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Abstract

Scots pine (Pinus sylvestris L.) has higher early growth rates than Norway spruce (Picea
abies (L.) H. Karst.). To help efforts to understand possible reasons for this difference and
identify appropriate regeneration methods, we labeled seedlings with >N in the nursery
to probe nitrogen (N) uptake and retranslocation in Scots pine and Norway spruce seed-
lings at both harsh and fertile sites in southern and northern Sweden. For this, N dilution
was measured during the first two years after planting. We also examined the potential
N,-fixation capacity in fine roots after 5—7 growing seasons. Use of *N-labeled seedlings
enabled clear discernment of contributions of uptake of new N and retranslocation of old
N to new foliage. Scots pine seedlings had higher proportions of N derived from uptake
(Ngs,) than Norway spruce seedlings, and higher growth. Scots pine seedlings were less
responsive to site preparation treatments compared to Norway spruce that has a greater
need for appropriate silvicultural measures to grow well. After the second growing season,
the contribution of N derived from retranslocation (Ng;,) to N in new foliage had dimin-
ished to 10-20% at all except the harshest site, where both species were more dependent on
Ngs- The potential N,-fixation capacity in fine roots of the two species differed, but in both
cases the contribution of N,-fixation to N-acquisition was negligible.
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Introduction

Many terrestrial and marine ecosystems in the world are nitrogen (N) limited, due to low
availability or low absolute quantities of N. Nitrogen limitation is also prevalent in most
managed forest ecosystems (Tamm 1991; Vitousek et al. 1997), especially in boreal and
temperate zones (Vitousek and Howarth 1991; Fenn et al. 1998; Bergh et al. 1999). Hence,
tree biomass accumulation and productivity generally increase with increases in N avail-
ability. Nitrogen can be derived from internal storage sources by retranslocation, or from
external sources by mineralization, N,-fixation, transfer of organic N via mycorrhiza to
roots, N deposition or fertilization (Millard and Grelet 2010). On average, approximately
50% of N used by trees may be derived from N uptake and 50% from retranslocation, but
there are large variations in quantified amounts due to effects of factors such as species,
tree age, tree N status, quantification method, time of sampling, and environmental param-
eters (Millard and Grelet 2010; Villar-Salvador et al. 2015). For example, N uptake is
reportedly higher and dependence on retranslocated N lower in environments with higher
N availability (Millard and Grelet 2010).

N can also be derived from N,-fixation by free-living or endophytic diazotrophs (bac-
teria and archaea). Inter alia, cyanobacteria living symbiotically with feather mosses may
provide important N inputs in boreal ecosystems (DeLuca et al. 2002; Stuiver et al. 2016),
and N, is fixed by symbionts in root nodules of some tree species, such as Frankia in Alnus
spp. and Rhizobia in Acacia spp. (Binkley et al. 1994; Brockwell et al. 2005). Fixed N, has
been detected in aboveground tree residues (Brunner and Kimmins 2003), roots (Granhall
and Lindberg 1978; Mikipéd et al. 2018), foliage and associated soil (Son 2001) of several
tree species. However, only few studies have investigated N,-fixation in roots of conifer-
ous trees growing in boreal conditions. Those studies have found low fixation rates in fine
roots of Norway spruce and Scots pine in Sweden (Granhall and Lindberg 1978), and in
woody roots of Norway spruce and silver birch (Betula pendula Roth.) in Finland (M#kipai
et al. 2018). In addition, several bacteria (endophytic diazotrophs) living in internal tis-
sues of lodgepole pine (Pinus contorta var. latifolia Engelm. ex S. Watson) and hybrid
white spruce (Picea glauca x engelmannii) have been identified, indicating potential for
N,-fixation that may facilitate tree growth in nutrient-poor environments (Padda et al.
2018; Puri et al. 2018).

Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst) are the
most commonly planted tree species in Sweden, accounting for 96% of all planting (SFA
2023) and 80% of the total standing volume (SLU 2020). They have different growth pat-
terns, as Scots pine is regarded as a pioneer species and has higher early growth rates than
Norway spruce, being a late-successional species. This difference is often at least partly
due to growth of Norway spruce seedlings being hampered, to varying degrees, by growth
check (also called planting shock) caused by factors including low fertility, water stress
and frost damage, either singly or in any combination (Grossnickle 2000). Hence, initial
N uptake by planted seedlings, is crucial for high initial growth rates (Margolis and Brand
1990), and depends on nutrient uptake from the previous year (Malik and Timmer 1996;
Nilsson and Orlander 1999; Grossnickle 2000: Nordborg et al. 2003). For example, Johans-
son et al. (2012) found that N fertilization substantially increased growth of planted Nor-
way spruce seedlings in an optimization study. Other studies have found similar growth
increases after fertilization in combination with site preparation, of both Norway spruce
seedlings (Nordborg and Nilsson 2003; Nordborg et al. 2003), and several North American
conifers (Munson et al. 1993; Thiffault and Jobidon 2006; Thiffault et al. 2017). A common
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method to promote survival and growth of planted seedlings in Sweden is mechanical site
preparation, as 89% of all regenerations are scarified (SFA 2022). The most common meth-
ods used are mounding or disc trenching (Nilsson et al. 2010). Site preparation improves
the conditions for the seedlings as it for example reduces competing ground vegetation
(Thiffault et al. 2005; Johansson et al. 2013), increases nutrient mineralization (Orlander
et al. 1990; Lebel et al. 2008) and reduces competition for nutrients (Thiffault et al. 2004).

Useful tools for exploring plants’ interactions with their environments, such as N uptake
and utilization by trees, include stable isotopes (Dawson et al. 2002; Fry 2006). They can
be used at naturally occurring levels (‘natural abundance’) or levels beyond natural ranges
(‘enrichment’) using labeled substances (Dawson et al. 2002). Enrichment methods ena-
ble tracking of elements’ fates, with minimal changes to natural behavior. The abundance
of an isotope (e.g. ’N) relative to other isotopes of the same element in a labeled sub-
stance exceeds (and is compared to) the natural or background abundance (Dawson et al.
2002). The average terrestrial abundance of 15N is 0.3663%, and '*N accounts for the other
99.6337% of N (Fry 2006). Thus, in a typical experimental approach, substances with
higher abundance of '’N are added to soil in some plots, which are compared to unlabeled
plots (control). Typically this is done the year before sampling to enable tracking of the
retranslocation of N from that year, or labeled substances are added and samples are col-
lected in the same year to quantify N uptake and retranslocation from all previous years
(Millard and Grelet 2010).

The aim of the study reported here was to elucidate more clearly the relative importance
of N uptake and N retranslocation for Scots pine and Norway spruce seedlings during the
first two years after planting, possible associated growth responses, and the potential role
of N,-fixation. For this purpose, we used seedlings fertilized with >N-enriched fertilizer
cultivated throughout their development in the nursery from seed to seedling ready for
deployment. This strategy enabled assessment of the proportions of N in current-year nee-
dles derived from uptake and retranslocation after field planting (hereafter Nys, and Ny, for
convenience). The acquired data were related to N concentrations and leading shoot growth
in the following year. The potential N,-fixation capacity in fine roots of Norway spruce
and Scots pine seedlings was also tested. For this, we used the acetylene reduction assay
(Hardy et al. 1968), which exploits the ability of nitrogenases responsible for N-fixation to
also reduce acetylene gas to ethylene. The study was established at four sites with widely
differing fertility and geographic conditions in Sweden. The following hypotheses were
tested:

1. Scots pine seedlings have higher N uptake, while Norway spruce seedlings are more
dependent on N retranslocation.

2. The higher N uptake of Scots pine than Norway spruce seedlings is due to differences
in N,-fixation rates in their fine roots.

Material and methods
Experimental design
The hypotheses were tested in field trials replicated at four forest sites. A more detailed

description of the experiment has been presented by Nilsson et al. (2019). The sites were
selected based on site indices of the previous crop trees, to represent one nutrient-poor
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and one fertile site in both southern and northern Sweden (Table 1), designated North-
Poor, NorthFertile, SouthPoor and SouthFertile, respectively. The previous crop trees
were harvested during the winter before planting, except at the SouthPoor site, where

they were harvested a year earlier.

Table 1 Description of the four study sites, based on Nilsson et al. (2019)

NorthPoor NorthFertile SouthPoor SouthFertile

Local name Vindeln Hossjo Sdvsjostrom Kléaversd
Altitude (m) 200 170 220 180
Latitude 64°13'N 63°48'N 56°59'N 56°02°N
Longitude 19°46'E 19°49°E 15°29°E 13°11'E
Mean annual precipi- 669.8 583.1 596.6 872.6

tation (mm)*
Mean annual tempera- 3.5 4.5 7.1 9.0

ture (°C)°
Temperature sum® 881 946 1320 1388
Field vegetation type!  Bilberry Low herbs Bilberry No field vegetation
Soil moisture Mesic Mesic Mesic Mesic
Soil texture! Sandy till Sandy-silty till Sandy-silty till Clay-silty till
Soil type® Orthic podzol Orthic podzol Orthic podzol  Eutric Cambisol
Site index" T20 G21 T26 G35
MAI (m® ha™! year™!)¢ 3.7 4.6 6.8 13.3
Previous crop Scots pine Norway spruce Scots pine Norway spruce

Previous stand harvest
date

Winter 10-11

Winter 10-11

Winter 10-11

Winter 11-12

Soil preparation date 10 June 2011 13 June 2011 16 May 2012 14 March 2012
Planting date 22 June 2011 23 June 2011 6-7 June 2012 25 April 2012
Scots pine provenance Fp-625 Dal T8 Fp-625 Dal T8 Fp-606A Got-  Fp-606A Got-
thardsberg thardsberg
Norway spruce prov-  Fp-130 Domsjodnget Fp-130 Domsjodnget Fp-501 Bred-  Fp-501 Bredinge
enance inge
Stock type Starpot 50 Starpot 50 Hiko V93 Hiko V93

4SMHL, 2019)

b Average annual values recorded at the closest weather stations for the years 2011-2016 in the north and
2012-2016 in the south. Weather stations: Vindeln-Vindeln/Sunnansjonis (149,120), Hossjo—Umed Flyg-
plats (140,480) for temperature, and Hossjo-Robécksdalen (140,490) for precipitation; Sévsjostrom—Kosta
Mo (65,510) for temperature, and Savsjostrom-Alghult(75,010) for precipitation; Klaverod—Helsingborg
(62,040) for temperature, and Klaverod—Gillastig (63,010) for precipitation

“Day-degrees > 5 °C calculated according to Morén and Perttu (1994), without correction for continentality
or maritimity. (using TS,=4 922 — 60.4* lat —0.837* alt)

9In the previous stand, according to Higglund and Lundmark (1987)

¢FAO-UNESCO, Soil map of the world (Anon, 1981)

fSite index derived from site properties as the height of the dominant trees (m) after 100 years for Scots
pine (T) or Norway spruce (G) according to Hagglund and Lundmark (2007)

£Mean annual increment derived from site index from site properties according to Higglund and Lundmark
(2007)
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Site preparation treatments

A split plot design with four blocks was applied at all sites. Each block covered 13 x41 m,
divided into three main plots (13X 11 m), with a 4 m undisturbed buffer zone between
them. Each main plot was assigned to one of three site preparation treatments, which was
applied to its entire area (not spot-wise). In the main plot, the inner ca. 7X8 m was used
for planting, creating a second 2-2.5 m buffer zone to the edge of the treated main plot.
The size of main plots and inner areas varied slightly between the two regions. The treat-
ments were: no site preparation (control); removed humus (RH, i.e., removal of the organic
layer in the entire main plot leaving a top layer of mineral soil); and deep soil cultivation
(DSC, i.e., inverting the entire soil profile to a depth of 60 cm, burying the topsoil under
10-20 cm of mineral soil). Each of the site preparation treatments was applied in the spring
or early summer using an excavator operated from outside the plots to avoid soil compac-
tion. The two sites in southern Sweden were fenced to prevent browsing damage, but this
was assumed not necessary at the northern sites.

Nursery preparation

The planting material consisted of seedlings of provenances considered to be well
adapted to the respective sites (Table 1), provided by the Forestry Research Institute
of Sweden (Skogforsk). All seedlings were sown in containers filled with unfertilized
peat. The sizes of the containers were 50 and 90 cm?® in northern and southern Swe-
den, respectively, following standard nursery protocols in each area. The seedlings were
grown in a greenhouse following a conventional growing scheme and stored in a freezer
(at -4 to -2 °C) during the winter (Table 2).

Labeling was designed to label the N pools of the seedlings uniformly and homoge-
neously before their planting in forest. By doing this type of labeling the '’N signature
of seedling internal N will be different from signature of unlabeled N from the forest
soil. Consequently, any N uptake from the soil will dilute the '>N signature of the inter-
nal N pool of the seedling. Hence, to enable tracing of the '>N concentration in new
needles, concentrated N powder as ammonium nitrate (15NH415NO3) (Cambridge Iso-
tope Laboratories Inc. Ammonium nitrate 15N2 98% +), was added in the nursery to the
growth media by mixing with the standard fertilizer (NPK 9-1-6) to obtain a labeling of
approximately 1 atom% of total N compounds. Fertigation was repeated twice per week
per seedling with 5 mg N, from seeding to outplanting.

To determine the baseline concentration of >N and check that its concentration was
similar in all seedlings at planting, needles from six seedlings from each batch and spe-
cies were analyzed, 24 seedlings in total. The samples were dried for 24 h in 65°C and
ground with a ball mill (Retsch MM 400), then their '°N concentration was determined
using an isotope ratio mass spectrometer (Thermo Fisher Scientific. Delta V) coupled to
an element analyzer (Thermo Fisher Scientific. Flash Elemental Analyzer), at SLU — the
Swedish University of Agricultural Sciences in Umed, Sweden.

Planting

Scots pine and Norway spruce seedlings enriched to a similar N level were randomly
interplanted in the main plots at all sites with 1 m spacing in 2011 and 2012 at the
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northern and southern sites, respectively. In each plot, 20 or 29 seedlings of each spe-
cies were planted during spring or early summer at the northern and southern sites,
respectively. All seedlings (2352 in total) were planted at a conventional planting depth,
with the entire root system from the container a few cm under the soil surface. Each
seedling was treated with insecticide (Bayer AB—Bayer CropScience. Merit Forest
WG, active substance Imidacloprid) to protect it from pine weevil (Hylobius abietis) at
planting, then re-treated in the first spring at the northern sites, and both the first spring
and second autumn at the southern sites.

Field measurements and sampling

Immediately after planting, initial dimensions (height from the ground and diameter at
ground level) of every seedling were measured. Thereafter, these dimensions (and lead-
ing shoot length) were annually re-measured after the growing season during the first
5-6 years. For more details regarding seedling damage, mortality, vegetation cover and
soil temperature, see Nilsson et al. (2019). Three seedlings of each species were exca-
vated from every main plot after the first and second growing seasons, in total 192 seed-
lings. Seedlings in each plot were assigned to three height-based classes, one seedling
of each class was excavated, and pooled by site preparation treatment to analyze SN
contents of the new needles. This sampling was stopped after two growing seasons as
the 1N level approached the natural level of 0.3663 atom% at most sites.

To analyze potential N,-fixation capacity, three of the tallest seedlings of each spe-
cies were selected in every plot during 2017 (after 5-7 growing seasons) and one of
them was randomly sampled during the two fine root sampling occasions. Fine roots
(<2 mm diameter) were sampled twice (in late spring and early autumn) to capture
seasonal differences. Fine roots were manually collected by following the roots of the
seedling and sampled with spade and scissors, put in a plastic bag and stored in a cooler
during the fieldwork. Samples were then stored for less than a week in darkness at 4 °C
until the start of the laboratory analyses. A total of 192 samples (one per block per spe-
cies per sampling occasion), or 12 replications per site per species and sampling occa-
sion were used in the analyses.

5N concentration in new needles

We calculated proportions of N in needles of new shoots derived from N acquisition in the
field and N retranslocation (‘N derived from uptake’, or Ny, and ‘N derived from retrans-
location’, or Ny, respectively) after the two first growing seasons. Monitoring changes in
5N concentrations could be considered an adaptation of typical isotope dilution methods
(Barraclough 1995; Dawson et al. 2002; Murphy et al. 2003; Millard and Grelet 2010),
where °N-labeled substances are added to the soil in some plots, but not controls, in the
sampling year or the preceding year to quantify retranslocation from all previous years or
that specific year. In contrast, we enriched our seedlings to high levels of "N and followed
the >N dynamics in new needles to enable investigation of possible connections to the
seedlings’ growth and relative levels of newly acquired and stored N in new needles, and
conversely their dependence on retranslocated labeled N from enriched fertilizer applied in
the nursery.
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Ny and Ny, were calculated using the following formula:

ISN dles — ISN :
Ny =100 = Ny = 100 — | "2 25100 )
Nnursery - soil
Where "N =Atom% "N in the seedling batch analyzed before planting in the field;

nursery

15Nsoi, =Atom% N in N from the soil, approximated to 0.3663; N
the needles of new shoots at a given time.
The equation follows the approach of Deléens et al. (1994).

=Atom% "N in

needles

Potential N,-fixation capacity

To analyze potential N,-fixation capacity in fine roots associated with both species, fine
roots were harvested from the collected field material, and carefully cleaned with dis-
tilled water to remove contaminating soil particles. The roots were then placed in 22 ml
glass vials, and nitrogenase activity was estimated using a 24-h acetylene reduction assay,
essentially following the protocol previously used to estimate the activity in feather mosses
(DeLuca et al. 2002; Stuiver et al. 2016). After removing 10% of the air in the vials and
replacing it, by injection with acetylene, the vials with fine roots from the northern and
southern trials were stored in a dark climate chamber for 24 h at 10 and 13 °C, respectively.
The incubation temperatures were based on average temperatures recorded in the organic
layer in the two regions. The ethylene concentration in each sample was then determined
using a gas chromatograph (Perkin Elmer Inc. Clarus 500 GC). Finally, the fine root sam-
ples were dried at 70 °C for 48 h and weighed, their potential N,-fixation capacities were
calculated, in ng N, ¢! fine root day™', from the amount of ethylene produced (deter-
mined using the universal gas law) and a conversion factor based on the numbers of elec-
trons required for N, fixation (8) and acetylene reduction (2.5), giving a theoretical ratio of
8/2.5=3.2 (Bellenger et al. 2014). The factor used in most studies is between 3 and 4, as
factors typically derived from field samples have been found to be around 4 (Hardy et al.
1973). It should be noted that Roskoski (1981) found that conversion factors could range
from 0.1 to 20, but this was with samples that had been incubated for 5 or 9 days with N,
and then analyzed for C,H, reduction. We used the conversion factor 3, which is com-
monly applied in similar studies, as described in several reviews (reviews by Son 2001;
Brunner and Kimmins 2003; Bellenger et al. 2014). The weight of dried samples used in
the incubations varied from 0.04 to 0.75 g, with a mean of 0.26 g.

Statistical analyses

Nys, values and potential N,-fixation capacities of the fine roots of seedlings sampled at each
site, species and site preparation treatment were calculated and used in Analysis of Variance
(ANOVA) of species and site preperation effects. Mixed models of effects across and within
sites were constructed using the R statistical packages ImerTest (Kuznetsova et al. 2017) and
Ime4 (Bates et al. 2015), with sites and blocks as random effects, and site preparation and spe-
cies as fixed effects.

The following split-plot model was used to assess the effects across sites:

Vik = H + S+ by + @+ Sig + B+ (af)y + € )
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Here yj; is the response variable (N, or potential N,-fixation) of the kth replicate of site
preparation treatment (C, RH or DSC) i, and species j, p=overall mean, s, =site, random
effect, (k=1,...,4), b;=block within site, random effect, (1=1,...,4), a;=fixed effect of
the ith site preparation treatment (i=1,...,3), §;,=site preparation treatment experimental
error, B;=fixed effect of the jth split-plot species (j=1,2), (af); =interaction between site
preparation and species, eijk = split-plot experimental error (species experimental error).

In addition, the following split-plot model was used to assess effects within sites, which
was to for example analyze N, at the NorthPoor site after the second growing season for,
as"N levels were approaching natural abundance (0.3663 atom% '°N), corresponding to
100% Ny, in shoots of both species at the three other sites, using the method described
above, except for exclusion of site from the model:

Yik = H + b+ a4 Sy + fj+ (af)y + € 3)

where yy is the response variable (Ngg,) of the kth replicate of site preparation treatment
(C, RH or DSC) i, and species j. The other terms are the same as above.

When significant differences were detected, they were identified by Tukey’s post hoc
test. The NorthPoor site was excluded from the analysis across all sites of N, after the
second growing season, as seedlings there had considerably lower Ny, than at the other
three sites. The explanatory variables were log-transformed when necessary to meet homo-
geneity of variance requirements for ANOVA. In all analyses, differences were deemed
significant if p <0.05.

A general linear regression model with dummy variables for species and interaction
between dummy variables and independent numeric variables, with the following formula,
was constructed for analyzing Nyg or N concentration, and leading shoot growth the fol-
lowing year:

Yi= B+ X+ BXo + BX Xy + g 3)

where X, =independent variable (N, or N concentration), X, =species dummy variable, 1
if Scots pine and 0 if Norway spruce, B, and ; and , and B; =coefficients to be estimated,
g;=error term.

Results
N uptake

Significant differences in Ny, were found between species across site preparation treat-
ments and sites after the first and second growing seasons (Table 3). After the first
growing season, Ny, was significantly higher in plots with no site preparation (control)
than in DSC treatment plots (p =0.0376) across sites and species. Differences in Ny,
among sites reduced the possibility of robust ANOVA after the second growing sea-
son, as seedlings at the NorthPoor site, especially Norway spruce seedlings, had lower
Ny, and higher Ny, (and thus higher dependence on N retranslocation) than those at
other sites (Fig. 1 and 5). Therefore, data pertaining to Ny, at the NorthPoor site and
the other three sites after the second growing season were analyzed separately for the
overall across sites analysis. After the second growing season, Ny, was significantly
lower in RH plots than in control and DSC plots (p=0.0163 and 0.0387, respectively)
across the other three sites. At the NorthPoor site, Ny, was significantly lower under
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Table 3 Results of the analysis of variance, showing p-values of associated differences in Ny,

All sites after 1st All sites except NorthPoor NorthPoor after
growing season after 2nd growing season 2nd growing
season
Effect p-Value
Site preperation 0.0291 0.0095 0.0011
Species <0.0001 <0.0001 <0.0001
Site preperation X Species 0.0706 0.1560 0.3030

the DSC treatment than under the control and RH treatments (p=0.0013 and 0.0036,
respectively), and seedlings of both species did almost have no Ny, in their new nee-
dles after the first growing season. Significant differences in Nz, between species were
found within sites among treatments after the first and second growing seasons, with
lower Ny, both at the NorthPoor site and lower for Norway spruce in most site prepara-
tion treatments at all sites, especially in the RH treatment after the first growing sea-
son except at the SouthFertile site (Fig. 1). Furthermore, significant differences in Ny,
between species across site preparation treatments were also found within sites (Fig. 5).
At all sites except the NorthPoor site '’N levels were approaching natural abundance
(0.3663 atom% '°N), corresponding to 100% Nyq,, in shoots of both species after the
second growing season (Figs. 1 and 5).

The results also show that there was a significant difference between species for N,
after the first growing season and growth of the leading shoot in the following year
across all sites (p <0.0001). As there was a significant interaction between N, and spe-
cies (p=0.0062), the slope of Scots pine had a higher intersection and was steeper than
that of Norway spruce, meaning that an increase of N uptake leads to more leading
shoot growth the following year for Scots pine. Increases in N, were associated with
increases in leading shoot growth of Scots pine seedlings at all sites and Norway spruce
seedlings in the south. This was much weaker for Norway spruce in the north, especially
at the NorthFertile site (Fig. 2a). Significant difference between species for Ny;, and
leading shoot growth in the following year was also found after the second growing
season at all sites except NorthPoor (p <0.0017) (Fig. 2b) and at the NorthPoor site
alone (p<0.0251) (Fig. 2¢). No significant between-species difference in this respect
was found at the NorthPoor site after the second growing season. However, there was
a nearly significant interaction between Nyg and species (p =0.0530), indicating that
increases in leading shoot growth in the following year associated with increases in N,
tended to be higher in Scots pine seedlings (Fig. 2c).

N concentration after the first growing season and growth of the leading shoot in
the following year were also significantly different between species (p <0.0001), and
increases in N concentration were associated with larger growth increases in Scots pine
than in Norway spruce seedlings as Scots pine had both higher intersection and steeper
slope (p=0.0287) (Fig. 3a). In further similarity to the relationship between growth of
leading shoots of Norway spruce and N, (Fig. 2a), leading shoot growth was very low
even with high N concentrations in the north. As >N levels were approaching natural
abundance at all sites except NorthPoor after the second growing season, a significant
difference between species for N concentration and leading shoot growth was found
at the NorthPoor site (p=0.0347) (Fig. 3c), but not at the other three sites combined
(Fig. 3b).
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Potential N,-fixation capacity

Potential N,-fixation capacity, estimated by the acetylene reduction assay, varied between
species and sites, ranging from 5.7 to 48 ng N, g fine root™! day™! (Fig. 4). The Scots pine
fine roots had significantly higher potential N,-fixation capacity than the Norway spruce
across (p <0.0001) and within all sites, at both the spring and autumn sampling occasions
(Fig. 4), but no treatment or interaction effects between treatment and species were found.

Discussion

N uptake

The presented results corroborate our first hypothesis, that Scots pine seedlings have
higher N uptake, as they had higher N, and correspondingly lower N, values than
Norway spruce seedlings at all sites after the first and second growing seasons. As >N
was measured annually in new needles, high Ny, values indicate that seedlings had
mostly utilized non-enriched N from the soil, while seedlings with lower Ny, values
were more dependent on the enriched N they obtained in the nursery under sufficient
fertilization regime, and their N uptake rates were lower. Nz, had reached almost 100%
after two growing seasons, indicating that it accounted for almost all N in new needles,
and Ny, made minor contributions, at three of the sites, while there was still strong
dependence on N retranslocation at the NorthPoor site.

Overall, Norway spruce was more sensitive to the site preparation treatments than
Scots pine, as previously found (Nilsson et al. 2019). Reasons for this difference are still
unknown, even though Norway spruce is more affected by resource availability as it has
shown better growth response in fertilization experiments (Hedwall et al. 2014). However,
the lower Ny, in Norway spruce and higher Ny, in Scots pine seedlings is consistent with
Scots pine being a pioneer species with high early growth rates, Norway spruce having
more sustained growth patterns, and frequent occurrence of growth check (Grossnickle
2000). It is hard to make general recommendations of site preparation techniques and spe-
cies based on our results as the time frame was relatively short. However, Norway spruce
should not be planted in planting spots with removed humus and a long distance to the
nutrient rich organic material, which can be created by both disc trenching and mounding,
as the seedlings seemed to struggle with N uptake, compared to Scots pine that was less
affected in such planting spots. It could also be tempting to disregard planting spots as were
created in the DSC site preparation treatment, especially in the north, as the Nys, was low,
but growth in such environment has been shown to perform well with time (Nilsson et al.
2019). Furthermore, it has been shown that seedlings planted without site preparation have
a higher risk of both damage and mortality caused by pine weevil (Wallertz et al. 2018).
Hence, choosing the right planting spot where the roots can reach the organic material rela-
tively fast should be prioritized.

Retranslocation of nutrients and carbohydrates from older needles and other parts is
crucial for tree growth (Millard and Grelet 2010; Uscola et al. 2015; Villar-Salvador et al.
2015). Results of this study show that increases in N, after the first and second growing
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Fig.1 Ny, (in percentage of N in needles of new shoots derived from uptake) during the first two grow- p
ing seasons at each site and under each site preparation treatment: Control (no site preparation), Removed
Humus (RH) and Deep Soil Cultivation (DSC). The asterisks indicate significant (p<0.05) differences
between species. 192 seedlings were sampled and each data point is represented by 12 seedlings. Standard
error at NorthPoor year 1 is 4.632, and year 2 5.899. Standard error at NorthFertile year 1 is 10.943, and
year 2 2.6439. Standard error at SouthPoor year 1 is 7.5027, and year 2 3.996. Standard error at SouthFer-
tile year 1 is 6.666, and year 2 2.135. Ny, at each site across treatments are shown in Fig. 5 in the Appendix

season led to increased leading shoot growth in the following year, in accordance with pre-
vious studies (Nilsson and Orlander 1999; Grossnickle 2000 Nordborg et al. 2003). Inter-
estingly, increases in Ny, for Norway spruce in the north did not result in longer leading
shoots in the following year, indicating that the limiting factor was something other than
N, e.g., low soil temperature, soil water availability (Margolis and Brand 1990), or nutri-
ent levels (Grossnickle 2000). This is consistent with observations of higher dependency
on retranslocation in low-N environments (such as the NorthPoor site) in many tree spe-
cies (Millard and Grelet 2010), including Scots pine (Proe et al. 2000). The observation
that Ny, was approaching 100% after the second growing season shows that the labeled N
supplied in the nursery was no longer crucial for the seedlings. Hence, increases in their
growth were heavily dependent on N uptake, indicating that retranslocation of initial N was
much less important than N uptake. However, seedlings at the NorthPoor site still seemed
to rely on N retranslocation. From another perspective, the results also suggest that some
of the N in new needles was still derived from retranslocation of N supplied in the nursery,
even after the second growing season, and dependence on this N was higher in Norway
spruce seedlings. High dependence on retranslocated N, especially in low N environments,
is the main reason for nutrient loading in the nursery, which was not done in this study.
Nutrient loading provides seedlings with additional nutrient reserves that can be utilized
in the following growing season, thereby enhancing growth of seedlings of various spe-
cies (Malik and Timmer 1996; Salifu and Timmer 2003a, 2003b; Salifu and Jacobs 2006,
Salifu et al. 2009), including Norway spruce, but the effect is short-lived in the field and
fades away after the first or second growing seasons (Grossnickle 2000; Heiskanen et al.
2009).

N concentration after the first growing season and leading shoot growth the following
year showed many similarities to leading shoot growths’ relationship with N, in accord-
ance with previous findings (Malik and Timmer 1996; Villar-Salvador et al. 2015). How-
ever, after the second growing season, this only persisted at the NorthPoor site. That N
concentration after the second growing season and leading shoot growth the following year
did not show any clear pattern at the three sites except NorthPoor is in line with previous
studies showing that N concentration and growth rate are not necessarily related (Salifu
and Timmer 2003b).

Implications of differences between the '>N dilution approach applied in this study and
typical approaches (also called pulse-chase technique) also warrant consideration. In our
approach, growing seedlings from seeds with labeled N to the stage at which they were
planted, ensures that all organs and tissues display the same '°N signal. It means that any
change in this signal can be attributed to uptake of N from the soil. The typical approach
described by Millard and Grelet (2010) where plants are supplied '*N-labeled N sources
either before or the same year in which N uptake and retranslocation are determined may
result in heterogeneously labeled seedlings, as distributions of labeled N may vary between
different plant tissues and organs, thereby complicating interpretation of >N patterns in
different plant tissues.
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N,-fixation capacity

The second hypothesis, that Scots pines’ higher N uptake may be due to N,-fixation in fine
roots, was rejected, as N,-fixation rates were very low in comparison to rates of N acquisi-
tion from the soil or retranslocation. A conservative sensitivity analysis based on seedling
weight, and assumptions that the entire seedling biomass had the same maximum poten-
tial N,-fixation capacity and 1-2% N content (Nilsson et al. 1996; Bergquist and Orlander
1998), indicated that N,-fixation accounted for at most ca. 0.1-0.2% of the seedlings’ total
N uptake. Thus, although potential N,-fixation rates were higher in Scots pine seedlings
than Norway spruce seedlings they were far too low to explain the between-species differ-
ence in N uptake. Thus, the contribution of N from N,-fixation was neglected for the Ny,
and N, values.

The N,-fixation capacity of Norway spruce we derived was within the range reported
by Mikipii et al. (2018) in Finland, despite their focus on woody root material (>5 mm
in diameter). Moreover, we determined the maximum potential N,-fixation capacity of the
fine roots. As no controls with fine root samples without acetylene were included in our
assays it should be noted that the roots may have emitted ethylene due to stress or some
other response, as organs of many plants, including pine roots, may do (Stumpff and John-
son 1987). However, in a pilot study Mikipai et al. (2018) detected no ethylene production
without acetylene addition in Norway spruce or silver birch roots subjected to similar con-
ditions. Moreover, any corrections to account for naturally emitted ethylene in our study
would have decreased the derived N,-fixation capacities. Extrapolation of ethylene produc-
tion-based estimates of N,-fixation rates in roots of middle-aged and mature Norway spruce
trees by Mikipii et al. (2018) resulted in values of just 0.06 and 0.15 kg ha™! year™, tiny
fractions of the total stand-level uptake of N by mature trees, which reportedly amounts to
15-50 kg ha~! year™' in northern Sweden and Finland (Korhonen et al. 2013; Sponseller
et al. 2016).
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Conclusions

There are four main findings of this study. First, use of '’N-labeled seedlings enabled dis-
entanglement of the role of uptake of new N and retranslocation of old N into new foliage.
Second, increases in both the Ny, and N concentration in foliage after the first growing
season led to increased leading shoot growth in the second growing season. Third, tempo-
ral patterns of changes in N uptake and retranslocation in Norway spruce and Scots pine
seedlings were similar. Fourth, there were low rates of potential N,-fixation capacity, and
despite differences in capacities between Scots pine and Norway spruce, the contribution
of N,-fixation to N acquisition was negligible in both species.

These patterns suggest that N uptake following planting is crucial for seedling growth,
and retranslocated N alone is insufficient for early seedling growth. Scots pine seedlings
had clearly higher N, values, and thus apparently higher N uptake rates, indicating that
they are less responsive to site preparation treatments and can acquire more N than Nor-
way spruce seedlings during the first years after planting, and grow more rapidly after the
first year with increasing Ny;,. Conversely, Norway spruce has greater need for appropriate
silvicultural measures to grow well. Further investigation of limiting factors for the growth
of Norway spruce seedlings in the north is warranted (e.g., through optimization studies),
as their leading shoot growth was low after the second growing season despite high Nz,
values. The complexity of N,-fixation in roots, including variations associated with differ-
ences in root diameter and age, also warrants further attention in future research.

Appendix

See Fig. 5..
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