap regarding N fertilization and soil C 
in northern boreal forests, where studies analysing long-term legacy 
effects from standard fertilizer application rates are very rare. 

5. Conclusion 

Based on the results in this study, and in comparison to previous 
inventories in the same study system (Strengbom and Nordin, 2008, 
2012; From, Strengbom and Nordin, 2015), our results indicate that 
standard N fertilization application rates in boreal forests have the po
tential to persist much longer than previously reported (i.e., 10 years), 
but that these effects clearly diminish through time. Sponseller et al., 
(2016) noted that a disconnect remains between basic research focused 
on understanding N dynamics and balances in boreal forests, and the 

applied knowledge needed to sustainably manage these ecosystems. Our 
study contributes to this important knowledge gap regarding the time
spans over which N fertilization affects boreal forests and suggests that 
care should be taken when employing N fertilization, given that effects 
appear to be longer lasting than previously thought. Further research is 
needed to fully understand what mechanisms are responsible for 
retention of fertilizer N across stand rotations, and how these vary across 
forest types (Blasko et al., 2022). Such additional knowledge could be 
used to avoid applying fertilizers in areas at risk of prolonged legacy 
effects, and thereby mitigate unwanted long-term effects on the boreal 
forest ecosystem, while at the same time maintaining the benefits of 
forest fertilization for increasing biomass growth. 
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