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Adding nitrogen to boreal forest ecosystems commonly increases gross primary production (GPP). The effect of
nitrogen addition on ecosystem GPP is convoluted due to the impacts of and interactions among leaf scale
photosynthetic productivity, canopy structure, site fertility, and environmental constraints. We used a unique
controlled nitrogen fertilisation experiment combined with eddy covariance measurements and the calibration of
a LUE-based (light use efficiency) photosynthetic production model in order to reveal differences in photosyn-
thetic capacity due to nitrogen addition.A systematically designed soil moisture survey was conducted to
characterise the within-site spatial heterogeneity and validate the difference of water stress between fertilised
and control sites. The canopy photosynthetic light responses and environmental constraints were evaluated using
an inverse modelling approach. We found that nitrogen fertilisation elevated ecosystem GPP by 24% according to
model simulations. This was caused by increases in ecosystem light interception (through an increase in leaf area
index (LAI)) and LUE by 7% and 17%, respectively. Nitrogen addition increased canopy potential LUE for both
low and high photosynthetic photon flux density (PPFD) conditions. The calculations of leaf area and light
interception indicated that the understorey vegetation contributed 9% of ecosystem GPP in the fertilised site and
7% in the control site when assuming a same LUE for trees and shrubs. The constraint arising from atmospheric
water demand, rather than soil water stress, was the dominating control of the intra- and inter-annual GPP
variations. The uncertainty propagated from soil moisture data is negligible for GPP predictions, but influential
in the inference on the severity of the drought. This study demonstrates the combination of the controlled field
experiment with the inverse modelling approach provides a powerful tool to quantitatively describe and
disaggregate N addition effects on forest ecosystem GPP.

Nitrogen addition significantly promotes stem growth and needle ni-
trogen concentration of coniferous forests (Nohrstedt, 2001; From et al.,
2015). Numerous leaf level studies have shown that increased leaf ni-

1. Introduction

Despite the large amount of organic nitrogen stored in boreal soils,

the productivity of boreal forest is still limited by available soluble ni-
trogen due to its slow decomposition rate (Nommik and Vahtras, 1982;
Tamm, 1991; Vitousek and Howarth, 1991; Rustad et al., 2001). Ni-
trogen availability effects on forest photosynthesis have been quantified
at the leaf level using gas-exchange measurements (Tang et al., 1999;
Palmroth et al., 2014), as well as the stand level using eddy covariance
(EC) measurements (Magnani et al., 2007; Peltoniemi et al., 2012a).
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trogen concentration will promote leaf photosynthetic capacity (Field
and Mooney, 1986; Evans, 1989; Reich et al., 1995, 1997; Wright et al.,
2004).

Stand level photosynthetic responses to nitrogen addition are com-
plex considering that the availability of light and water for single leaves
varies within the canopy (Palmroth et al., 2014; Tarvainen et al., 2016)
as a result of different leaf morphology, structure, orientation and
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nitrogen content per area change throughout the canopy profile (Ells-
worth and Reich, 1993; Stenberg et al., 1995; Kull and Niinemets, 1998).
Previous studies indicated that canopies optimize their structure for the
optimal co-allocation of nitrogen and water supply (e.g. Peltoniemi
et al., 2012b). However, experiments at stand level have not always
been able to control the environmental variation adequately. Foliar ni-
trogen content may not be able to explain the variation in light-saturated
CO4 exchange rate because of the complexity of plant hydraulic prop-
erties and within-site variation in water stress (Palmroth et al., 2014).
The effects of nitrogen-addition on shoot and canopy scale might further
be blurred by deficiency of other nutrients and arginine synthesis
(Tarvainen et al., 2016). Thus, our current understanding of nitrogen
availability effects on gross primary production (GPP) at the stand level
is incomplete.

The stand-level interactions between photosynthesis and environ-
mental constraints can be described in terms of ecosystem light use ef-
ficiency (LUE) (e.g. Makela et al., 2008; Yuan et al., 2014). Defined as
gross primary production divided by absorbed PPFD (photosynthetic
photon flux density), LUE is a crucial parameter to explain the variations
of forest production (Landsberg and Sands, 2011). Biomes differ
significantly with respect to the maximum of daily actual LUE (Turner
et al., 2003). Using a selection of EC sites, Kergoat et al. (2008) found
that mean annual temperature and foliar nitrogen explained 80% of
variance in maximum daily LUE in temporal and boreal ecosystems, and
that LUE at high PPFD was nitrogen dependent. Likewise, Peltoniemi
etal. (2012a) found that the ecosystem potential (theoretical maximum)
LUE was positively correlated with the canopy nitrogen concentration at
all light levels, implying that nitrogen affects LUE also at low PPFD.
When using datasets of large geographical scales, the linkage between
foliar nitrogen and canopy LUE might be masked and marginalised by
the spatial variation of environmental conditions (Schwalm et al.,
2006).

Enhanced nitrogen availability due to atmospheric deposition or
fertilisation might affect the contributions of overstorey and understorey
to ecosystem GPP because of their contrasting responses to changes in
shoot structure, canopy openness, and light interception (Stenberg et al.,
1999). However, this effect has not been explicitly quantified in previ-
ous studies because of the confounding interactions between varying
plant traits, environmental conditions and site fertility. In boreal forests,
the contribution of the ground vegetation to ecosystem CO, exchange
and photosynthetic production has been measured for various sites and
conditions, mainly using chamber or EC methods (eg. Goulden and Crill,
1997; Morén and Lindroth, 2000; Misson et al., 2007; Kulmala et al.
2009; Kulmala et al. 2011; Paul-Limoges et al., 2017). Goulden and Crill
(1997) estimated that moss photosynthesis accounted for 10 — 50% of
the entire forest gross CO, uptake based on simultaneous measurements
from chamber and EC in black spruce forests in central Manitoba,
Canada. With EC measurements above and below canopy, Misson et al.
(2007) showed that understorey GPP was up to 39% of the ecosystem
GPP, with an average of 14% across the boreal and temperate forests.

Previous experiments have found that nitrogen addition decreases
the ratio of root-to-leaf area, saturated hydraulic conductivity of fine
roots, and the leaf-specific conductivity (Ewers et al., 2000; Ewers et al.,
2001). Furthermore, tree growth measurements (Lim et al., 2015) and
carbon isotope analysis (Betson et al, 2007) suggest that
nitrogen-addition increases the susceptibility of stem wood production
in boreal Scots pine forests to drought. Thus, nitrogen addition might
render stand GPP more drought-sensitive. However, natural drought can
be an elusive phenomenon and thus difficult to quantify its occurrence,
severity, and impacts on ecosystem GPP. Soil water availability is
commonly used to characterize the ecosystem moisture stress (Rodri-
gues-Itube and Porporato, 2004; Beier et al, 2012), and to assess drought
indicators in representing summer drought in boreal forest (Gao et al.,
2016). Nevertheless, the atmospheric demand for water also affects
photosynthetic productivity since plants close their stomata at high
vapour pressure deficit (VPD) conditions to avoid excessive water loss
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Table 1

Site summary. The values of leaf area index (LAI) are projected-area based (m?
2

m™).

Fertilised Control Reference
Site ID Ros2 Ros3
Latitude/longitude 64°10°N 19°45’E (each
stand ~16 haand ~2 km
apart)
Mean annual air 3.0 °C (2014-2018) This study
temperature (Measurement)
Mean annual precipitation 553 mm (2014-2018) This study
(Measurement)
LAI of trees 3.4 (2011) 2.6 Lim et al., 2015
(2011)
LAI of trees 2.9(2018) 2.8 This study
(2018) (Measurement)
LAI of ground vegetation 1.0 0.52 This study (Section 2.3)
Field capacity 25.6% 16.8% This study (Section 2.6)
Wilting point 5.9% 5.9% Duursma et al., 2008

through transpiration (Cowan and Farquhar, 1977; Oren et al., 1999;
McAdam and Brodribb, 2015). Atmospheric demand has been reported
to limit surface conductance and evapotranspiration to a greater extent
than soil moisture in many mesic forests (Novick et al., 2016). Sepa-
rating soil water and VPD effects from those of nitrogen fertilisation is
even more important for evaluation of the subsequent shifts in carbo-
hydrate partitioning from belowground to favour aboveground biomass
production (Linder and Axelsson, 1982; Haynes and Gower, 1995;
Nilsson and Wallander, 2003).

A controlled experiment minimises the between-treatment variation
in environmental constraints that regulate photosynthesis, other than
nitrogen availability. Thus, the difference in photosynthetic capacity
between stands can be attributed to nitrogen addition. A controlled ni-
trogen fertilisation experiment on mature Pinus sylvestris was established
in northern Sweden, Rosinedalsheden experimental forests in 2005. This
unique experiment is ideally suited for investigating the effect of ni-
trogen addition on forest productivity. Inter-annual variability of pre-
cipitation has been found to constrain the growth response effectively
when nitrogen limitation is alleviated according to destructive tree
sampling from the experimental stands (Lim et al., 2015). However,
increased needle nitrogen contents have not been found to improve
shoot photosynthetic performance based on chamber measurements
(Tarvainen et al., 2016). Although both EC and chamber measurements
can generally quantify the nitrogen effect on forest GPP, flux data alone
cannot distinguish between contributing effects from stand structural
changes and variations in environmental conditions. Meanwhile, unex-
plained daily variation and substantial measurement uncertainty tend to
blur most quantitative interpretations about the nitrogen addition effect.

This study is based on the unique combination of EC measurements
from the Rosinedalsheden nitrogen fertilisation experimental sites and a
state-of-the-art LUE-based, daily time-step, photosynthetic production
model. Our objectives were: i) to quantify how the nitrogen addition
affects ecosystem GPP and daily photosynthetic light responses of the
canopy, ii) to partition the changes in GPP into contributions from
changes in light interception and LUE, iii) to partition the changes in
GPP into tree canopy and understorey contributions and iv) to assess the
impact of various environmental stresses on intra- and inter-annual GPP
variation. We hypothesized that i) nitrogen addition increases LUE at all
light levels at daily and ecosystem scales, ii) the effect of higher light
interception due to nitrogen addition dominates the increases of
ecosystem GPP, iii) increased shading from canopy of trees leads to
lower GPP of ground vegetationand, iv) nitrogen addition renders stand
GPP more drought-sensitive.
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2. Materials and methods
2.1. Fertilisation experiments

The study was conducted in the Rosinedalsheden experimental forest
(Table 1). The forest consists of naturally generated 100-year-old Scots
pines (Pinus sylvestris L.). This stand was regenerated with seed trees in
1920-1925, pre-commercially thinned in 1955, and respectively thinned
in 1976 and 1993. The field layer is dominated by bilberry (Vaccinium
myrtillus L.) and lingonberry (Vaccinium vitis-idaea L.). The soil is formed
on fine sandy and silty glacial outwash sediments. The experimental
stands share similar soil texture, and deep sandy sediment with 2-5 cm
soil organic layer (Mellander et al., 2005). The annual total atmospheric
reactive nitrogen deposition (sum of wet and dry deposition) to conif-
erous forests in the north of Sweden during the period 2004-2013 is
approximately 1.9 kg N ha! yr'! (Phil-Karlsson et al., 2009; Andersson
et al., 2018). The experiment was laid out in the summer of 2005 and
annual nitrogen fertilisation started in 2006 over a 16-ha area within
this forest. The addition of nitrogen for the experimental site was 100 kg
Nha yr! from 2006 to 2011, and then reduced to 50 kg N ha™ yr! from
2012 onwards (Lim et al., 2015). Skog-Can fertilizer (Yara, Sweden),
containing N (27%), Ca (5%), Mg (2.4%), and B (0.2%), was applied in
mid-June each year (Lim et al., 2015). The amount N is equally from
NHJ and NO3, which means that the mass of NH4NO3 accounts for
~77% of total fertilizer mass. No treatment was performed for the
control site located ~2 km away from the fertilised area. Mean annual
temperature and precipitation from 1981 to 2013, recorded at Svart-
berget climate station 8 km from experiment site, were respectively 1.8
°C and 614 mm (Laudon et al., 2013).

2.2. Eddy covariance measurements

The net ecosystem exchange of CO, (NEE) and evapotranspiration
(ET) were measured using the EC method for both fertilised and control
plots. Our analysis was based on the EC data from August 2014 to
December 2018. At each site, EC systems were deployed above the
canopy at the height of 21.5 m. The EC systems were identical at the two
sites, consisting of a Gill R3-100 (Gill Instruments Limited, Hampshire,
UK) sonic anemometer for measuring the wind components and a LI-
7200 (LI-COR Environmental, Lincoln, USA) gas analyser for
measuring the COjzand Hy0O concentrations. The EC raw data were
recorded at 20 Hz and processed in the EddyPro software (version 7.0.6,
LI-COR Biosciences) to obtain the half-hourly averaged fluxes. Double
coordinate rotation was used to align the sonic anemometer with the
local wind streamlines (Wilczak et al., 2001), block averaging was used
to determine the turbulent fluctuations over each 30-min averaging
period (Gash and Culf, 1996), and time lags between sonic and IRGA
were determined by automatic time lag optimization method.
Half-hourly NEE and ET data were filtered for non-steady state or un-
developed turbulent conditions (Mauder and Foken 2004), low signal
strength of EC instruments, decoupling between the below- and
above-canopy air masses (Jocher et al. 2017, 2018), and statistical
outliers (Papale et al. 2006). After the quality control and filtering, 45 +
28 (SD) % and 40 + 26 (SD) % of all half-hourly NEE and ET values
remained each day. Gaps in the 30-min NEE and ET data were filled
using the Max-Plank online gap-filling tool (Wutzler et al. 2018). GPP
was separated from NEE using nighttime-based partitioning method
(Reichstein et al., 2005). Eventually, the half-hourly GPPand ET were
aggregated into daily sums. A quality flag (QC, quality control) varying
between 0-1 was assigned for each daily record, indicating percentage of
measured half-hourly data used to calculate daily value. Only the daily
GPP values from days on which the quality flag was greater than 0.5
were used in calculations of actual LUE (section 2.4) and calibrations of
the potential LUE and PRELES (section 2.5&2.6). Meanwhile, the model
cross-validation (section 2.6) used all daily data without any minimum
QC threshold, to analyse the discrepancy between daily EC-based
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estimates and PRELES simulations.
2.3. Light interception

Leaf area index (LAI; projected-area based) of trees was estimated by
combining foliage mass and specific needle area of harvested trees from
both fertilised and control sites (Lim et al., 2015). The LAI (project-
ed-area based) of the shrubs was estimated based on published mea-
surements of the percentage of shrub cover (Palmroth et al., 2014). An
empirical relation between biomass and percentage cover in under-
storey vegetation of boreal coniferous forests (Muukkonen et al., 2006)
was adopted to estimate the aboveground biomasses. The leaf area index
of V. myrtillus was then estimated based on published measurements of
the leaf mass fraction and leaf mass per area (Palmroth et al., 2014).
V. vitis-idaea was randomly scattered in the stand, so the leaf area index
of V. vitis-idaea estimated respectively for control and fertilised plots by
Palmroth et al. (2014) was directly used in this analysis.

The fraction of absorbed PPFD (fapagr) was estimated with accumu-
lated leaf area according to Lambert-Beer’s law:

fapar = (1 — plke Le ) ) + el ke Lo ),(1 _elke Lo ) ) 6h)

where k is light extinction coefficient, L is leaf area index, and the
subscripts C and Grepresent, respectively, tree canopy and ground
vegetation (Table 1). The extinction coefficient for tree canopy, k¢, was
estimated as 0.52 (Smith et al., 1991; Mellander et al., 2005), while for
ground vegetation kg was estimated as 0.69 (Aubin et al., 2000). LAI of
canopy during the peak growing season from 2014 to 2018 was set as the
average of measurements in 2011 and 2018 (Table 1). The seasonal
changes of LAI were simulated based on leaf growth module of CASSIA
(carbon allocation sink source interaction) (Schiestl-Aalto et al., 2015).

2.4. Maximum actual LUE

Maximum actual LUE is defined as the highest actual LUE that one
site could achieve, and it was here calculated directly from the obser-
vational data. The daily actual LUE was calculated as the ratio of EC
derived daily GPP sums (g C m2 d'l) to daily absorbed/intercepted PPFD
sums (mol m™ d'!). The maximum LUE at each site can be estimated as
the upper percentile of all daily LUE, e.g. 98th percentile of high PPFD
days (Kergoat et al., 2008) or 98th percentile of all days (Peltoniemi
et al., 2012a). In this study, the maximum actual LUE was estimated as
95th, 97.5th and 99th percentile of daily actual LUEs. Daily LUE was
calculated for those days on conditions that 1) the day is during growing
season, 2) daily PPFD is greater than 5 mol m'? day!, 3) value of quality
flag is greater than 0.5. Estimates of LUE out of 3 standard deviations
from the mean were removed after the calculation using the above three
criteria. The analysis of fertilisation effects was based on the days when
LUE estimates were valid from both the fertilised and the control sites.

2.5. Estimating potential LUE

The potential LUE was estimated by calibrating the ecosystem GPP
and ET model estimates from PRELES (Makela et al., 2008; Peltoniemi
etal., 2015; Minunno et al., 2016) using site-specific meteorological and
EC data. PRELES calculates the daily photosynthetic production during
day k, P, (g Cm?2d™%), as the potential LUE parameter, 4 (g C mol
PPFD')), attained under theoretically optimal conditions, multiplied by
daily PPFD and a series of modifiers that describe how photosynthesis is
limited by each environmental factor:

Py = /j(/lk 'f(APAR. k) 'f(L.k) 'f(s. k) 'f(EJ() 2

where ¢, is PPFD (mol m? dh), and f(APAR, k) the fraction of ¢
absorbed by the canopy during day k. The fi, fs, and fz, are the modifiers
that describe the effects of light saturation L and the suboptimal con-
ditions in temperature acclimation S and water stress E, respectively.
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The water stress fg is expressed as the minimum of VPD stress (fp) and
soil water stress (fw). All modifiers are constrained between zero and
one. Explanations and formulas of each modifier are given in appendix
(section Al). More detailed descriptions can be found in Makela et al.
(2008). In calibrations, the potential LUE # was strongly correlated with
a light saturation parameter y in modifier f;, which is

1
YD +1

S = 3

Combing potential LUE parameter $ with the f(L, k) modifier, (f¢,)
/(y@x + 1), is analogous to the common rectangular hyperbola photo-
synthesis model at daily level:

P = (qPmax Di)/(qDk + Prnax ) 4)

where Ppax and q represent the saturated productivity and the initial
slope, respectively. These two parameters can be obtained by parame-
ters in PRELES as P,y =f/y and q=p.

Because the fertilised and control sites shared the same weather
drivers, the difference in model results, caused by fertility should be
explained by the fractions of intercepted light (fapar) and potential LUE.
We combined the EC data from fertilised and control sites, and cali-
brated PRELES using a hierarchical approach assuming the two sites
share the same physiological parameters except the site-specific f.
Considering the parameter correlation, we also implemented another
hierarchical calibration that contains site-specific estimations of both
and y while all the other parameters were shared.Besides the hierar-
chical calibration, a site-specific calibration was also implemented,
which means that no parameter was shared, and model was calibrated
independently for each site. The hierarchical calibration has been re-
ported to be more reliable in parameter interpretations and model ex-
trapolations (Tian et al. 2020). The site-specific calibration has a higher
risk of overfitting, but is able to detect the difference between the two
sites in environmental stresses (Section 2.7). The soil texture and
evapotranspiration were also considered in PRELES. Thus, the simula-
tion of soil water content varies between the sites even though weather
drivers are shared.

2.6. Calibration and validation of PRELES

A Bayesian approach was adopted for PRELES calibration and un-
certainty quantification (Minunno et al., 2016). This inverse modelling
approach adjusted model parameters and the assumption of error dis-
tribution to their ability to reproduce stand-level field observations (i.e.
EC measurements in this study). Random measurement errors are often
represented by the independent Gaussian distributions in model cali-
brations. However, this assumption makes the parametrization easily
affected by outliers in the dataset (Sivia and Skilling, 2006). The cali-
bration of PRELES adopted a more peaked but also more heavy-tailed
distribution, the double-exponential (Laplace) distribution, in order to
suppress the effect of measured outliers. The likelihood function used in
the calibration was:

p(Y0) =p(e=Y-M(0

HH 2Ex”(|£“ +bM0) )

Jj=1 i=1
exp < ~ |€f'i } ) (5)
L2(a +bM(0) ) a; +bM(9),,

N;

i

J=1i=

where Y represents the observations, ¢ the parameters of the PRELES
model, p(Y|0) the probability of the data for a given parameter vector,
M(0) the outputs of the model, ¢ the measurement error and an unknown
model structural error. Exp(.;.) is the probability density function of the
exponential distribution and 1/(q; + b;[M(6)]j, 1)) is its rate parameter.
The j-subscripts index the three types of output variables, which are
GPP, ET, and soil water; the i-subscripts index the data and N; is the total
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number of valid observations for variable j. The rate/scale parameter of
the Laplace distribution was associated with a linear model, which as-
sumes that the uncertainty may increase with the estimate size, as we
had no better knowledge of the true behaviour of the uncertainty. Pa-
rameters a and b were calibrated simultaneously with 6 to approximate
the relationship between rate parameters and measurement uncertainty.

Soil volumetric water content data are from two sensors per site, one
at 15 cm depth and the other at 50 cm depth (Fig. A3). Soil water content
was crucial for the diagnosis of water stress, but no replication was
available. Thus, the average soil water content was estimated as follows:

O ooty = S [FOsemp) + (1 — 1) -O(s0emp) | (6)

where ©(15c¢m, k) and ®50cm, k) are the observations of daily mean soil
water content on day k, at depth of 15 cm and 50 cm, respectively.
©root, k) is the average soil water content of the depth explored by plant
roots. Parameters r, s and the field capacity (Table 1) were calibrated
simultaneously with the parameters in PRELES. r is constrained between
zero and one, relating with the root distribution and soil profile. s relates
with the bias of the sensor. Although PRELES only simulates the average
soil water storage using a simple bucket module (Section A2), pre-
dictions of soil water content at 15cm and 50cm depth can also be ob-
tained from Eq. (6) by simultaneously fitting a linear regression between
0©(15cm, k) and ©50cm, k) using soil moisture measurement data. A
sensitivity analysis of model simulations to varying biases in soil mois-
ture data was implemented (Section A3) due to the concern about the
representative of relying on only one sample location and two mea-
surement depth for each site.

To characterise the spatial heterogeneity and validate the difference
of soil moisture between fertilised and control sites, a systematically
designed soil moisture survey was conducted at each site in approxi-
mately biweekly intervals from June to September 2020. Specifically, at
each site, we selected 12 measurement locations every 25m along two
100m long perpendicular transects (with the flux tower located at their
crossing point) and one location next to the soil profile with automated
SWC measurements. At each location, soil moisture content in the upper
0-6cm layer was measured three times within a 1m radius using a
handheld moisture sensor (GS3, Decagon).

A 5-fold cross validation of daily GPP and ET was applied to test
model-data mismatches as follows: each time data from four years were
used for calibration and the remaining one-year data were used for
validation. The model evaluation was based on combined validations of
each year.

2.7. The difference between potential and actual productivity

The response of light-use efficiency to environmental factors such as
light saturation, temperature, vapour pressure deficit and soil water
status is non-linear. Thus, PRELES uses the environmental modifiers to
describe how actual light use efficiency varies with each of a single
environmental factor (Section Al). The potential photosynthetic pro-
duction with given incident solar radiation during day k, the ¢, in Eq.
(2), could be only partially achieved because of the suboptimal envi-
ronmental and light interception conditions. All environmental modi-
fiers f(i,k) are unitless and constrained between 0 and 1, while being
calculated in parallel. Thus, the difference between potential daily
photosynthetic productivity P(potential, k) (g C m? d?1) and actual
productivity Py could be disaggregated and explained as a series of un-
achieved productivity Ui, k) (g C m? d1) due to unabsorbed light
(UAPAR, k)), light saturation limitation (U(L,k)), temperature limita-
tion (U(S,k)), and water limitation (U(E, k)):

Ppoteniiat, 1) — Pr = Ugapar, 1y + Ui + Usiy) + U, » @)

where
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Fig. 1. Maximum or potential LUE (Light Use Efficiency) estimations. (a) The distribution of actual LUE and estimation of the maximum LUE defined as upper 95,
97.5™ and 99" percentiles based on eddy covariance derived observations of gross primary productivity and absorbed photosynthetic photon flux density. (b)
Marginal posterior distribution of potential LUE parameter p. (c) Joint posterior distribution of maximum GPP (/y) and potential LUE f (Eq.2,3,4). This joint
distribution was approximated by Markov Chain Monte Carlo simulation and shown as two-dimensional density.
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(10)
Usy = o LY (V= fracfs, wfes) DePfarar,
’ (1 —fl.,k) + (1 = s, k) + (1 _fE.k) B '
an
Ug, = 1= fex (Y =funfs, ki) de-Bfarar, «
' (1= fox) + (L =fs, 1) + (1 = frx) e '

12)

Considering that the water stress fzx is the minimum of VPD stress
(fox) and soil water stress (fwx), the unachieved productivity due to
water stress Ug,  is either Uy  (unachieved productivity due to soil
water stress) or Up, , (unachieved productivity due to VPD stress) ac-
cording to the choice of fzx. The LUE framework quantitatively
explained the daily variation of productivity with the above four rea-
sons. Moreover, the explanations of daily variation can also be aggre-
gated into annual level.

3. Results
3.1. Maximum actual LUE vs. potential LUE

The fertilised site showed higher maximum actual LUE and potential
LUE, when compared with the control site (Fig. 1). The upper 97.5t
percentile of actual LUE in the fertilised site was 0.53 g C mol™, and in
the control was 0.45 g C mol™.. Fertilisation changed the distribution of
actual LUE towards longer tails (Fig.1a). The upper 99t percentile at the
fertilised site was 15% higher than that at the control. For 97.5M
percentile, actual LUE at the fertilised site was 16% higher, and for 95th
was 20% higher. The comparison of maximum actual LUE might be
inconclusive using percentiles, since both maximum and distribution of
actual LUE vary largely among years (Fig. A2). The potential LUE esti-
mates were ~24% higher than maximum actual LUE. When only f is set
as site-specific, the MAP (maximum a posteriori probability estimate) in
the fertilised plot was 0.66 g C mol™,and 0.56 g C mol in the control
plot (Fig. 1b). When setting both f and y as site-specific, values of y on

the two sites were similar, while values of  were distinctive (Fig. 1c).
Thus, the differences between the two sites were distributed over the
whole range of daily PPFD, including both the saturated productivity
and the initial slope in the light response curve.

3.2. Daily photosynthetic capacity and light saturation

The estimates of maximum actual LUE were lower than the potential
LUE at both sites (Fig. 1a, 1b). The key reasons included that actual
photosynthesis was frequently restricted by light saturation and VPD-
related stomatal conductance (Fig. 2a). The actual daily photosyn-
thesis saturated when the daily PPFD reached 25-30 mol m™2 d'!. How-
ever, PRELES simulated higher saturation points for the potential
photosynthesis productivity by assuming optimal conditions of tem-
perature, VPD, and soil water. In reality, those environmental factors
were strongly correlated to each other in a seasonal pattern, which
cannot be separated in the analysis of actual measurements (points in
Fig. 2a). Despite large variations in the light-response of EC-based esti-
mates of photosynthetic productivity, the distinction between the two
sites was significant based on the paired t-test (p-value < 0.001) at both
daily (Fig. 2a) and hourly level (Fig. 2b).

3.3. Partitioning the causes of increased GPP following N addition

The PRELES model simulations suggest that the fertilised site had
24% higher GPP than the control site (Table 2). This extra ecosystem
GPP can be approximately partitioned to 17% increase in potential LUE
and 7% increase in light interception (Table 2). Nitrogen addition led to
higher LAI of both canopy and ground vegetation. The LAI of ground
vegetation on the fertilised site was as much as twice that on the control
site (Table 1). Because most light was already intercepted by the canopy,
the fertilisation only increased the light interception by 7% (Fig. 3). This
extra light interception was half due to canopy increase, and half due to
the increase of ground vegetation. The higher productivity also led to
higher evapotranspiration. The annual total evapotranspiration on the
fertilised site was 19% (EC-based estimates) or 21% (PRELES-based
estimates) higher than that on the control site (Table 2).

3.4. Environmental drivers of intra- and inter-annual GPP variation

In this high-latitude region, the seasonal pattern of potential GPP was
based on the seasonality of temperature and incident solar radiation.
Temperature limitation is crucial to explain the difference between
potential and actual productivity from February to May (Fig. 4 & A5).
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Table 2

Photosynthetic productivity from PRELES simulations (2014-2018) and eddy
covariance (EC) data (2015-2018). Note: Annual GPP or ET was unavailable for
2014 because measurement started in August 2014.

Fertilised Control Fertilised/
site site Control
Canopy fapar (August) 0.79 0.76 1.04
Understorey fapar (August) 0.08 0.05 1.6
Total fapar (August) 0.87 0.81 1.07
Potential LUE from PRELES 0.66 0.56 1.17
(g Cmol™)
GPP of Trees from PRELES 10.29 8.52 1.21
(MgC ha? yr’l)
GPP of ground vegetation from 1.03 0.62 1.66
PRELES
(MgC ha? yr’l)
Ecosystem GPP from PRELES 11.32 9.14 1.24
(Mg C ha™ yr')
Ecosystem ET from PRELES 276 230 1.19
(mmyr™)
Ecosystem GPP from EC 11.07 9.42 1.18
(Mg C ha yr'})
Ecosystem ET from EC 296 243 1.21
(mmyr™)

The limitations from light saturation and VPD stress increased during
May to August (Fig. A1 & A4) with higher intensity of radiation (Fig. 4).
The limitation due to light saturation essentially disappeared as the days
became shorter in September (Fig. 4).

Both soil water stress and VPD stress could lead to stomatal closure.
The soil water stress played a negligible role at both sites, while VPD
stress was a crucial component to explain the difference between po-
tential and actual productivity during summer.

Actual annual GPP can be expressed as the difference between po-
tential GPP (Pyoentiar) and reductions in GPP (U;) due to various limita-
tions:

P= Ppmemial — Uppar — Uy — Us — Ug (13)

Without considering the annual change of fapagr, the variation of
simulated annual GPP (g C m2 yr'l) between 2017 and 2018 on the
control site can be portioned into: (1) changes in potential productivity
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due to the annual change of incident solar radiation (APyeensa), (2)
changes of unachieved GPP due to light saturation AUy, (3) changes in
temperature limitation AU, (4) changes in VPD stress AUj , and (5)
changes in soil water stress AUy :

GPPy15 = GPP17 + APporentiar — AU — AUs — AUp — AUy 14)

871 =810 +384— 184491 —202 27 (15)

Increased intensity of solar radiation lifted both the potential pro-
ductivity and the limitation in light saturation. Although photosynthesis
started earlier in 2017 according to both model simulations and EC
measurements (Fig. 6), the acclimation process was faster in 2018 due to
the rapid increase in temperature in May 2018. The main water stress for
stomatal closure switched from VPD to soil water for only one week on
the control site because of a drought event in 2018 (Fig. 4b). Otherwise,
the main source of water stress was via increased VPD. In comparison
with the control site, the plants at the fertilised site seemed to be more
sensitive to the increasing VPD (Fig. A3). The optimum day temperature
of plants at the fertilised site was higher than that at the control (Fig. A5,
Eq. (A3), Eq. (A4), Eq. (A5), Table A2).

3.5. Cross validation and uncertainty quantification

PRELES effectively explained the daily variation of both GPP and ET,
and covered the randomness of data by the predictive uncertainty
(Fig. 6, Fig. A7). Because of measurement uncertainty of the EC method,
the observations of the two sites could be distinctive even on the same
day with the same environmental conditions. The LUE differences be-
tween the two sites can be detected from EC data, but require strict data
filtering to avoid large biases. PRELES was applied to detect the noise
(the grey area in Fig. 6, Fig. A7). The model calibration is a compromise
between the two sites since most of the parameters were shared, which
lessened the chance of overfitting. The lower the data quality was, the
larger was the bias of GPP, especially when QC was less than 0.2
(Fig. A8).
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Fig. 3. Seasonal variation in fraction of absorbed PPFD (fapar)-
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4. Discussion
4.1. Daily light saturated GPP

Following nitrogen fertilisation, boreal conifers expand the photo-
synthetic apparatus by increasing the nitrogen concentration within
foliage (Linder and Troeng, 1980; Tamm, 1991). Leaf nitrogen concen-
tration has been shown to correlate with the light-saturated rate of
photosynthesis (Ppax in Eq. (4) or B/y in Eq. (2), (3)) at leaf or shoot level
(Field and Mooney, 1986; Evans, 1989; Reich et al., 1995, 1997; Wright
et al. 2004). Peltoniemi et al. (2012a) reported that potential LUE, i.e.
the slope of GPP vs. PPFD under low PPFD (q in Eq. (4) or § in Eq. (2)),
correlated significantly with foliage mean nitrogen concentrations at
canopy level, although the relation became insignificant when consid-
ering the correlation between f and y. Our controlled experiment avoi-
ded the disturbances from variations in climate and tree species, and
illustrated a distinctively higher potential LUE in the fertilised plot even
when considering the parameter correlation (Fig. 1c). Both potential and
actual LUE showed a difference between the sites even under low PPFD
(Fig. 2). Irrigation and fertilisation experiments (Ewers et al. 2000;
Ewers et al., 2001) have demonstrated that fertilisation decreased mean
canopy stomatal conductance in the absence of irrigation, as a result of
the production of fine roots with low saturated hydraulic conductivity.
Since higher daily PPFD correlated with higher VPD, the difference of
actual photosynthetic productivity between fertilised and control sites
decreased under high PPFD (Fig. 2) most likely due to the reduced
stomatal conductance of the canopy.

Our conclusions differ from those of a previous study in the same
stands by Tarvainen et al. (2016) who did not detect a difference in daily
shoot photosynthesis and actual LUE between the stands, even though
leaf nitrogen concertation was higher in the fertilised stand (Table A3).
Tarvainen et al. (2016) studied shoot-level actual LUE, defined as shoot
photosynthesis divided by incoming PPFD, and estimated the mean
daily LUE for August 2013 by scaling up shoot chamber measurements
at different locations in the canopy. Their shoot-level actual LUE
declined with increasing PPFD in much the same way as # /(1 +y@) in
the present study, with similar values for low PPFD, which approximates
the potential LUE in both studies (Fig. 7). The decline of shoot-level
actual LUE with increasing PPFD in Tarvainen et al. (2016) is some-
what faster than that of /(1 +y@) in this study, probably because of
correlations between PPFD and other limiting factors, notably VPD. We
note that the differences between the two stands detected in field
measurements are small in comparison with the possible uncertainties
involved in the scaling up of instantaneous shoot level measurements to
daily or seasonal canopy-level values. We furthermore need to bear in
mind that the present study includes the contribution of the understorey
to the ecosystem LUE, assuming the same photosynthesis parameters for
both canopy layers. It is possible that the observed increase in LUE is
mostly attributable to the understorey, for example, through a change of
the understorey community structure towards photosynthetically more
efficient species. This remains to be explored in future studies.

4.2. Contribution of understorey to ecosystem GPP

Palmroth et al. (2014) found that increased overstorey shading and
constrained water supply overrode the positive effects of nitrogen
addition on photosynthesis of understorey shrubs in boreal Picea abies
and Pinus sylvestris stands. In our experiment, these abiotic factors exist
only as weak impacts on ecosystem productivity. The degree of canopy
closure allocates solar energy between trees and understorey plants. The
light availability for the understorey was slightly reduced in the fertil-
ised plot compared to the control plot based on the calculation from Eq.
(1). However, the nitrogen addition plots showed considerably larger
biomass of ground vegetation with higher LAI (Table 1) and greater
cover of bilberry (Vaccinium myrtillus L.), all of which entirely
compensated the effects of increased shading from the tree canopy. One
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Table A1l
Climate summary.
Year 2014 2015 2016 2017 2018
Mean air temperature (°C) 4.0 3.9 3.0 2.1 2.1
Effective temperature sum (4+5°C) 1189 999 1086 828 1219
Precipitation (mm) 692 553 521 593 448
Potential evapotranspiration (mm) 670 665 661 604 662
Actual evapotranspiration of fertilised - 339 339 229 284
site from EC data (mm)
Actual evapotranspiration of control - 254 282 199 233
site from EC data (mm)
UNEP aridity 1.03 0.83 0.79 0.98 0.68

Note: Potential evapotranspiration was calculated using both Makkink and
Thornthwaite equations (Thornthwaite, 1948; De Bruin, 1981; McMahon et al.,
2012), and the averages from the two methods are shown here. UNEP (United
Nations Environment Programme) aridity (Middleton and Thomas, 1992) is the
ratio between precipitation and potential evapotranspiration. The climate is
often considered as humid when UNEP is larger than 0.65.

304
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2020-‘06-18 2020—‘07-01
Fig. 5. Spatial heterogeneity of soil moisture in the upper 0-6 cm layer and the
comparison between fertilised and control sites. The violin plot represents the
probability density of the soil moisture data for each plot on the given day. The
black horizontal bar marks the average of the plot, and each connected line
represent measurements from one fixed position within the site. Significance of
the difference between fertilised and control site for each day was determined
by the paired t-test (ns = no significance, * p-value <0.05, ** p-value <0.01,
*** p.yalue <0.001).

reason could be that trees outcompete understorey in competition for
soil resources on the control site, while the ground vegetation on the
fertilised site intercepts and sequesters nitrogen before uptake by tree
root systems when the treatments were performed on soil surface
(Nordin et al., 1998; Bobbink et al., 2010). With increased LUE and light
interception, the fertilised plot showed 66% higher GPP in the under-
storey and 21% higher GPP in the canopy, in comparison to the control
site. The phenology of the forest floor vegetation as a whole has been
reported to be similar to the phenology of Scots pine (Kolari et al., 2006).
Even though there are differences in the photosynthesis physiology be-
tween understorey and overstorey vegetation (Palmroth et al., 2014;
Lim et al., 2015) with the lack of quantitative information, we assumed
that overstorey and understorey share the same potential LUE and
respond similarly to changing environment. Therefore, the difference of
understorey contribution to ecosystem GPP between the fertilised and
the control plot is assumed to arise from differences in their light
interception. With these assumptions, the understorey (shrubs)
contributed 9% of ecosystem GPP in the fertilised site and 7% in the
control site. Furthermore, sunflecks that expose leaves in shade plants in
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Table A2
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Parameters in PRELES, soil moisture measurement error module and likelihood function.Note: The parameters PRELES are ordered by their sensitivity to the model
outputs (Peltoniemi et al., 2015). MAP = maximum a posteriori parameter vector, GPP = gross primary production, ET = evapotranspiration, SWC = soil water

content.
Symbol  Equation  Meaning Units Prior Prior MARP in site- MAP in multisite
minimum maximum specificcalibration calibration
Fertilised = Control  Fertilised  Control
x (A10) Evaporation parameter dm?® mol™! 0 2.5 0.0539 0.0664  0.0572
Y (€)) Light modifier parameter for saturation with irradiance mol ™! m? le-4 0.5 0.0315 0.0303 0.0311
o (A10) Transpiration parameter mm le-6 10 0.309 0.285 0.293
(gCm’
2pal iyt
Xo (A Threshold for state of acclimation change °C -10 10 -5.06 -4.74 -5.01
B 2) Potential light-use efficiency g C mol™? 0.2 2.5 0.617 0.591 0.662 0.564
Smax (A3) Threshold above which the acclimation modifier reaches  °C 5 25 19.8 17.6 19.2
its maximum
A (A10) Parameter adjusting water-use efficiency with vapour- - le-4 0.999 0.760 0.703 0.732
pressure deficit
Pp (A8) Threshold for the effect of soil-water stress on - 0 0.999 0.711 0.366 0.582
photosynthesis
v (A10) Parameter adjusting water-use efficiency whether soil - le-4 2.5 0.765 0.857 0.801
water limits gross primary production
K (A7) Sensitivity parameter for vapour-pressure deficit kPa! -1 -1e-3 -0.193 -0.171 -0.191
response
P (A11) Threshold for the effect of soil-water stress on - 0 0.999 0.655 0.725 0.748
evaporation
T (A5) Delay parameter for ambient temperature response - 1 25 6.75 5.53 5.99
Orc (A9) Effective field capacity % - - 29.8 20.2 25.6 16.8
TR (A13) Delay parameter of drainage - 1 5 2.87 1.21 3.02 1.57
r ©6) Weight of soil measurement at 15cm depth for estimating - 0 1 0.826 0.945 0.786 0.964
the average soil water content
s (6) Bias in the representative of the soil moisture - 0.5 1.5 1.21 1.35 1.27 1.30
measurement sensor
agpp (5) Random measurement uncertainty parameter of GPP gCm? le-4 5 0.237 0.211 0.332 0.247
bgpp 5) Random measurement uncertainty increases with the - le-4 3 0.0845 0.0948 0.0745
magnitude of daily GPP measurement
agr 5) Random measurement uncertainty parameter of ET mm le-4 5 0.0688 0.0433 0.0652 0.0558
ber (5) Random measurement uncertainty increases with the - le-4 3 0.146 0.179 0.148
magnitude of daily ET measurement
aswe 5) Random measurement uncertainty parameter of SWC % le-4 50 2.33 7.38 3.49 6.28
bswc 5) Random measurement uncertainty increases with the - le-4 3 0.285 0.164 0.172

magnitude of daily SWC measurement

the understorey to short periods of bright light might also introduce
large noise into the calculations (Chazdon and Pearcy, 1991).

4.3. Assessment of the drought impact on GPP

The drought of 2018 in the Nordic region was considered as severe
with a long-lasting and large soil water deficit (Lindroth et al., 2020).
The absence of precipitation in May and July of 2018 (Fig. A1) coincided
with warmer temperature and lower relative humidity, resulting in
higher atmospheric water demand (Table A1) and lower soil water
content (Fig. A3). Fertilisation has been reported to increase both
aboveground litter production and fine root turnover (Lep-
palammi-Kujansuu et al., 2014). The soil organic matter layer was
thicker at the fertilised site, possibly leading to the observed difference
in field capacity between the sites (Table 1 & A2, Fig. 5 & A3). Although
the evapotranspiration of the fertilised site was much higher than that of
the control site, the soil of the control site was drying faster after rain
events (Fig. 5 & A3, drainage parameter in Eq. (A13), Table A2). The soil
water content was distinctively different between the two sites, espe-
cially in the top layer. The faster biomass growth and turnover due to
fertilisation may have changed the soil properties, which may have
affected the soil water balance.

Distinguishing the daily effects of soil moisture supply and atmo-
spheric water demand is difficult due to their strong correlation and the
lack of tools for manipulating atmospheric demand in field experiments
(Novick et al., 2016). Here the PRELES simulations were designed to
isolate the impact from VPD stress and soil water stress. Although the

10

precipitation in 2018 largely decreased, the effect of soil water limita-
tion was still negligible (Eq. (15), Fig 4, Fig. A6). Instead, high atmo-
spheric water demand became more critical in constraining GPP during
the warmer and drier year. Global climate datasets have revealed a sharp
increase of VPD after the late 1990s (Simmons et al., 2010; Willett et al.,
2014). Correspondingly, earth system models have consistently pro-
jected continuous increases of VPD throughout the current century
(Yuan et al., 2019). Along with the global warming, the relative
importance of atmospheric water demand will keep increasing as higher
temperatures may result in elevated VPD.

4.4. Discrepancies between PRELES simulations and EC measurements

It is common to have gaps in high temporal resolution (e.g., half-
hourly) EC data which requires gap-filling by either interpolation or
look-up tables derived from measurements under similar situations in
terms of vegetation status and meteorological conditions (Aubinet et al.,
2012). Various factors, such as site conditions and gap length, affect the
reliability of these gap-filled data (Moffat et al., 2007). Minunno et al.
(2016) found that different quality control selection strategies of the
training EC data led to similar parameter estimates and predictions of
PRELES for most boreal coniferous forests. Thus, in return, the robust-
ness of PRELES predictions provides a reliable reference for validating
aggregated EC data. For instance, the daily GPP observations in EC data
were detected as biased when QC was less than 0.2 (Fig. A8a) for our
sites.
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Table A3

Leaf nitrogen per unit leaf mass (Ny,) for fertilised (F) and control (C) treatments.
Note: Data of Vaccinium myrtillus is from Picea abies standsat Svartberget. Data of
Vaccinium vitis-idaea is fromPinus sylvestris stands at Aheden. These two experi-
ments are about 6 to 7 km apart from the experimental forest presented in our
study (Rosinedalsheden). The nitrogen additions for all the fertilised sites was
the same, 50 kg N ha~! year™?, except that samples of Ericaceous leaves were
collected in Rosinedalsheden from 2010 to 2011when the nitrogen additions
were 100 kg N ha™! year’1 (section 2.1).

Species Leaf Leaf Np, (mg gh) Reference
positionin age -
C
canopy (yr)
Pinus sylvestris Upper 0 18.8 11.3 Tarvainen
(Rosinedalsheden) (1.6) (1.0) et al. (2016)
1 24.2 12.0
.7 2.1
2 25.8 10.5
3.2) 1.9
Mid 0 16.8 11.4
(1.5) 0.7)
1 23.2 12.7
0.9 0.8
Loweriom 0 17.8 12.0
3.1 1.2)
1 229 13.0
(2.2) 0.9
Ericaceousdwarf - 16.2 11.6 Hasselquist
shrubs (4.0) (1.0) et al. (2016)
(Rosinedalsheden)
Vaccinium myrtillus 0 22.3 16.2 Palmroth
(Svartberget) (0.9) (0.8) et al. (2014)
Vaccinium vitis-idaea 0 13.2 10.4
(Aheden) 0.7) (0.4
1 10.8 8.8
0.7) (0.1)

4.5. Temporal and spatial variation of nitrogen supply

Satellite-driven LUE models have been widely used for monitoring
geographical variation of ecosystem productivity (e.g. Potter et al.,
1993; Sims et al., 2008; Yuan et al., 2007; Zheng et al., 2018). However,
they commonly assume higher frequency variation to occur only in
PPFD, temperature, and VPD, whereas nitrogen supply to remain con-
stant. Although with much less nitrogen addition than this fertilisation
experiment, nitrogen deposition has been globally observed, altering the
nitrogen status of forest ecosystems (Bedison and McNeil, 2009; Dezi
et al. 2010; Fang et al. 2011; Fleischer et al. 2013). Benefited from
continuous development of remote sensing techniques for efficiently
quantifying foliar nitrogen concentration and nitrogen spatial vari-
ability (e.g. Thomas and Oerther, 1972; Martin and Aber, 1997; Martin
et al., 2008; Wang et al., 2016; Loozen et al., 2020), accurately

Appendix

Section A1 Environmental modifiers of PRELES
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integrating the impacts of changing nitrogen status on regional or global
vegetation production is or may soon be feasible. Currently, the reli-
ability of remote sensing estimates of foliar nitrogen content varies with
species, sites, and methods (Watt et al., 2019). Furthermore, the accu-
racy evaluation has been mainly aimed at the nitrogen difference be-
tween species and ecosystems (e.g. Ferwerda and Skidmore et al., 2007;
Martin et al., 2008; Wang et al., 2016), rather than within individual
species (e.g. Stein et al., 2014). This study disaggregated the effects of
nitrogen addition on GPP, which might provide a reference for LUE
models to map and forecast forest production in response to temporal
and spatial variation of nitrogen supply on large geographical scales.

5. Conclusion

Nitrogen fertilisation considerably elevated both ecosystem light
interception (i.e. increase in canopy LAI) and LUE. Using an ecosystem
flux model calibrated with empirical data we were able to show that
most of the improved productivity could be explained by the higher
potential LUE.Although the increased canopy cover resulted in lower
light availability for ground vegetation in the fertilised plot, this was
compensated by higher foliage biomass and LUE resulting in greater
productivity of the understorey due to fertilisation. The stand-level LUE
divergence between fertilised and control sites occurred on both low and
high daily PPFD conditions. The constraint from atmospheric water
demand, instead of soil water stress, dominated the variation of
ecosystem GPP during drought events. The controlled field experiment
provides the necessary data for the construction and refining of hy-
potheses concerning the nitrogen addition effect. Meanwhile, the in-
verse modelling approach provides a particularly powerful tool for the
quantitative description and disaggregation of measured variation of
ecosystem GPP.
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Daily photosynthetic production during day k, Py, is predicted as follows:

Py = By farar, k-Hf,-_k

(A1)

where f is the potential LUE (g C mol), ¢, the PPFD (mol m2 d!) and fypsr  the fraction of ¢, absorbed by the canopy during day k. An array of
modifiers f;x, varying between 0 and 1, accounts for the impacts of environmental conditions.
The saturation of photosynthetic production with high PPFD during day k is expressed by the light modifier f; x, that follows the rectangular-

hyperbola photosynthesis model (Makela et al., 2008):

1

fL.k = YDi + 1

(A2)
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where y (m? mol™) is an empirical parameter.
Temperature impacts photosynthesis using a modifier that accounts for temperature acclimation (fs;) (Makela et al., 2004; Makela et al., 2008):

fS.k = min(Sk /Smax7 1) (AB)

Sk = max(Xk - X(), 0) (A4)
1

X = Xi +;(Tk —Xi 1) (A5)

where Ty (°C) is daily air temperature of day k. Xj is calculated using a first-order dynamic delay model influenced by the temperature Ty and the value
of Xyx_; during the previous days (X.1). The parameter t, expressed in days, represents the speed of response of the current acclimation status to
changes in temperature. Sy (°C) is the state of acclimation that depends on the lower temperature limit parameter Xy (°C) above which fs is higher than
0 and on the state of acclimation. Syqc (°C) is the minimum temperature threshold parameter at which canopy photosynthesis is not limited by low
temperatures (i.e., fox= 1 for S >Smax).

Plant water stress (fg x) reduces photosynthesis and it can be caused by vapour pressure deficit of the atmosphere (fp ;) and soil water availability
(fwpx)- We assumed that for a given day k only the most limiting factor between fp; and fypx reduces photosynthesis (Landsberg and Waring, 1997).

fex = min (fD.kvf WP,k) (A6)
The fpx affects GPP through an exponential relationship:
fox =€ (A7)

where Dy (kPa)average VPD during day k and « (kPa'!) is an empirical parameter assuming typically negative values.
The soil water modifier fyypx depends on the relative extractable water Wy

Jwei =min(1, Wi/ pp) (18)
Osoik — Owp

W, = —Soitk — 7WP (A9)
£ e — Owe

where 0y, is water stored in the soil, fypis the wilting point and 6 is the field capacity, and p; is the threshold parameter of Wy, (relative extractable
water) below which Py is reduced linearly.

Section A2 Evapotranspiration and soil water module of PRELES

The daily ET during day k, Eg, is simulated as follows:

- SDSk
E = a-PkvaVP_k'Dk] ' +){'(1 7fAPARJ<)'¢k'fWE,k'— (A10)
SDS k +ppsychmm
fWE.k = min(l, Wk /pE) (All)
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Fig. 6. Daily gross primary production. The red lines are eddy covariance observations without being filtered by the quality control flag. Black area is parametric
uncertainty (negligible). Grey area is the predictive uncertainty that describes the possible ranges of the mismatches between PRELES and eddy covariance mea-
surements. The uncertainty was quantified as 95% Bayesian credible intervals.
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Fig. 7. Comparison of actual shoot-level daily LUE (Tarvainen et al. 2016)
(circles) and /(1 +y@) (lines) as functions of PPFD (¢). The MAP (maximum a
posteriori) values for control and fertilised stand from the calibration for both g
and y (Fig. 1c) were used in the lines.

where a is a transpiration parameter, y an evaporation parameter and 4 an adjustment parameter for the effect of VPD on transpiration on day k. The
fwpk is raised to the power v, since the response of Ey to soil-water stress may differ from that of Px. For the evaporation part, spsy is the slope of the
relationship between the saturation vapour pressure (kPa) and air temperature (°C), and ppgychrom is the psychrometric constant (Campbell, 1977) that
relates the partial pressure of water in air to the air temperature (kPa °C™1). The modifier fwex accounts for the suboptimal condition of evaporation
due to soil water, and pjy is the threshold parameter of Wy (relative extractable water) below which evaporation is reduced linearly.

Soil water storage 6,; (mm) are described by a simple bucket module in PRELES:

Osoitk = Osoitk—1 + R + My — F — E; (A12)

6‘mi -1 “}
F, = % (A13)
F

where Ry (mm) is rainfall exceeding canopy water storage capacity on day k, My (mm) is snowmelt, F,(mm) is drainage from the soil, and Ej (mm) is
the evapotranspiration. When soil water storage accumulates up to the field capacity of soil (6x¢), additional water drains away from the system with a
fix time constant (zf). Precipitation is assumed to be snow when air temperature is below 0 °C. The dynamic of intercepted water on canopy surfaces
and the water accumulated as snow/ice are calculated in parallel (Peltoniemi et al., 2015).
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Fig. Al. Precipitation and VPD observations from 2014 to 2018.
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Section A3 Measurement bias in soil moisture status

A quantitative explanation of forest productivity is commonly limited due to data collection and knowledge of physiological process, which causes
problems associated with inference. Assessing the role of water stress associate even with more problems because of the random measurement un-
certainty (Fig. A3) and within-site spatial heterogeneity (Fig. 5) in soil moisture status. The measurement error module (Eq. (6)) was designed for the
soil moisture data and integrated into the PRELES calibration. This bias correction in the soil moisture sensor mainly relies on the balance between
precipitation and evapotranspiration data. One concern that might occur about this bias correction is that the outcomes and presented results could be
just an artefact of model derivation. Thus, we implemented a sensitivity analysis on the relation between soil moisture data and model calibration to
show how the soil moisture measurement error affected our model calibration and predictions.

In this test, the bias correction module was dropped. We assume that fertilised and control sites shared the same water moisture data, the average of
the two sensors. We also assumed the soil moisture measurement at 15 cm depth to be the average soil water content of the depth explored by plant
roots. Bias was manually added to the soil moisture data from -50% to +50% to generate 11 sets of virtual soil moisture data. Then calibrations of
PRELES were implemented for the 11 datasets respectively.

When compared with current GPP and ET estimations (Table 2, Fig. 6 & A7), the 11 virtual-data based calibrations performed a maximum 4%
difference in the average of annual GPP prediction, and a maximum 12% difference in the average of annual ET (Fig. A9). Different biases also affected
our inference about the severity of drought in 2018. The ratio between annual unachieved productivity due to soil water stress (Uy ) and actual annual
GPP in 2018 varied from 0% to 5% for the 11 virtual datasets. The ratio of annual unachieved productivity due to VPD stress (Up ) to actual GPP varies
from 52% to 85%. Considering that PRELES can be calibrated even without using soil moisture data (Tian et al., 2020), the error propagated from soil
moisture data to GPP predictions is negligible. However, our inference on the severity of drought might be affected or be introduced a certain amount
of uncertainty.
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Fig. A2. The distribution of actual LUE and estimation of the maximums LUE defined as upper 95, 97.5™, and 99" percentiles (the three horizontal lines marked in
the each violin plot) of each year. LUE = light use efficiency.
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Fig. A3. Soil water content of the fertilised (red) and control (cyan) sites from measurements and model simulations in the depth of 15cm and 50cm. The circles are
observations with biases corrected. Solid lines are simulations from PRLES. Light ribbons are 95% Bayesian credible intervals.
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Fig. A7. Daily evapotranspiration. The red lines are eddy covariance observations without being filtered by the quality control flag. Black area is parametric un-
certainty (negligible). Grey area is the predictive uncertainty that describes the possible ranges of the mismatches between PRELES and eddy covariance mea-
surements. The uncertainty was qualified as 95% Bayesian credible intervals. ET = evapotranspiration.
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Measurement bias of soil moisture
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Fig. A9. A sensitivity analysis of the relationship between the model calibration and the error of soil moisture data. Green circles represent the eddy covariance
measurements. Lines represent PRELES simulations when adding different biases to soil moisture data in model calibrations. GPP = gross primary production; ET =
evapotranspiration; f,,, = modifier of soil water availability on GPP; f, = modifier of vapour pressure deficit on GPP.
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