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Summary

¢ Nitrogen (N) fertilization increases biomass and soil organic carbon (SOC) accumulation in
boreal pine forests, but the underlying mechanisms remain uncertain. At two Scots pine sites,
one undergoing annual N fertilization and the other a reference, we sought to explain these
responses.

e We measured component fluxes, including biomass production, SOC accumulation, and
respiration, and summed them into carbon budgets. We compared the resulting summations
to ecosystem fluxes measured by eddy covariance.

o N fertilization increased most component fluxes (P < 0.05), especially SOC accumulation
(20x). Only fine-root, mycorrhiza, and exudate production decreased, by 237 (SD=28) g C
m~2yr~". Stemwood production increases were ascribed to this partitioning shift, gross pri-
mary production (GPP), and carbon-use efficiency, in that order. The methods agreed in their
estimates of GPP in both stands (P> 0.05), but the components detected an increase in net
ecosystem production (NEP) (190 (54) g C m—2yr~'; P <0.01) that eddy covariance did not
(19 (62) gCm~2yr " ns).

e The pairing of plots, the simplicity of the sites, and the strength of response provide a com-
pelling description of N effects on the C budget. However, the disagreement between meth-

ods calls for further paired tests of N fertilization effects in simple forest ecosystems.

Introduction

Ecosystem carbon budgets represent the cumulative CO, exchange
between ecosystems and the atmosphere, often quantified using the
eddy covariance (EC) technique (Baldocchi, 2008; Monson &
Baldocchi, 2014). These measurements describe the net exchange
between the whole ecosystem and the atmosphere, integrated over a
footprint upwind of the measurement point. Alternatively, carbon
budgets can be derived by summing the individual C cycle compo-
nents, including biomass production, soil carbon changes, and
respiratory fluxes using inventory and chamber techniques (Peichl
et al, 2010; Lim er al, 2015; Campioli er al, 2016; Eastman
et al., 2021). Such changes can be difficult to measure, especially
on tissues with rapid turnover such as leaves, roots, and mycorrhizal
hyphae. The changes can also be difficult to detect against large
background variation, especially in natural forest ecosystems.
Previous studies have compared component fluxes to eddy covar-
fance in boreal forests (e.g. Zha et 4, 2007; Goulden ¢t al, 2011).
We focus here on the broad-ranging summary of Campioli
et al. (2016), from which we have drawn several conclusions that are
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particularly relevant here. First, they noted that eddy covariance uses
a standardized set of protocols, but that the component flux
method, which they termed ‘Biometric’, is in fact an unstandardized
mixture of different methods and approaches. Second, they noted
that boreal forests tended to be especially problematic in method
comparisons, perhaps due to low fluxes. Third, they described the
range of methods used for measuring respiration fluxes; the
nonsteady-state through-flow chambers (NSF) were noted for higher
respiration fluxes than from EC methods. Fourth, they noted that
daytime extrapolation of ecosystem respiration should be reduced to
account for the reduction in leaf respiration during the day (e.g.
Wehr ez al, 2016). Finally, they noted that any disagreement
between the methods could come from either side or both. Here, we
compare and synthesize data from biometric and EC methods to
develop a detailed component budget for a system that is extremely
simple: a boreal monoculture of mature Scots pine (Pinus sylvestris
L.) with a sparse understory growing in deep sandy deposits that
began with low soil organic matter accumulations. One stand had
undergone high rates of annual fertilization for 15 yr, the other was
unfertilized but otherwise similar at the beginning of the study.

© 2023 The Authors
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Nitrogen (N) fertilization can change growth and carbon bud-
gets by a limited set of mechanisms. One possibility is that
canopy photosynthesis would be increased as a consequence of
increased light interception due to increased leaf area index (LAI)
and/or increased photosynthetic rates per leaf area. Another alter-
native is that carbon partitioning may be altered. Here, we dis-
cuss this question in terms of total belowground carbon flux
(TBCE), the proportion of gross primary production (GPP) that
is transported belowground as sugars in the phloem of the plants
in the ecosystem (Giardina & Ryan, 2002; Litton et al., 2007;
Eastman ez al., 2021). TBCF is measured by difference after mea-
suring all other major components of the carbon budget. Critical
in this analysis is the accumulation of soil organic matter, which
is rapid in fertilized forests (e.g. Olsson er al., 2005; Maaroufi
et al., 2015; Forsmark ez al., 2020; Marshall et 2/, 2021). An N-
induced increase in aboveground partitioning has been inferred
previously at our site (Lim ez 4/, 2015) and in other boreal Scots
pine forests (Linder & Axelsson, 1982; Axelsson & Axels-
son, 1986), but we note that these estimates relied on models
based on untested assumptions.

A last possible cause of the growth increase is an increase in
carbon-use efficiency (CUE), which describes the proportion of
photosynthate fixed into biomass. We define it here as net pri-
mary production (NPP) divided by GPP. This definition of
CUE is derived from the concept of ‘growth yield (e.g. Vertregt
& Penning de Vries, 1987), but we pick it up with Waring’s
claim (Waring ez al., 1998) that the efficiency is constant. This
claim has provoked several challenges (Medlyn, 1998; Mikeld &
Valentine, 2001; Vicca ez al., 2012; Collalti & Prentice, 2019).
Even after a recent response by Landsberg ez al. (2020), the ques-
tion remains unresolved. Part of the difficulty is the different defi-
nitions of CUE that have been applied (Campioli ez al., 2015;
Manzoni et al., 2018). We focus on aboveground CUE, which
includes only autotrophic processes, sharply constraining the pos-
sible range of values.

We had two objectives: (1) to use the ecophysiological infor-
mation in the compartmental fluxes to identify the mechanisms
underlying the nitrogen-induced growth increase in the overstory
pine trees and (2) to compare the bottom-up compartmental flux
method to the top-down eddy flux method of measuring ecosys-
tem fluxes on a heavily and continuously nitrogen-fertilized plot
and on a nearby unfertilized reference plot. The treatment effect
on biomass production and soil organic matter accumulation was
exceptionally strong due to a 15-yr annual fertilization regime
with nitrogen. Given the stand uniformity, the low baseline, and
the extreme treatment, the signal-to-noise ratio was expected to
be as high as in any forest ecosystem yet studied.

Materials and Methods

This study combines rigorous measurements by eddy covariance
with measurements of chamber fluxes and pool accumulations.
Some of these components are taken from previous publications,
but many (e.g. litterfall and biomass production) are extended in
time beyond previous reports or reported for the first time (e.g.
shoot and stem respiration). Many of the component fluxes were
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measured intensively in 2012-2014, the eddy covariance data
were measured in 2015-2019, and some of the component fluxes
were measured throughout (2012-2019). We provide detailed
descriptions of the measurements and data sources in Table 1.
The integration to the whole stand has previously been reported
for eddy covariance (Zhao et al, 2022), but it has never been
attempted from the components.

Study site

The research was conducted at Rosinedalsheden, a paired set of
field experimental sites established in 2005 (Fig. 1). The canopy
is comprised of even-aged Scots pine (Pinus sylvestris L.) trees c.
100 yr of age. The site is located ¢. 5 km southeast of Vindeln,
Sweden (64°10'N, 19°45'E, 145 m above sea level (asl)) on a flat,
sandy deposit formed where the Vindeln River once entered the
Baltic Sea. Isostatic lift has caused the land to rise since glacial
times. The stand was naturally regenerated following a fire and
has been mechanically thinned twice, most recently in 1993. The
33-yr mean annual temperature and precipitation (1981-2013),
measured at the Svartberget research station, 8 km from the study
site, were 1.8°C and 614 mm, respectively (Laudon ez al., 2013).
On average, snow cover lasts from late October to early May.
The soil is a weakly developed podzol with an organic mor layer
ranging in thickness from 2 to 5 cm (Hasselquist ez al, 2012).
The depth to the water table is at least 10 m (H. Laudon, pers.
comm.).

The paired sites were chosen to have similar characteristics and
were used to compare flux components in the presence and
absence of N addition. One of the 13-ha plots (F) has been ferti-
lized annually since 2006. The fertilization rate began at 100 kg
ha™'yr™', from 2006 to 2011. From 2012 onward, the rate was
reduced because we detected nitrate (¢. 3 mg NO;™N 7Y in suc-
tion lysimeters at 60 cm depth. After 2012, these reduced fertili-
zation rates varied somewhat due to a mistake by the field crew.
They were 50 kg N ha™' yr™" in 2012-2014 and 2016 and were
64kgNha™'yr™" in 2015 and 2017 and thereafter. Thus, the
cumulative nitrogen addition by the year 2020 was 1120 kg N
m™ 2. Of these additions, 90% remained in the understory, litter
layer, and surface 20 cm of mineral soil in 2020 (H. Lim, pers.
obs.). The fertilizer was pelletized ammonium nitrate Skog-Can
fertilizer (Yara, Sweden), containing NH4* (13.5%), NO;~
(13.5%), Ca (5%), Mg (2.4%), and B (0.2%; Lim ez al, 2015).
The unfertilized site was left as a ‘control’, but because neither
the control nor the fertilization was replicated, we refer to the
unfertilized plot as the ‘Reference’ (R) stand from here forward.

As the experimental design did not provide true replication of
the nitrogen fertilization treatments, we treat the experiment as a
case study and account for pretreatment differences in stand and
site characteristics insofar as possible. A previous study concluded
that the pretreatment differences had little influence on produc-
tion parameters in the C budget (Lim ez al, 2015). Ecosystem
fluxes were similar between the two plots in 2006, including sev-
eral months before the fertilization and several afterward (Zhao
et al., 2022), so we believe the comparison is valid. Stand charac-
teristics are summarized for 2013 in Table 2.
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Table 2 Scots pine stand characteristics in 2013, the middle year of the
CO; efflux measurements presented here.

Characteristic Reference plot  Fertilized plot  Source

Density (trees ha™") 1010 (125) 857 (83) Lim et al. (2015)

Diameter (cm) 18.6 (0.1) 19.1(0.5) Lim et al. (2015)

Height (m) 17.5(<0.1) 16.6 (0.2) Lim et al. (2015)

Stem volume 237 (28) 201 (14) Lim et al. (2015)
(m3ha™")

Tree leaf areaindex 2.6 3.4 Tian et al. (2021)
(LAI)

LAl of ground 1.0 0.5 Tian et al. (2021)
vegetation

The SDs are presented in parentheses.

Chamber measurements of soil, stem and leaf CO, fluxes

Understory fluxes and soil respiration were measured as net
CO, exchange using four large chambers, two each in the ferti-
lized and reference stands. The chambers are described in detail
in Marshall er al (2021). Briefly, the chambers contained
ducted fans at the inlet and the outlet; the valves opened and
the fans flushed the chamber air every 30 min. After flushing,
the valves closed and the increase in chamber CO, concentra-
tions was monitored. The chambers were cooled by a thermo-
statted heat exchanger. For measurement frequency and
periods, see Table 1.

The chambers were placed to bracket differences in vegetation
types. The ground vegetation on the plots was dominated by bil-
berry, cowberry, heather (Vaccinium myrtillus L., Vaccinium vitis-
idaea L., Calluna vulgaris (L.) Hull), mosses, and lichens, but the
chamber area was covered by a Scots pine canopy. The most
obvious source of variation across the plots was in bilberry cover.
Therefore, throughout the experiment, two of the chambers were
always placed in areas with > 25% bilberry cover and two others
always had <10% bilberry cover. The locations of the large
chambers were thus not random, but chosen to sample the range
of vegetation composition.

© 2023 The Authors
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Fig.1 Map and digital elevation model of the Rosinedal study area, near Vindeln, Sweden, showing the location of the Fertilized and Reference plot.
Symbols: eddy flux tower, litter trap, mensuration plot.

A nonlinear model was fitted to the CO, flux data using Jmp
Pro 11.0.0 (SAS Institute, Cary, NC, USA). We simultaneously
fitted parameters to a nonlinear function, including a Qg
temperature-response and a Michaelis—Menten light-response
curve modified by a soil moisture response term, as follows:

Net CO, efflux = Rom X Qo' "/'” + GPP e

x (PAR/(PAR + K ,))-6(0—6¢), Eqn 1
where 7 is the measured air temperature, PAR is the photo-
synthetically active radiation measured above the canopy, 6 is the
volumetric soil moisture content at 15 cm depth, O is the volu-
metric soil moisture content at field capacity, & is an empirical
parameter describing the sensitivity of the efflux to soil moisture,
and Ry, is the monthly basal efflux rate (at 0°C). We used the
fitted model to predict the dark CO, flux into the chambers
throughout each day and throughout the year by setting PAR to
zero and rerunning the models. This was done to remove unders-
tory GPP from the measured net efflux. The second term in the
model was then used, under ambient conditions, to estimate
GPP of the understory vegetation.

Respiration rates of shoot segments were fitted using continu-
ous cuvette data gathered in the year 2013 on shoots produced in
2012, from two canopy layers (sunlit upper canopy and shaded
lower canopy). For an overview of the sample design, see Table 1,
and for measurement details, see Tarvainen ez 2/ (2016). All data
were filtered to eliminate photosynthesis using a PPFD threshold
of 2 pmol m™?s™" and placed in 2.5°C bins and averaged over
each individual shoot for each month. Thereafter, the data were
fitted with an exponential function to obtain the base dark
respiration rate (Ryp) and its temperature dependency (Qo).
Data from months and shoots that yielded low R values were
not used to calculate Qyq. Finally, the remaining shoot-specific
monthly values were averaged for each layer and used as model
parameters assuming a two-layer canopy based on needle mass
distribution within the canopies (Lim ez 4/, 2015). Respiration
rates for 2013-2016 were estimated using the parameters from
2013 and temperature data from each year using the Maestra
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model (Wang & Jarvis, 1990; Duursma & Medlyn, 2012). The
cuvette measurements were made in April-October, and model
parameters Ryp and Qo were updated on the 15% of each
month during this period, with the October parameters used to
represent the winter months. Previous measurements compared
needle-age cohorts and found no effect, so we did not account
for one. See Supporting Information Methods S1 for a discus-
sion of this assumption. Needle biomass was allowed to vary
based on LAI corrected for seasonal changes using estimates of
leaf turnover through the growing season. The leaf respiration
data are corrected downward in the daytime to account for
the Kok Effect (Wehr er al, 2016). As detailed in Stang]
et al. (2022), we predicted respiration based on the nighttime
respiration—temperature relationship but then decreased the
value downward by 40% (Way & Yamori, 2014) whenever the
PPFD was > 2 pmol m™%s™".

Stem respiration rate was calculated from continuous observa-
tions. The methods were mostly similar to earlier reports from
this site (Tarvainen et al., 2018). In brief, the stem efflux was
measured for 4 yr on two and five trees on the reference and ferti-
lized plots, respectively. The measurements were made at 1.5 m
height and were mostly continuous except during rare technical
breakdowns. Vertical variation (four heights) in stem respiration
and branch respiration were determined in 2013 and extrapo-
lated to describe the other years assuming a constant ratio
between them and the measurements at 1.5 m in all years. Stem
surface area and branch area were estimated as in Tarvainen
et al. (2018). The November values were assumed representative
of the December—March period when no measurements were
made.

We estimated aboveground carbon-use efficiency (ACUE) by
first calculating aboveground GPP (AGPP). This was done by
adding the sum of aboveground respiration to the sum of above-
ground NPP (ANPP; Table 3). By then dividing ANPP by
AGPP, we estimated ACUE. A similar analysis was performed
for stem and branch growth alone using only the data from the
stems and branches. Belowground CUE is described below.

Standing stock, volume increment, and litterfall

Estimates of standing stock and annual increments were based on
regular measurements of breast height diameter, height, and
length of live crown used in site-specific allometric equations
modified using additional harvested sample trees (12 trees from
2018) from those presented by Lim er al (2015; 15 trees har-
vested in 2006 and 12 trees in 2012). As the measurements were
made in different seasons, the annual production required posz
hoc adjustment. This was done using ring widths measured from
increment cores. See Methods S2 for a discussion of mortality
effects on these estimates.

Eleven litter traps were installed around the towers in each
stand in June 2006 (Fig. 1; Table 1). The collected litterfall was
sorted into foliage, cones, bark, dead branches, and miscella-
neous. The carbon concentration of litter was measured on a
Flash EA 2000 (Thermo Fisher Scientific, Waltham, MA, USA)

elemental analyzer.
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Assessment of soil carbon pools and accumulation rates

Soil samples were collected in September 2020, after 15yr of
N addition totaling 112gN m™>. The C accumulation per N
addition was 20.8 gg_l, which is similar to the 22.3 gCgN_1
of Forsmark ez a4l (2020) on a similar site as well as the 19
gCgN™" in a global meta-analysis (Janssens er al, 2010).
This similarity in stoichiometry leads us consider that the C
accumulation had not saturated during this period, allowing
us to calculate the C accumulation from the yearly N addi-
tions. We assumed the baseline C accumulation rate on the
Reference plot was 5 (SD=1.4) gCm *yr~" based on Pelto-
niemi et al. (2004).

Total belowground carbon flux (TBCEF, ng_2 yr_l) was
estimated by difference as:

TBCF = R, + ASOC + ACR-LF, Eqn 2
where R, is cumulative annual soil respiration, ASOC is the
annual increase in soil organic matter, ACR is the annual
increase in coarse root biomass, and LF is annual aboveground
licterfall (Raich & Nadelhoffer, 1989; Giardina & Ryan, 2002;
Ryan e al., 2004; Litton ez al., 2007; Halbritter et al., 2020).
The ACR term was estimated from allometric equations gen-
erated at the site and applied to mean tree diameter data from
three mensuration subplots (rectangular, 1000 m?) on each
plot (Lim et al,, 2015). Lysimeter data (not presented) showed
that dissolved organic carbon concentrations were so low that
the leaching flux could be neglected in the TBCF calculation.

We estimated belowground CUE (BCUE) as:
BCUE = 1—(R, + R.)/TBCF, Eqn 3
where R, is autotrophic respiration from the forest floor. This
parameter from the Pumpanen ez 4/ (2015) model underesti-
mates true R, because it does not account for the maintenance
respiration of fine roots, which continues during the wintertime
(Marshall ez al., 2021). We have therefore added in R, as an esti-
mate of root respiration. R, was estimated using the Widén &
Majdi (2011) temperature—response curve for Scots pine fine
roots, fine-root biomass from Lim ez 2/ (2015), and the mea-
sured daily soil temperatures, as measured on-site at 15 cm depth,
for the whole year.

Assessment of foliar nitrogen concentration

To describe the approach to steady state of foliar nutrient con-
centrations, 1-year-old needles were annually sampled from the
upper third of the crowns. Intended as a diagnostic measure
rather than to represent the whole crown, the samples were col-
lected in late autumn or winter when starch reserves were
depleted and would not dilute the N. After drying at 85°C for
48 h, the samples were ground in a ball mill (MM200; Retsch
GmbH, Haan, Germany) and analyzed for C and N using an ele-
mental analyzer (Flash EA 2000; Thermo Fisher Scientific) at the
SLU analytical laboratory.
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NEP measurements using eddy covariance technique

Eddy covariance was measured above the canopy in 2006, at the
beginning of the fertilization, as described by Zhao ez al (2022).
From July 2014 to present, the EC system above the forest canopy
consisted of a Gill R3-100 (Gill Instruments Ltd, Hampshire, UK)
sonic anemometer for detecting wind components and sonic tem-
perature and a LI-7200 (Li-Cor Environmental, Lincoln, NE,
USA) gas analyzer for detecting H,O and CO, mixing ratios at 20
Hz frequency (Jocher ez al, 2017; Zhao ez al., 2022). The EC mea-
surement heights were raised to adjust for the continuous increase
in tree height. The step-wise rise of the measurement height
ensured that the main flux source area (i.e. fetch distance) remained
constant and limited to the area of interest.

A second EC system was installed on both plots below the forest
canopy at 2.5m height. These systems (CPEC 200; Campbell
Scientific Inc., Logan, UT, USA) consisted of a closed-path infra-
red gas analyzer (IRGA, EC155; Campbell Scientific) and a three-
dimensional ultrasonic anemometer (CSAT3A; Campbell Scienti-
fic Inc.). Data from the below- and above-canopy EC systems were
used to determine periods of decoupling of below- and above-
canopy air masses. The EC raw data were processed using the
EppyPro® software (v.7.0.6; Li-Cor Biosciences) to obtain the 30-
min average turbulent fluxes of CO,. We applied the same correc-
tions, spike filtering, and gap-filling protocols as described in Zhao
et al. (2022). GPP and ecosystem respiration (R.,) were estimated
using the nighttime-based flux partitioning method (Reichstein
et al., 2005).

Error propagation and comparison

Errors were propagated using the standard deviations based on
annual sums. Standard deviations were chosen to eliminate the
effects of differences in sample size, and annual sums were chosen
to integrate over seasonal variation. The terms were combined
using standard Gaussian approaches, as described in Methods S3.

Results

The Fertilized plot responded gradually to the annual N addi-
tions, arriving at a new steady state after ¢. 5 yr. The new steady
state was reflected in several of the annual measurements, includ-
ing litterfall, foliar N concentration, stemwood production, and
net ecosystem production (NEP) (Fig. 2). It included year-to-
year variation, but no obvious trend and nearly constant differ-
ences between the treatments. We focus our comparisons here on
the years after the new steady state had been reached, beginning
in 2012 and continuing until 2019.

Aboveground component fluxes

Production of stem and branch wood increased dramatically in
the first 6 yr of fertilization, more than doubling by 2011. The
differences then stabilized at 63 £ 14 (SD) g C m 2 yr_1 (Fig. 2;
Table 3). The increase in wood volume was even greater than the
increase in the mass of C because the density of the wood fell
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Table 3 Summary of component fluxes (g C m~2 yr~") and aboveground
carbon-use efficiency (unitless) for the Reference and Fertilized Scots pine
plots.

Reference

Component fluxes gCm2yr" Fertilized

Aboveground

(1) Respiration tree foliage 210(8) 281 (9)*#*
(2) Respiration stems and branches 93 (10) 111 (16)™
(3) Leaf litterfall 87 (14) 151 (11)**
(4) Female cone production 5(0.1) 9 (0.1)%***
(5) Stem biomass production 106 (9) 169 (10)**
(6) Branch production 10 (2) 28 (3)**
(7) Tree ANPP [3+4 +5 +6] 208 (17) 357 (16)%**

(8) Tree aboveground respiration [1 + 2] 303 (13) 392 (18)**

27 (3) 58 (2)*

(11) Understory photosynthesis
Belowground

(12) Tree coarse root production 12(2) 25 (3)**

(13) Net soil organic carbon production 5(1.4) 109 (7)

(14) Soil respiration 492 (20) 323 (10)#**

(15) Total belowground flux (TBCF) 417 (25) 297 (17)%*
[12+13+14-3-4]

(16) Fine-root, mycorrhiza, and exudate 400 (24) 163 (15)%***
production [15 — 12 —13]

Summation

(17) Photosynthesis (GPPCF) 955 (32) 1104 (29)*
[7+8+11+15]

(18) Ecosystem respiration (RecoCF) 795 (24) 715 (21)*
[1+2+14]

(19) Net ecosystem production (NEPCF) 160 (40) 389 (36)**
[17 -18]

Fluxes and derived values (indented) are provided to explain how fluxes
were combined. The bracketed [ ] numerals explain how derived terms
were calculated from the numbered lines higher in the table. The
parenthetical () values are SDs based on error propagation of annual
sums. The blue box contains the unitless efficiencies. The yellow box
contains, in bold, the ecosystem-scale summations, which are compared to
eddy covariance data in the text. P-values of paired t-tests are designated
as: *, P <0.05; ** P <0.01; *** P <0.001; ns, not significant. The blue
box contains efficiencies, which are unitless, unlike the rest of the measure-
ments in the table, which are expressed in g C m~ yr~". The yellow box
contains the stand-scale summations of the component fluxes. ANPP,
aboveground net primary production; CUE, carbon-use efficiency.

from 0.47 in the Reference plot to 0.42 gcm™ in the Fertilized
plot. Leaf litterfall rates increased gradually after the fertilization,
also nearly doubling in 2011, but the treatment differences even-
tually stabilized at 64 4+ 18 g C m™>yr ' (Fig. 2; Table 3). The
steady state in litterfall allowed us to use the litterfall rate as an
estimate of annual production of transient tissues, including
leaves, in the carbon budgets that follow. The steady state
described here was attained near the end of the data reported in
an earlier description of biomass production on this site (2006—
2013; Lim et al., 2015).

Belowground component fluxes
Combined soil and understory respiration rates were 52% higher

on the Reference plot than on the Fertilized plot (Table 3). The
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Fig. 2 Time series data showing approach to new steady state after repeated annual nitrogen fertilizations of Scots pine for (a) litterfall, (b) stemwood
production, (c) net ecosystem production (NEP) by eddy covariance, and (d) foliar nitrogen concentration with SD error bars. The steady-state assumption
allows us to combine component measurements from different years and to use estimates of litterfall to infer production. The dashed line in (c) emphasizes

the long extrapolation necessary in the NEP data.

difference nearly disappeared in the wintertime, and it increased
sharply soon after the commencement of canopy photosynthesis,
driven by increases in base respiration rates. Soil organic matter
production was increased sharply by the fertilization, from 5 £ 2
t0 109+7gC m™? yr_] (Table 3). The total belowground car-
bon flux, estimated from the sum of these changes, was 29%
lower on the Fertilized plot than on the Reference plot (Fig. 3;
Table 2). Fine-root, mycorrhiza, and exudate (FRME) produc-
tion accounted for 400 & 24 and 163+ 15g C m™>yr ' in the
Reference and Fertilized plots, respectively, which is a reduction

of 59% on the fertilized plot (Table 3).

GPP and R, from component fluxes
For the first time at this site, we have assembled all the com-

ponent fluxes, yielding a total GPP of 990 432 and 1100 £+

New Phytologist (2023) 239: 2166-2179
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29gCm™yr' on the Reference and the Fertilized plot,
respectively (Fig. 3; Table 3). Of these totals, 62 and 53 gC
m~?yr~" were due to understory GPP, corresponding to only
6 and 5% of total GPP. The component fluxes are presented
as raw fluxes in Table 3 and as percentages of component-
derived GPP in Fig. 4. Partitioning to all components was
increased by fertilization, except fine-root, mycorrhiza, and
exudate production, which decreased from 40 2.5 to 15+
1.4% of GPP (Fig. 5). This reduction decreased cumulative
belowground partitioning (TBCF) from 42 (2.5)% in the
Reference plot to 27 £1.5% in the Fertilized plot. The
respiratory components were summed to yield R.., estimates
of 795+ 24 and 715+ 21gCm yr~" (Table 3). The NEP
estimates from these component fluxes were 160 +40 and
389+36gCm 2yr ' for the Reference and Fertilized plots,
respectively (Table 3).
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Fig. 3 Aboveground and belowground carbon fluxes from the Reference

and Fertilized Scots pine plots at Rosinedal, Sweden, with SD error bars. —-300.00

Asterisks describe the significance levels of t-tests based on propagated Fig. 5 Fertilizer-induced changes in partitioning (Fertilized — Reference) in
error: *, P < 0.05; ** P < 0.01; *** P <0.001. The belowground fluxes are Scots pine. Partitioning is expressed relative to gross primary production
presented as negative numbers. The aboveground flux is estimated by sum- (GPP), with SD error bars. Fertilizer increases partitioning to all compo-
ming aboveground net primary production (NPP) and aboveground respira- nents except fine-root, mycorrhiza, and exudate (FRME) production.
tion. The belowground flux is total belowground carbon flux (TBCF). The Therefore, we can attribute at least part of the increase in stemwood
total height of the bar, including both aboveground and belowground com- production to the partitioning shift away from fine-root and exudate
ponents, is gross primary production (GPP). The upward shift in the Ferti- production. Asterisks describe the significance levels of t-tests based on
lized plot reflects the shift toward aboveground partitioning. propagated error: *, P < 0.05; **, P < 0.01; *** P < 0.001. ns, not

significant; SOM, soil organic matter.

Carbon-use efficiency 06 -

Annual stem and leaf respiration fluxes were somewhat higher on
the Fertilized plot, 111 £ 16 vs 934+ 10gCm > yr~ " for stems 0.5
and branches and 28149 vs 2104+ 8gCm yr™" for leaves

(Table 3). The resulting aboveground CUE values were 0.41 £ 0.4
0.02 g C biomassg~" C in AGPP for the Reference and 0.48 +
0.01gCNPPg™" C in AGPP for the Fertilized plot (Fig. 6; 031

what higher values: 0.53 £0.02¢ g_1 for the Reference and ’ I I I I
lized plots, respectively (Fig. 6). Total CUE was 0.37 for the 0

|
L e e et e e

Table 3). The CUE of stem and branches alone yielded some- 0.2
0.60 4 0.05 g g~ " for the Fertilized. Belowground CUE was 0.31 01
and 0.53 g C biomassg~' C TBCF on the Reference and Ferti-

Carbon-use efficiency (unitless)

Reference plot and 0.49 for the Fertilized plot. Reference Fertilized
B Aboveground B Belowground
Eddy covariance estimates of ecosystem fluxes Fig. 6 Carbon-use efficiencies aboveground and belowground on the

Reference and Fertilized Scots pine plots, with SD error bars.
The EC-based GPP estimates were 935 & 74 and 1056 £ 68 g C
m ™2 yr~" for the Reference and Fertilized plots, respectively (Fig. 7). and 762 4+ 37 gCm™2yr~" for the Fertilized plot (Fig. 7). Thus, the
The treatment difference was significant (at 2<0.05). The R., fertilization increased R., (+102+£53gC m™? yr_l), but had no
based on EC averages was 660 + 38 gCm™>yr~' for the Reference  effect on NEP +19 4 62 g C m ™ yr™ ), according to EC (Fig. 8).

Reference Fertilized

Stem production (11) Stem production (15)

Branch and twig production (1)
Cone production (1)

Branch and twig production (3)
Cone production (1)

Leaf production (9) Leaf production (14)

Fig.4 Component fluxes on the Reference
and Fertilized Scots pine plots, expressed as
percentages of gross primary production
(GPP) (with SD in parentheses). The data are
from Table 3. The arrow widths are
proportional to the fluxes. GPP of the
understory was small and was not divided
into components, but it was added into the

Leaf respiration (21)
Wood respiration (9)

Leaf respiration (26)

Wood respiration (10)

Canopy GPP (94) Canopy GPP (95)

Aboveground (52)
Belowground (44)
Coarse root production (1) Undéfstory GPP (5)

Aboveground (68)
Belowground (27)

-
Understory GPP (6) Coarse root production (2)

Fine root/exudate production (40) Fine root/exudate production (15)
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Fig.7 Comparison of whole-ecosystem fluxes by summed components vs
eddy covariance (average of 2015-2019) in Scots pine forest plots, with
SD error bars. Asterisks describe the significance levels of t-tests based on
propagated error: *, P < 0.05; **, P < 0.01; *#*, P < 0.001. GPP, gross
primary production; NEP, net ecosystem production; ns, not significant;
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Fig. 8 Comparison of plot differences in ecosystem fluxes as measured by
summed components vs eddy covariance in Scots pine forest plots, with
SD error bars. Asterisks describe the significance levels of t-tests based on
propagated error: *, P < 0.05; **, P < 0.01; ***, P < 0.001. GPP, gross
primary production; NEP, net ecosystem production; ns, not significant;
Recor €COSYstem respiration.

Method comparison

We next compared the nitrogen fertilization responses between
the methods. Both methods detected a fertilization-induced
increase in GPP, by 121 4100 and 110 +44gCm™>yr™" for
EC and components, respectively (Fig. 8). R.., increased by
102453gCm 2yr' according to eddy covariance, but it
decreased by 80 432 g C m 2 yr™ ") according to the component
fluxes (Fig. 8). Although these changes in R.., were in opposite
directions, they were both significant (Fig. 8). These differences
also appeared in the NEP data, where the sum of components
found that the Fertilized plot was significantly higher, by 229 &
54gCm ™ ?yr ' than the Reference plot (Figs 7, 8), but eddy
covariance detected no significant difference (+19 £62gC m~2
yr_l; Figs 7, 8).
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Discussion

Before nitrogen fertilization, the fertilized plot began with a car-
bon budget similar to that of the Reference (Zhao er al, 2022)
despite small differences in stand characteristics (Lim ez 4/, 2015).
Five years of annual ferdlization were required to reach a new
steady state in the component fluxes. The new steady state was
reflected in the higher litterfall, stemwood production, and foliar
nitrogen concentration reported here, as well as the recent report
of NEP (Fig. 2; Zhao et al., 2022). These variables continued to
fluctuate from year to year, but the differences between the plots
became stable and there was no longer an obvious temporal trend.
The steady state occurred here because the fertilization recurred
annually, maintaining high N status continually. The study differs
from operational forest fertilization scenarios, which typically
occur in a single year at long intervals rather than being repeated
annually (Fisher & Binkley, 2000; Lim ez 2/, 2020). It was useful
here because it allowed us to combine component flux estimates
made in different years and to use compartmental losses, for exam-
ple, litterfall (Fig. 2a), as estimates of compartmental gains, for
example, leaf production. It also provided an extreme example of
the influence of nitrogen fertilization in such forests.

The fertilization caused significant changes in all stand-level
component fluxes except stem respiration. The largest flux
increases were in SOC formation (104 + 7 (SD) ng_2 yr_l),
leaf respiration (71 +12gCm™yr™"), leaf production (64 + 18
gCm™?yr "), and stem production (63 4+ 14gCm >yr"). All
component flux changes were positive except fine-root, mycorrhi-
zae, and exudate (FRME) production, which decreased sharply
(Fig. 5). We therefore conclude that the reduction in partitioning
to FRME production was a major source of the photosynthate
used for the increases in the other fluxes. This conclusion depends
on the assumption that the system was at steady state, for example,
in canopy biomass. If so, we could use litterfall to estimate leaf
production. Although litterfall varies from year to year, the mean
rates were calculated over 6yr after 2012, during which the
upward trend on the fertilized plot had ceased. This approach
yields average partitioning values over the period. Although annual
changes in partitioning would be interesting, we considered them
beyond the scope of the current study.

Aboveground carbon-use efficiency estimated from aboveground
fluxes increased from 0.41 £0.02-0.48 £ 0.01 by fertilization
(Table 3). These estimates are rigorous because they are almost
uninfluenced by heterotrophic respiration. In addition, the respira-
tion rates used to calculate them had low standard errors and were
measured over most of the growing season. The primary controls
over ACUE are the amount of maintenance respiration and the
chemical composition of the tissue produced. Although the growth
respiration estimate is well constrained by the most efficient path-
ways of biosynthesis (Vertregt & Penning de Vries, 1987), the
amount of maintenance respiration is theoretically unconstrained.
In practice, maintenance respiration seems to vary rather litde (e.g.
Ryan & Waring, 1992). The ACUE of stems and branches was
somewhat higher: 0.53 and 0.60 for the Reference and Fertilized
plots, respectively. We speculate that this higher CUE was caused
at least in part by stem photosynthesis, which is relatively high
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under the smooth bark of the upper stems and branches of Scots
pine (Tarvainen et al, 2021). Stem photosynthesis uses part of the
radial diffusion of CO, generated in biosynthetic processes and
increases ACUE by reducing the net outward CO, efflux. Parti-
tioning shifts have no influence on ACUE because it is based exclu-
sively on aboveground measurements.

There has been some controversy about the constancy of
ecosystem-scale CUE (Waring ¢z al., 1998; Mikeldi & Valen-
tine, 2001; Collalti & Prentice, 2019; Landsberg et al, 2020). Our
aboveground estimates are significanty different (< 0.01;
Table 3). However, BCUE is more difficult to assess. The difficulty
begins with the definitions of heterotrophic and autotrophic fluxes,
which may or may not include mycorrhizal fungi, other rhizosphere
organisms, and autotrophic priming of heterotrophic respiration
(Hogberg & Read, 2006; Marshall er a/, 2021). The root respira-
tion term must be added to inferred R, because roots continue to
respire in the wintertime (Schindlbacher ez al., 2007), which would
be misattributed to heterotrophic respiration rather than R, by the
Pumpanen et al. (2015) method that we used.

We speculate that the observed difference in BCUE was caused
by the priming of heterotrophic respiration, which increased the
respiration rate without measurable increases in biomass. Priming
was considered to have been shut off by the fertilization (Bonner
et al., 2019; Marshall et al, 2021). Alternatively, fertilization may
have reduced the ‘wasteful’ alternative oxidase (AOX) pathway in
favor of the efficient cytochrome oxidase (COX) pathway (Henriks-
son et al., 2019). Previous data from this site found that the AOX
pathway accounted for 23% (= 0.2) of root respiration in the Refer-
ence stand, but only 14% (&£ 0.2) in the Fertilized stand (Henriks-
son et al, 2019). The increase in BCUE on the fertilized plot agrees
with (Campioli ez al, 2015), who used a different terminology to
describe similar phenomena in managed vs unmanaged forests.

Most previous estimates of partitioning have relied on BNPP.
BNPP may be defined to include mycorrhizal respiration, oxidation
of exudates and priming of heterotrophic substrates. In addition,
the uncertainty of turnover rates for hyphal and other rhizosphere
biomass makes it difficult to determine an NPP value (Campioli
et al., 2016; Marshall ez al,, 2021). For these reasons, we argue that
the TBCF parameter is a more quantitatively rigorous measure of
belowground carbon partitioning. A recent study using TBCF in a
temperate hardwood forest (Eastman ez /., 2021) found that fertili-
zation decreased TBCF by 114gCm™>yr™", almost the same as
the 124 g C m~2 yr_1 reduction observed here (Table 3).

We next quantified the causes of the fertilizer-induced increase
in stemwood growth (Table 4). The stemwood increase was a sur-
prisingly small proportion of the carbon budget, increasing the
proportion of GPP from only 11 to 15%. The actual increase
was 63 + 14 g Cm ™ yr". Such a small amount of carbon could
theoretically have come from a decrease in any of several other
components. However, the only decrease in partitioning observed
here was in FRME production (Figs 4, 5), which decreased from
400 +£24 to 163 £15¢gC m™? yr_] (Table 3). This decrease is
easily sufficient to supply the carbon required for the stemwood
growth increase.

Because the changes in GPP, CUE, and partitioning are multi-
plicative, we began by estimating the change in stemwood
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Table 4 Ascription of causes of fertilizer-induced Scots pine stemwood
growth increase based on component fluxes in Table 3.

Source gCm2yr” %

(20) Astemwood production (F5 — R5) 63 100
(21) GPP effect (F17/R17) x R5 — R5 17 26
(22) CUE effect (F9 — R9) x (R5 + R21) 9 14
(23) Partitioning effect (20 — 21 — 22) 38 60

Parenthetical calculations refer to fluxes presented in Table 3, where R
refers to Reference, F to Fertilized, and the numerals to the numbered
lines.

production due to the GPP increase as if partitioning and CUE
were constant (Table 4). By itself, this GPP effect would increase
stem production by 17 gC m™yr ', Because the CUE of stem
and branch production also increased, we estimated that effect as
well. Here, we have multdiplied the GPP-corrected stem and
branch production by the increase in CUE, yielding 9 g C m™>
yr~ . We attribute the remainder to a shift in partitioning. We
can thus ascribe 26% (17/63) of the increase in stem growth to
increased GPP, 14% (9/63) to increased CUE, and the remain-
ing 60% to reallocation away from fine root, mycorrhiza, and
exudate production (Table 4). Given the long-term, heavy fertili-
zation applied here, these nitrogen responses probably approach
the maximum possible in mature boreal Scots pine.

Our second objective was to compare the eddy covariance data
to the component fluxes. A decoupling filter was applied to elimi-
nate periods when the air mass below the canopy was isolated from
that above, and flowing as advection into the river valley adjacent
to the research plots (Jocher ez al, 2017, 2018). The decoupling fil-
ter reduced the annual net CO, uptake by 22% relative to the tra-
ditional u* filtering approach (Jocher er a4k, 2018). Similar
comparisons of component fluxes to eddy covariance have been
carried out elsewhere (Zha er al, 2007; Campioli e al., 2016).
However, we are not aware of a previous instance where
decoupling-corrected EC data have been used in such a comparison
or where the components have been measured so rigorously.

The EC estimates of GPP were 55 + 81 and 44 + 74gCm™>
yr~ ! lower than the GPP estimates from sum of components for
the Reference and Fertilized plots, respectively, but the differences
were not significant (Fig. 7). This agreement occurred despite the
complete independence of these methods. A third estimate of GPP
at Rosinedal was based on a model of these plots (Tian
et al., 2021). Those estimates (914 and 1132ng_2 yr~ ' for
Reference and Fertilization, respectively) also agree rather well with
ours, although they were not entirely independent as the model was
parameterized with site-specific EC data. Another comparison,
which relies on independent methods combining sap flux with
water-use efficiency from stable isotope composition, was recently
published (Vernay ez al, 2020). The daily values in the summer
agree well with the estimates here, but the isotopic estimates were
higher in the fall. On the compartmental flux side, initial compari-
sons of the photosynthetic rates using branch cuvettes found no dif-
ferences in long-term photosynthetic performance per unit leaf area
between the plots (Tarvainen ez al, 2016). This was attributed in
part to the storage of nitrogen in forms that did not contribute to
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photosynthetic rates, primarily free amino acids. The observed
increase in GPP, but not leaf-scale photosynthesis, could still occur
if the differences in GPP were due to higher leaf area index on the
fertilized plot (Table 2), particularly during the summer maximum
of LAI (Lim ez al, 2015).

R., on the Reference plot was 135 + 45 higher in the EC data
than in the component fluxes. In contrast, the method difference
on the Fertilized plot was not significant. The chamber data were
based on continuous measurements throughout the growing sea-
son, so it is unlikely that the difference is due to a seasonal sam-
pling bias. The shoot respiration fluxes were measured from
closed cuvettes placed on 1-year-old shoots. The stem respiration
fluxes were likewise measured from closed cuvettes. They were
placed on the lower stem where bark photosynthesis was mini-
mal. However, we separately measured the magnitude of bark
photosynthesis, which reduces bark efflux, on the upper stems
and accounted for it in the upscaling (Tarvainen et al, 2018).
Similarly, daytime reductions in respiration rate have often been
neglected in this kind of study (Campioli ez al, 2016; Wehr
et al., 2016). However, we made this correction. There have been
worries that xylem water fluxes might carry dissolved CO, away
from the sites of respiration toward the canopy, which could bias
estimates of stem, root, and soil respiration. However, we
demonstrated using a labeled tracer that such fluxes were minimal
at our site, perhaps due to the low pH and hence low solubility
of CO; in xylem sap of pines (Tarvainen ez al., 2021, 2023).

We sampled forest-floor respiration over the whole contents of
large-footprint chambers (<20 m?) every 30 min for most of
three growing seasons. Several issues relating to these chambers
were addressed in an earlier paper (Marshall er 4/, 2021). The
soil respiration rates estimated by the control chambers were
similar to those estimated for soil + understory by below-canopy
EC measurements in the control stand (Chi et a/, 2021). The
reasonability of the CUE estimates derived from them further
argues for their validity. However, despite their large size, the
chambers sampled a much smaller area than the EC footprint
(40 m” vs 160 000 m?).

Method differences in NEP were significant for both methods,
but in opposite directions between the plots. The EC-based NEP
was 79 + 58 g Cm > yr~ " higher on the Reference plot vs 91 +
58 gCm > yr ' lower on the Fertilized plot. Although we cannot
explain this behavior, it is cause for concern. These issues are
reminiscent of an earlier study that found disagreement between
chamber methods and eddy covariance in montane spruce-fir for-
est under bark-beetle attack (Speckman ez af, 2015). In that
study, bark beetles killed or impaired 85% of the basal area, yet
EC detected no change in R.., while chamber measurements
did. The authors speculated that the loss of foliage from the dead
trees improved the coupling of the ground to the atmosphere,
compensating for true reductions in R., after the mortality. That
cannot explain the discrepancies in the current study because
(1) canopy LAI was not greatly different between the plots and
(2) we corrected our EC data for decoupling.

Campioli er al. (2016) raised several important questions
about bottom-up vs top-down comparisons such as this one.
First, they noted that the component flux method is in fact an
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unstandardized mixture of different methods and approaches.
Here, we have tried to use the most rigorous and up-to-date
methods available to deliver measurements that are both accurate
and precise. The design and performance of the soil chambers are
especially noteworthy, as are the continuous measurements of leaf
and stem gas exchange and the careful estimation of TBCF. Sec-
ond, they noted that boreal forests tended to be especially proble-
matic in these comparisons, presumably because their fluxes
were small. We speculate that canopy decoupling, which is not
routinely accounted for in EC studies, may explain part of this
discrepancy. Third, Campioli ez al. (2016) pointed out that
nonsteady-state through-flow chambers (NSF), which we have
used here, yield higher respiration fluxes than from EC methods.
However, as noted earlier, our chambers agreed well with below-
canopy EC estimates (Chi ez 4/, 2021).

As observed elsewhere (e.g. Olsson er al, 2005; Maaroufi
et al, 2015; Forsmark er al, 2020), the soil was accumulating
organic matter rapidly under the high fertilization. This accumula-
tion was included by definition in the component flux summation
(item 13 in Table 3), but was not reflected in the R..rc estimates
from eddy flux. The increases in SOC accumulation (Marshall
et al,, 2021; 104 gCm~2yr™") and stemwood production (63 g C
m2yr ") together represent 74% (169/229) of the increase in
NEP, according to component fluxes, following fertilization. How-
ever, these carbon accumulations represent nine times (169/19) the
increase in NEP according to eddy covariance. It is difficult to
understand how the eddy covariance estimate did not detect the
increase in SOC and biomass production. Conceivably, these
increases in NEP were offset by decreases in some other C sink, but
it is not clear what that would be. There was a strong reduction in
the flux to FRME, but these pools turn over so rapidly that they
would not constitute a long-term sink.

Apart from our own study (Zhao et al, 2022), few have
applied eddy covariance to study the influence of N fertilization
on carbon fluxes. In one, young Douglas-fir forests were com-
pared for 5yr before and after a single fertilization event (Lee
et al., 2020). Nitrogen effects on GPP were minor, but R, was
sharply reduced and NEP increased. Another (El-Madany
et al., 2021) examined fertilization effects on a Mediterranean
savannah. The fertilization shifted the system from a net C source
to neutral. In our previous study, where we estimated errors dif-
ferently, we also concluded that NEP was significantly increased
by the N fertilization. In summary, all these studies have found
increased NEP due to fertilization, as we did with component
fluxes, but not with EC.

Conclusions

We have provided a detailed ecophysiological description of
changes in C sources, sinks, and fluxes when a boreal forest is
heavily and continuously nitrogen-fertilized. The accumulations
in SOC and biomass and the flux to fine roots, mycorrhizae, and
exudates were of particular importance. When summed into an
estimate of NEP, these changes yield a nitrogen-induced increase.
However, eddy covariance did not detect this increase. The mea-
surements were not made in the same years, which is suboptimal.
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However, as the systems have been considered at steady state
(Zhao et al., 2022), we argue that the temporal mismatch should
not matter, at least not when comparing means over several years.
We call for similar experiments, addressing the influence of nitro-
gen fertilization in simple ecosystems, where the two methods
can be compared.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Component fluxes for the Reference and Fertilized plots
expressed in g C m ™~ yr ', where arrow widths are proportional
to the fluxes and SD is shown in parentheses.

Methods S1 Test of age effect on leaf respiration.

See also the Commentary on this article by Ryan, 239: 2060-2063.

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Research

Methods S2 Accounting for mortality in stem production esti-
mates.

Methods S3 Error propagation and method comparisons.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
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