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[1] Global terrestrial carbon (C) sequestration has increased over the last few decades. The

drivers of carbon sequestration, the geographical spread and magnitude of this sink are however
hotly debated. Photosynthesis determines the total C uptake of terrestrial ecosystems and is a
major ﬂux of the global C balance. We contribute to the discussion on enhanced C sequestration
by analyzing the inﬂuence of nitrogen (N) deposition on photosynthetic capacity (Amax) of
forest canopies. Eddy covariance measurements of net exchange of carbon provide estimates of
gross primary production, from which Amax is derived with a novel approach. Canopy Amax is
combined with modeled N deposition, environmental variables and stand characteristics to
study the relative effects on Amax for a unique global data set of 80 forest FLUXNET sites.
Canopy Amax relates positively to N deposition for evergreen needleleaf forests below an
observed critical load of ~ 8 kg N ha–1 yr–1, with a slope of 2.0  0.4 (S.E.) mmol CO2 m–2 s–1
per 1 kg N ha–1 yr–1. Above this threshold canopy Amax levels off, exhibiting a saturating
response in line with the N saturation hypothesis. Climate effects on canopy Amax cannot be
separated from the effect of N deposition due to considerable covariation. For deciduous
broadleaf forests and forests in the temperate (-continental) climate zones, the analysis
shows the N deposition effect to be either small or absent. Leaf area index and foliar N
concentration are positively but weakly related to Amax. We conclude that ﬂux tower
measurements of C ﬂuxes provide valuable data to study physiological processes at the
canopy scale. Future efforts need to be directed toward standardizing measures N cycling
and pools within C monitoring networks to gain a better understanding of C and N
interactions, and to disentangle the role of climate and N deposition in forest ecosystems.
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the photosynthetic capacity of forests, Global Biogeochem. Cycles, 27, 187–199, doi:10.1002/gbc.20026.

1.

Introduction

[2] The terrestrial biosphere is a major sink of atmospheric
carbon (C), which is estimated to take up currently

approximately 30% of anthropogenic produced carbon dioxide (CO2) annually [Schulze, 2006; Canadell et al., 2007].
The strength of this land carbon sink has a high year-to-year
variability, and due to major gaps in our understanding
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of the main drivers involved, we face large uncertainties
in regard to its magnitude and geographical spread
[Ciais et al., 2010; Le Quéré et al., 2009; Le Quéré,
2010; Pan et al., 2011].
[3] Terrestrial carbon sequestration may be enhanced
globally due to increased nitrogen (N) deposition (N fertilization effect). The magnitude of the terrestrial C sink is
expected to depend on the synergistic effect of N deposition
and other drivers involved in terrestrial C sequestration
[Schulze, 2006]. Additionally, changes in the pattern of N
deposition, in relation to the distribution of different ecosystem types, may impact the rate of C sequestration [Churkina
et al., 2010; Dentener et al., 2006]. Intensive agriculture,
industry, and trafﬁc, as well as the effect of global warming
on biogeochemical cycles, has caused an acceleration of
the N cycle and a doubling of reactive N in circulation since
preindustrial times [Erisman et al., 2008, 2011; Galloway
et al., 2008]. Forests play a major role in the uptake of
C yet their productivity is often N limited [LeBauer and
Treseder, 2008; Wang et al., 2010]. Still, the relative
contribution of N deposition to the strength of the terrestrial
carbon sink remains uncertain [Janssens et al., 2003; Reay
et al., 2008].
[4] Estimates of the fertilizing effect of N range from
almost no effect to 160 kg carbon sequestered per kg of
N added, with most studies ranging between 35 to 65 kg
C/kg N (Erisman et al. [2011] reviewing Nadelhoffer et al.
[1999], Högberg [2007], Magnani et al. [2007], Sutton
et al. [2008], de Vries et al. [2008, 2009], Liu and
Greaver [2009], Butterbach-Bahl and Gundersen [2011],
but see also Thomas et al. [2010]). The different fertilizing
rates may be attributed to the fact that the C uptake per
unit of N depends on the fate of N within the ecosystem
(e.g., wood, leaf production, litter production, or leaching) [Janssens and Luyssaert, 2009]. This in turn is
dependent on the current N status of an ecosystem, i.e.,
the level of which ecosystem productivity is limited by
N availability.
[5] The N-saturation hypothesis predicts a nonlinear
response of C uptake upon N addition [Aber et al., 1989,
1998]. Initially, N limited forests will experience increased
growth with the addition of N, increasing plant C uptake
and foliar N concentrations. A critical threshold of N saturation is reached when N availability exceeds microbial and
plant demands, causing plants to achieve maximum foliar
N concentrations, with some leaching of N. Prolonged N
availability eventually leads to substantial leaching,
decreases growth, and damage to forests due to nutrient
imbalances [Aber et al., 1998; Erisman and de Vries,
2000; Galloway et al., 2003]. These stages are referred to
as the N-limited, the intermediate, and the N-saturated stage
and describe the N status of an ecosystem [ButterbachBahl and Gundersen, 2011]. In the N-limited stage, N
deposition can increase photosynthesis and C uptake
through stimulating leaf production and/or enhancing levels
and capacity of leaf photosynthetic enzymes [Janssens and
Luyssaert, 2009].
[6] Photosynthesis is limited by light, water, temperature,
CO2, and nutrient availability. The maximum rate of
photosynthesis (Amax or photosynthetic capacity) is deﬁned
as the light-saturated rate of photosynthesis under optimal
environmental conditions [Field and Mooney, 1986]. Plants

adapt to their environment and invest N in photosynthetic
enzymes, depending on the expected carbon return. Amax
reﬂects the limitation of the environmental conditions, as
well as physiological differences among species [Schulze
et al., 2005]. Therefore, Amax is an integral measure of
the combined biochemical and physical limitations of
photosynthesis, set by genetic and environmental constraints
over various time-scales [Field and Mooney, 1986; Schulze,
2006]. At the leaf level, photosynthesis-climate and
photosynthesis-nitrogen relationships have been well
established at managed greenhouse or ﬁeld experiments.
Temperature and water availability affect leaf level
photosynthesis positively with varying optima [Jarvis,
1976; Schulze et al., 2005], and foliar N concentration is
positively and linearly related to Amax across a large variety
of plant species and scales [Field and Mooney, 1986;
Schulze, 2006].
[7] Translating leaf level photosynthesis to canopy scale
remains challenging. The driving factors of photosynthesis
at the canopy scale may be obscured, because assimilation
rates are further inﬂuenced by canopy structure and
physiological functioning [Baldocchi et al., 2002]. However,
mean annual temperature and precipitation are often found to
be positively related to canopy photosynthesis [Luyssaert
et al., 2007; Reichstein et al., 2007; Kergoat et al., 2008;
Groenendijk et al., 2009]. Furthermore, leaf area index
(LAI) and foliar N concentrations have been suggested
to be the principal factor when translating leaf to canopy
photosynthesis [Schulze, 2006; Kergoat et al., 2008; Lindroth
et al., 2008; Ollinger et al., 2008; Dronova et al., 2011]. However, LAI and foliar N are not independent of N deposition or
climate, because they relate to both N availability and climate
conditions [Bequet et al., 2011; Kergoat et al., 2008; De Vries
et al., 2003].
[8] Nitrogen availability is believed to increase canopy
photosynthetic capacity (1) by increasing photosynthetic
enzyme availability and hence higher leaf Amax, and/or
(2) by an increase in leaf area and leaf production
increasing canopy Amax. The relative importance of the
two mechanisms remains uncertain [Janssens and Luyssaert,
2009].
[9] Understanding and testing the enhancing effect of N
deposition on photosynthesis is one key area of needed
research to decrease the uncertainty in the overall effect of
N deposition on C sequestration [Janssens and Luyssaert,
2009]. However, to our knowledge, the relationship between
N deposition and canopy photosynthesis has not been tested
through direct observations across a range of forest
conditions. Our approach focuses on a more mechanistic
assessment of controls on photosynthesis, employing Amax
derived from half-hourly measurements of gross primary
production (GPP), whereas most studies of canopy
photosynthesis have focused on some integrated measure of
GPP. We are aware that climate interactions, i.e., the high
correlation between climate and N deposition, have complicated
previous assessments of a pure N deposition effect on C
sequestration in other observational spatial data sets [Piao
et al., 2009; Sutton et al., 2008; Aber et al., 2003]. Notably,
our study tests the suitability of the FLUXNET network
[Baldocchi et al., 2001] in resolving these confounding
factors between drivers of the C balance, which remains
unexplored and deserves critical attention.
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[10] In this study we attempt to quantify the relationship
between N deposition and canopy Amax of forest ecosystems
across the globe. Additionally, we want to establish whether
the relationships between N deposition and Amax differ
between climate zones and forest types, and to which degree
N deposition and canopy Amax are connected to climatic
drivers. All of which is relevant for estimating the enhancing
effect of N deposition on photosynthesis on a global scale.
We achieve this by testing the relative inﬂuence of the
potential main drivers on canopy photosynthetic capacity,
and their interactions, for 73 forest sites around the
globe. Speciﬁcally, we test the following three hypotheses:
[11] 1. Canopy Amax varies across forest sites depending
on the limitations set by genetic and environmental conditions, i.e., physiology, water, temperature and nutrition.
We hypothesize that N deposition explains additional variation in Amax beyond that explained by climate alone.
[12] 2. We hypothesize that the relationship between N deposition and canopy Amax is nonlinear. The relationship is
positive and linear at low N deposition rates (~ 0–15 kg N
ha–1 yr–1), approaching a maximum at critical N loads, and
exhibiting a neutral or negative trend with increasing N
deposition.
[13] 3. Additionally to the constraints above, we expect
that canopy Amax is inﬂuenced by LAI and foliar N concentration. We hypothesize that LAI and/or foliar N are positively related to Amax and in turn, foliar N and LAI are
expected to be related to N deposition.
[14] To test our hypotheses, we used the FLUXNET database
to calculate canopy Amax based on half-hourly ﬂux measurements, combined these with modeled N deposition maps and
stand characteristics, and conducted regression and other
statistical analysis on the resulting data set.

2.

Data and Methods

2.1. Carbon Flux and Nitrogen Deposition Data
[15] A data set, composed of half-hourly measurements of
net ecosystem exchange (NEE) of carbon, based on the
eddy-covariance technique, was compiled for a large number
of forest FLUXNET sites (La Thuile) from 1998 to 2005
inclusive [Baldocchi et al., 2001]. The latitudinal range of
these sites is 68.4 N to 35.7 S, with the majority of them
located in Europe and the northeastern United States
(Figure 1). The forest types are classiﬁed according to the
International Geosphere-Biosphere Program (IGBP)-vegetation

Figure 1. The geographical distribution of the 80 FLUXNET
forest sites (solid triangle).

classiﬁcation and cover the following forest types: evergreen
needleleaf, evergreen broadleaf, deciduous broadleaf,
and mixed forest [Loveland et al., 2000]. The sites
cover the major climate zones of the world: boreal, temperate, temperate-continental, subtropical-Mediterranean, and
tropical, which are classiﬁed according to the Köppen-Geiger
climate classiﬁcation [Kottek et al., 2006].
[16] Recently disturbed sites and years with less than
12,000 half-hourly data points were excluded from the analyses to avoid unrepresentative data years (a complete year
contains a time-series of 17,520 half-hourly data points),
resulting in a data set that collectively represents 317 years
of measured CO2 ﬂuxes from 80 managed and unmanaged
forest sites.
[17] Estimates of total N deposition (Ndepo) for each site
were taken from an ensemble calculation of global deposition
models for the year 2000 available at a resolution of 1  1
[Dentener et al., 2006] and were used to compare to the ﬂux
measurements. Total N from these models represents the
estimated total deposition for reduced and oxidized reactive
N from dry and wet deposition. FLUXNET tower footprints
vary with topography and wind conditions but are approximately
1 km2 [Baldocchi et al., 2001], considerably smaller than the
resolution of the modeled N deposition.
2.2. Calculation of Canopy Amax
[18] Flux towers measure both NEE and photosynthetic
photon ﬂux density (PPFD) at the canopy scale as 30 min
averages. GPP estimates were obtained from the data set
and are derived from NEE following the ﬂux partitioning
method described by Reichstein et al. [2005]. GPP is deﬁned
positive and NEE, as well as ecosystem respiration (Reco),
follow the classical micrometeorological conventions,
being positive for upward CO2-ﬂuxes: GPP = NEE + Reco.
Information on harmonized data-processing procedures
with associated errors can be found in Papale et al. [2006].
Uncertainty in GPP estimates due to the ﬂux partitioning
method is expected to be low [Desai et al., 2008].
[19] Canopy Amax was estimated by using light response
curves, setting out GPP against PPFD and by taking the
average of the upper 95th–98th percentile of GPP values in
the light-saturated zone. Per site, all available data (spanning
multiple years) were combined to derive a single light
response curve and hence a single estimate of Amax. Therefore,
the estimates represent the most optimal conditions observed
at each site for the selected research period, 1998–2005.
Details on the establishment of light-saturation and examples
of light response curves and derived Amax values of representative sites can be found in Appendix A.
2.3. Environmental and Ecological Variables
[20] Annual precipitation (Precip), mean annual temperature
(MAT), and two additional temperature indices were
calculated based on the half-hourly measurements taken at
the ﬂux towers. The temperature indices are mean temperature of the realized optimum (MTO) and mean temperature
deviation from the realized optimum (MTD). MTO is the
mean of temperature values corresponding to the time of
the CO2 ﬂuxes of Amax, reﬂecting the temperature of the
most optimal conditions for each site. MTD is deﬁned as
the absolute mean deviation from MTO for the whole year.
It represents a measure of how close the annual temperature

189

FLEISCHER ET AL.: NITROGEN DEPOSITION AND PHOTOSYNTHESIS

is to the temperature at which Amax is reached. MTD is
tested as an alternative index for MAT in the regression
analysis, because MAT is not expected to have a direct
ecological link to photosynthesis [Kergoat et al., 2008].
Both temperature indices and precipitation were calculated
per year and averaged per site, producing one average per site.
Precipitation measurements were not available for three
sites, which were excluded from all regression analyses
(Table A1).
[21] Data on LAI (in m2 m–2) (n = 72) and foliar N
concentration on percent mass basis (g N/g dry weight)
(n = 39) were derived for each site from the literature or
through personal communication with the principal investigators of the sites. If available, the seasonal maximum for
tree LAI and the foliar N concentration for the growing
season were used, corresponding to the time at which
optimal growth conditions are expected. For both, data in
close agreement to the ﬂux measurement years were
selected. A complete list of FLUXNET site information,
including site ID, name, latitude, forest type, climate zone,
modeled N deposition, estimates of Amax, foliar N concentrations, and LAI used in this analysis, and also site
citations and citations for foliar N and LAI can be found
in the supporting information (Table A1).
2.4. Regression Analysis
[22] Multiple linear and nonlinear regression models were
built to analyze the inﬂuence of N deposition, temperature,
precipitation, LAI, and foliar N on canopy Amax for the
different forest types and climates. Models were built with
increasing complexity. All univariate linear effects on Amax
were tested before applying a forward step selection for the
best multivariate model. The Michaelis-Menten function
was chosen for the nonlinear estimate of the Amax response
to N deposition. Model parameters were estimated using a
least squares criterion. Model accuracy was compared using
different statistics: the adjusted coefﬁcient of determination
(adj. R2), the Akaike information criterion (AIC) and the
root-mean-square error (RMSE) [Hilborn and Mangel, 1997;
Burnham and Anderson, 1998]. Linear correlations between
predictors were assessed with the Pearson correlation
coefﬁcient (PCC) [Rodgers and Nicewander, 1988]. Power
analysis was performed for selected groups to assess whether
the absence of statistical signiﬁcance is due to insufﬁcient
sample size [Cohen, 1988; Kravchenko and Robertson,
2011] (Appendix B). Four sites had unusually high leverage
on model results and were excluded from the analysis to
Table 1. Overview of Available Forest Sites Separated by Forest
Types (Rows) and Climate Zones (Columns); Forest Types
Abbreviations Are Deciduous Broadleaf (DBF), Evergreen Broadleaf
(EBF), Evergreen Needleleaf (ENF) and Mixed Forest (MF), Climate
Zone Abbreviations Are Temperate (TE), Tropical (TR), SubtropicalMediterranean (SM), Arctic (AR), Boreal (BO), TemperateContinental (TC), and Dry (DR)

DBF
EBF
ENF
MF
Total

AR

BO

DR

SM

TC

TE

TR

Total

0
0
0
0
0

1
0
11
1
13

0
0
1
0
1

7
3
6
0
16

6
0
5
6
17

5
1
9
2
17

0
9
0
0
9

19
13
32
9
73

avoid biased results (Table A1). The exclusion of these sites
and sites with missing precipitation data yielded an effective
data set of 73 sites for the regression analysis (Table 1). The
analyses were conducted in R [R Development Core Team,
2011]. The slopes of the model parameter for N deposition
are estimates for the potential N deposition effect on photosynthesis, allowing extrapolation to an N effect on C
sequestration via increases in photosynthesis. The calculation of C sequestration per unit N deposition is detailed in
Appendix C.

3.

Results

[23] The 73 forest sites from the FLUXNET database
included in the regression analysis cover a modeled N
deposition range from ~ 0 to 32 kg N ha–1 yr–1. The data set
is dominated by evergreen needleleaf forests (ENF) and
deciduous broadleaf forests (DBF), with 32 and 19 sites,
respectively. These sites are predominately found in the
boreal, temperate, temperate-continental, and subtropicalMediterranean climate zones (Table 1 and Figure 1). The
results focus primarily on evergreen needleleaf and deciduous
broadleaf forests. In order to quantify the relationship between
Amax and Ndepo, the variation of Amax in comparison to the
most important climate variables MAT, MTO, MTD, and
Precip (3.1.) and with Ndepo (3.2.) individually is shown ﬁrst.
Subsequently, multivariate regression models are built to
quantify the relative contribution of each of the predictor
variables and assess correlations among predictors (3.3.).
Subsets of the data are analyzed to reﬂect the N limited range
or sites of the same climate zones. For Ndepo either a linear
or the Michaelis-Menten function is selected. Finally, the
inﬂuence of LAI and foliar N on Amax and their relationship
with Ndepo is assessed (3.4.). The main regression results
are detailed (Table 2) and the correlations of Ndepo with the
environmental variables are shown for evergreen needleleaf
forests (Table 3). For clarity only the main ﬁndings and
statistically signiﬁcant results are shown.
3.1. Climate Effects on Amax
[24] Evergreen needleleaf and deciduous broadleaf forests
are characterized by distinct patterns of the photosynthesisclimate comparisons, and show little overlap. MTO is not
related to Amax for the individual forest types but differs
statistically between evergreen needleleaf (sample mean  1SD:
MTOENF = 18.6  3.6 C) and deciduous broadleaf forests
(sample mean  1SD: MTODBF = 22.3  3.9 C) (Figure 2a).
Along the range of MTD, both forest types show a negative
trend (Figure 2b) indicating that photosynthetic capacity is
larger if the temperature is generally closer to the optimum.
Mean values of MTD are not different for deciduous
broadleaf (sample mean  1SD: MTDDBF = 12.9  2.9 C)
and evergreen needleleaf forests (sample mean  1SD:
MTDENF = 12.2  4.0 C); the latter occupying a somewhat
larger range. MAT is positively related to Amax for evergreen needleleaf forests, however, only weakly (R2 = 0.11)
because not all sites follow the general trend (Figure 2c
and Table 2, subset 1). Precip and MTD show a stronger
relationship with Amax (R2 = 0.47 and 0.28, respectively)
for evergreen needleleaf forests (Figure 2d and Table 2,
subset 1). For deciduous broadleaf forests however the
relationships between Amax and Precip, MAT or MTD are
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(a)

(b)

(c)

(d)

Figure 2. Maximum rates of photosynthesis (Amax) against climate variables (n = 80): (a) mean temperature
of Amax measurements (MTO in  C), (b) mean deviation from temperature optimum (MTD in  C), (c) mean
annual temperature (MAT in  C), and (d) annual precipitation (precipitation in mm) (n = 77). Symbols
represent different forest types; deciduous broadleaf (DBF, open square), evergreen broadleaf (EBF, asterisk),
evergreen needleleaf (ENF, solid triangle), and mixed forest (MF, plus).
not signiﬁcant after the exclusion of the arctic forest site
with a very low Amax (Figures 2b, 2c, and 2d, Table A1,
regression not shown).
[25] For evergreen broadleaf forests, there is a strong
positive relationship to Precip (R2 = 0.62, p < 10–3, n = 13)
and a weaker one to MAT (R2 = 0.44, p = 0.008, n = 13).
MTD explains more variation in Amax for evergreen broadleaf
forests (R2 = 0.56, p = 0.002, n = 13) than MAT.
3.2. N Deposition and Amax
[26] Amax estimates for all forest sites follow a general
positive trend with increasing N deposition (Figure 3a and
3b) but responses differ between forest types and climates.
For evergreen needleleaf forests, the relationship between
Amax and N deposition exhibits a nonlinear, saturating
response (Figure 3a). The initial linear increase in Amax at
low N deposition rates levels off at N deposition rates
of ~ 10 kg N ha–1 yr–1 (Figure 3a). The nonlinear estimation
of the N deposition response of Amax gives the best ﬁt
for all evergreen needleleaf forests (Table 2, subset 1).
The piecewise regression of Amax versus N deposition,
employed to derive the best breakpoint for two linear intervals, derives a breakpoint at 8  1.5 (S.E.) kg N ha–1 yr–1.
This threshold represents an estimate for the critical load
of N deposition for evergreen needleleaf forests. Based
on this assessment the N-limited range for subsequent

analyses is deﬁned for N deposition rates below 8 kg N
ha–1 yr–1 (see section 3.3). The slope of the observed initial
increase for sites in this N-limited range was 2.0  0.4 mmol
CO2 m–2 s–1 per 1 kg N ha–1 yr–1 (Table 2, subset 2). This
value represents the highest observed estimate of the
Ndepo effect on Amax for evergreen needleleaf forests in
the N-limited range.
[27] Deciduous broadleaf forests are in general characterized
by higher Amax than evergreen needleleaf forests at similar
rates of N deposition in our data set. However, a nonlinear or
linear relationship is not signiﬁcant for deciduous broadleaf
forests and only indicative (R2 = 0.15, p = 0.057, n = 19;
Figure 3a). Power analysis reveals that the sample size for
deciduous broadleaf forests is large enough to detect any
relationship between Amax and Ndepo with an R2 value
greater than 0.32 with 80% probability (Appendix B). That
means that given our sample size it can be inferred that the
relationship is unlikely to equate to an R2 of more than
0.32, hence is either small or absent. For mixed forests there
is no visible trend along the axis of N deposition (Figure 3a).
However, the low sample size of 9 mixed forest sites
similarly does not allow inferring an absence of a relationship.
Only a strong relationship with an R2 value larger than 0.55
would be detected with nine samples (Appendix B). Evergreen
broadleaf forests are negatively related to N deposition
(R2 = 0.43, p = 0.009, n = 13).
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(a) Forest types

(b) Climates

Figure 3. Maximum rates of photosynthesis (Amax) against N deposition (n = 80), marked with (a) different
forest types on the left; deciduous broadleaf (DBF, open square), evergreen broadleaf (EBF, asterisk),
evergreen needleleaf (ENF, solid triange) and mixed forest (MF, plus), and marked with (b) different climate
zones on the right; arctic (solid circle), boreal (open triangle), dry (solid triangle), subtropical-Mediterranean
(plus), temperate-continental (cross), temperate (open square), and tropical (asterisk).
[28] There is a clear clustering of sites when grouped for
climate, e.g., boreal evergreen needleleaf forests are found
at the low N deposition and Amax range, with a positive
linear trend. In contrast, temperate-continental and temperate sites show no visible trend along the N deposition
gradient, with the latter occupying the high end of the
covered N deposition range (Figure 3b).
3.3. Nitrogen’s Effect on Amax After Accounting
for Climate
[29] The subsequent regression analysis focuses on evergreen needleleaf forests. The signiﬁcant responses of Amax
to the environmental predictors and Ndepo and sufﬁcient
data allow a detailed analysis of this forest type (n = 32).
Regression models are built to assess the relative signiﬁcance of climate (MAT, MTD, and Precip) and Ndepo
in determining Amax for evergreen needleleaf forests. A
brief section on evergreen broadleaf forests to clarify the
relative importance of climate and Ndepo for this forest type
is added.
[30] The nonlinear function of Ndepo is the best model for
Amax for all evergreen needleleaf forests (Table 2, subset 1).
Linear terms for MTD, Precip, and MAT are weaker predictors,
as expressed by AIC and RMSE. Combining MTD with
Ndepo derives the best linear model and explains
slightly more variation in Amax than a pure climatic
model with MTD and Precip (Table 2, subset 1). For sites in
the N-limited range (Ndepo < 8 kg N ha–1 yr–1, section 3.2.)
the linear combination of Ndepo and Precip performs best,
reducing the previously observed Ndepo effect to 1.7  0.4
(S.E.) mmol CO2 m–2 s–1 per 1 kg N ha–1 yr–1 (Table 2,
subset 2).
[31] For all evergreen needleleaf sites, MAT is a weak
predictor of Amax (e.g., Table 1, subset 1) because ﬁve
evergreen needleleaf forest sites have relatively high mean
average temperatures (>15 C) and form outliers on the
otherwise linear relationship with Amax (Figure 2c). The sites
belong to the subtropical-Mediterranean and dry climate
zones and there are some indications that Amax may be soil
moisture limited at these sites, although soil moisture data

are only available for two of the ﬁve sites (not shown). They
are therefore regarded as representatives of water-limited
ecosystems and are excluded from further analyses. This
causes the relationships of Amax with the temperature indices
(MAT and MTD) and Precip to become considerably stronger
compared to subset 1 (Table 2, subset 3). The pure climatic
model of MAT and Precip best explains the variation in Amax
for this subset, with an R2 of 0.84. MAT as a single predictor
explains a large part of the variation in Amax with an R2 of 0.77,
and a nonlinear model of Ndepo explains slightly less. It is,
however, impossible to separate the effect of climate and
Ndepo with certainty in this subset, because the linear
correlations of Ndepo with Precip, MTD, and MAT are larger
than  0.6 (Table 3), and Ndepo as a linear predictor of Amax
results in an R2 of 0.54 (Table 2, subset 3).
[32] Restricting the last subset further to the N-limited
range (Ndepo < 8 kg N ha–1 yr–1, section 3.1) selects 15 sites,
of which 11 are boreal. Therefore, boreal sites are analyzed
alone (Table 2, subset 4) resulting in MAT and Ndepo to
have a similarly strong univariate relation to Amax
(R2 = 0.64 and 0.67, respectively). In this smaller subset, the
correlations between climate variables and Ndepo are even
stronger than in the previous subsets with a PCC of up to 0.85
for MAT and Ndepo (Table 3). The slope for the Ndepo effect
on the boreal forests is 1.6  0.3 (S.E.) mmol CO2 m–2 s–1
per 1 kg N ha–1 yr–1. This close connection of MAT and N
deposition is remarkable, because 11 boreal evergreen
needleleaf forests from Europe and North America are
considered, moving across an axis of N deposition originating
from two continents. Limited data are available within
each climate zone (Table 1) and only univariate analyses
can be undertaken. For evergreen needleleaf forests in the
temperate, temperate-continental, or subtropical-Mediterranean
zone alone, no signiﬁcant relationships between Amax and
Ndepo or climate emerge.
[33] For evergreen broadleaf forests, the best multivariate
model is the combination of MTD and Precip (R2 = 0.74,
p < 10–3, n = 13). The predictive power of the environmental
variables is therefore stronger than the observed negative
relationship with Ndepo for this forest type (see section 3.2.).
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Table 2. Results of Regression Models for Evergreen Needleleaf Forests Describing Amax (in mmol m–2 s–1) as a Function of N Deposition
(Ndepo in kg N ha–1 yr–1), Mean Temperature Deviation (MTD in  C), Mean Annual Temperature (MAT in  C), Annual Precipitation (Precip
in mm) for Evergreen Needleleaf Forest Sites; Model Accuracy Is Reported With the Coefﬁcient of Determination, Adjusted for the Number
of Variables in the Model ( adj. R2), the Root Mean Square Error (RMSE), and the Akaike Information Criterion (AIC); Parameter Estimates With
Standard Error Are Reported (a1, a2, and c or a3), p-value and/or Level of Signiﬁcance of the Model (p), Results Are Separated for Four Subsets
Model

a1

a2

c or a3

adj. R2

RMSEa

AICa

p

2.5  0.5
0.008  0.003
0.011  0.003
----

-12.4  1.6
20.6  3.6
12.3  1.9
32.4  3.2
18.6  1.7

-0.624
0.559
0.471
0.281
0.107

3.6
3.9
4.2
4.7
5.5
6.1

178.3
185.8
190.9
195.8
205.6
212.6

***
<10–6***
<10–7***
<10–5***
<10–2**
0.0382*

0.006  0.003
-0.009  0.004
---

8.0  2.0
10.0  1.9
20.1  4.0
12.4  2.2
26.9  3.3

0.599
0.524
0.410
0.289
0.244

3.4
3.8
4.1
4.6
4.7

118.4
121.2
126.5
129.6
130.9

<10–3***
<10–3***
<10–2**
<10–2**
0.0133*

0.842
0.766
-0.619
0.542
0.538

2.7
3.4
3.5
4.3
4.8
4.8

129.2
138.2
139.1
150.3
154.9
155.1

<10–10***
<10–9***
***
<10–6***
–5
<10 ***
<10–5***

0.674
0.638

1.7
1.8

48.7
49.9

0.001**
0.002**

Subset 1) Entire range of Ndepo and all climates (n = 32)
Amax ~ (a1 * Ndepo) / (Ndepo + a2)
31.8  1.9
0.47  0.1
Amax ~ (a1 * Ndepo) + (a2 * Precip) + c
0.55  0.21
Amax ~ (a1 * MTD) + (a2 * Precip) + c
0.014  0.0025
Amax ~ (a1 * Precip) + c
0.89  0.25
Amax ~ (a1 * MTD) + c
0.39  0.18
Amax ~ (a1 * MAT) + c
Subset 2) N-limited range (Ndepo < 8) and all climates (n = 21)
Amax ~ (a1 * Ndepo) + (a2 * Precip) + c
1.7  0.4
2.0  0.4
Amax ~ (a1 * Ndepo) + c
0.49  0.22
Amax ~ (a1 * MTD) + (a2 * Precip) + c
0.011  0.004
Amax ~ (a1 * Precip) + c
Amax ~ (a1 * MTD) + c
0.66  0.24

Subset 3) Entire Ndepo range, excluding subtropical-Mediterranean and dry climates (n = 25)
1.3  0.2
0.008  0.002
10.1  1.4
Amax ~ (a1 * MAT) + (a2 * Precip) + c
1.7  0.2
-13.6  1.2
Amax ~ (a1 * MAT) + c
Amax ~ (a1 * Ndepo) / (Ndepo + a2)
32.7  2.0
2.5  0.6
-1.5  0.2
-42.3  3.3
Amax ~ (a1 * MTD) + c
0.7  0.1
-15.6  1.5
Amax ~ (a1 * Ndepo) + c
0.016  0.003
-10.2  2.4
Amax ~ (a1 * Precip) + c
Subset 4) N-limited range for boreal climates (n = 11)
Amax ~ (a1 * Ndepo) + c
1.6  0.3
-10.2  1.1
1.8  0.4
-12.2  0.8
Amax ~ (a1 * MAT) + c

Signiﬁcance codes: 0 “***” 0.001 “**” 0.01 “*” 0.05 “.” 0.1 “ ” 1.
a
For model accuracy measures AIC and RMSE: a smaller value represents a better ﬁt for the model, AIC is only comparable for models in the same
subset, a difference in AIC between two models of > 2 is regarded as signiﬁcant.

Table 3. Pearson Correlation Coefﬁcients (PCC) for N Deposition
(Ndepo) With the Environmental Variables for the Four Subsets,
PCC of >0.6 Are Strong Correlations and Printed in Bold Italics
Precipitation
(Precip)
Subset 1
Subset 2
Subset 3
Subset 4

0.61
0.39
0.64
0.55

Mean Temperature
Deviation (MTD)
0.48
0.75
0.68
0.78

Mean Annual
Temperature (MAT)
0.29
0.68
0.71
0.85

3.4. Mechanisms for the N-effect
[34] The inﬂuence of LAI and foliar N on Amax is assessed by
separately relating Ndepo to LAI and foliar N, because Ndepo is
expected to increase canopy photosynthesis via increased leaf
production and/or foliar N concentrations. Sample sizes differ
in regression analysis to ﬁgures due to excluded sites (see section 2.4). For clarity, regression results are not shown in Table 2.
[35] Foliar N is lower for evergreen needleleaf forests
(sample mean  1SD: folNENF = 1.07  0.27 %N) than

(a)

(b)

Figure 4. Maximum rates of photosynthesis (Amax) against biotic variables: (a) Amax against foliar N
concentration (in %N per g dry weight) (n = 39) and (b) Amax against leaf area index (in m2 m–2)
(n = 72). Symbols represent different forest types; deciduous broadleaf (DBF, open square), evergreen
broadleaf (EBF, asterisk), evergreen needleleaf (ENF, solid triangle), and mixed forest (MF, plus).
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for deciduous broadleaf forests (sample mean  1SD:
folNDBF = 2.13  0.35 %N) (Figure 4a). As a result, the
positive relationship between foliar N and Amax is signiﬁcant
across all forest sites (R2 = 0.53, p < 10–6, n = 35), while for
the individual forest types it is small or absent (evergreen
needleleaf forests: R2 = 0.22, p < 0.05, n = 19; deciduous
broadleaf forests: no signiﬁcant relationship).
[36] Leaf area index is signiﬁcantly and positively related
to Amax across all forest types (R2 = 0.17, p < 10–3, n = 66,
Figure 4b) and for the evergreen needleleaf forests
(R2 = 0.18, p < 10–2, n = 32, Figure 4b). No relationships
emerge for the other forest types. The explanatory power
of LAI on variation in Amax is limited and not comparable
to the explanatory power of the climate variables or N
deposition.
[37] Ndepo shows no signiﬁcant linear relationship with
LAI for the evergreen needleleaf forests, whereas foliar N
does (R2 = 0.41, p = 0.002, n = 19). This strong positive
relationship was not detectable within the N limited range,
where the strongest inﬂuence is expected. The connection
between foliar N and Ndepo is also signiﬁcant across all
forest sites (R2 = 0.22, p = 0.002, n = 35) but weaker than
within evergreen needleleaf forests.

4.

Discussion

4.1. Estimates of the N Deposition Effect
[38] Our ﬁrst hypothesis states that N deposition explains
additional variation in canopy Amax beyond that of
environmental variables. We demonstrate that N deposition
and climate variables are signiﬁcantly related to Amax for
evergreen needleleaf forests. N deposition alone explains
most variation of Amax when considering all evergreen
needleleaf forests. Temperature and precipitation however
explain most variation of Amax after the exclusion of waterlimited forests. The water-limited sites cause the overall
predictability of Amax by temperature and precipitation to
decrease and a model with N deposition alone performs
better than a pure climatic model.
[39] Splitting the forest sites into more meaningful subgroups
shows that both N deposition and climate are signiﬁcantly
related to Amax and that these controlling factors are also
correlated with each other. Quantifying N deposition’s
contribution to the variation in Amax after accounting for
climate is therefore not unambiguous and requires greater
attention in future studies. The cross-correlations between
climate and N deposition, which are especially evident for
evergreen needleleaf sites in the N limited range, prevent
assessing their relative role in inﬂuencing Amax within the
FLUXNET network. Evergreen broadleaf forests’ Amax also
show signiﬁcant relationships to climate and N deposition,
but a limited number of sites prevent a detailed analysis.
The hypothesis cannot be conﬁrmed for deciduous broadleaf
and mixed forests, for which variation can neither be
attributed to climate nor N deposition.
[40] Due to these correlations, we can only give a range of
potential N deposition effects on Amax. The strongest
observed response of Amax to N deposition is found for
evergreen needleleaf forests for all included climates within
the N limited range ( < 8 kg N ha–1 yr–1) with a slope of
2.0  0.4 mmol CO2 m–2 s–1 per 1 kg N ha–1 yr–1. For boreal
forests within the N-limited zone, we derive a slope of

1.6  0.3 mmol CO2 m–2 s–1 per 1 kg N ha–1 yr–1. The pure
N deposition effect may be larger or smaller because we
expect climate to explain part of the observed response;
however, there is no unequivocal evidence that it is not equal
to zero.
[41] The observed relationship between Amax and N
deposition can be used to derive an estimate of the potential
contribution of N deposition on C sequestration. Employing
assumptions about the translation of Amax to annual GPP and
C sequestration (detailed in Appendix C) we derive an
estimate of 25  5 kg C / kg N, which is somewhat lower
than the range of C sequestration per kg N addition of
35–65 kg C / kg N reported by Erisman et al. [2011]. We
want to stress that this estimate corresponds to the carbon
that is sequestered due to enhancements in photosynthetic
capacity only and is based on very crude assumptions.
4.2. Correlation of N Deposition With Climate
[42] We are not able to extract the N deposition effect after
accounting for climate interactions. This correlation between
N availability and temperature is partly associated with
human activity, which is higher in areas with higher
temperatures, causing higher N emissions and hence
deposition [Högberg, 2007; Dentener et al., 2006; Aber
et al., 2003]. Therefore, we have sound reason to assume
that this strong noncausal relationship between climate and
N deposition exists in reality and is not an artifact of the
FLUXNET tower locations. Observational studies might
therefore be potentially unable to answer the question
regarding the relative effect of climate and N deposition.
The interconnection of N deposition and climate for forests
in the FLUXNET database is evident across the continents,
demonstrating its global relevance [Sutton et al., 2008; Aber
et al., 2003]. We further hypothesize that the observed
response in Amax cannot be attributed solely to either N
deposition or climate, but rather to the simultaneous reduction
of limiting factors when moving across gradients of climate
and N deposition.
[43] Additionally, the variable MAT, for which the
correlations with N deposition were the strongest, is a surrogate
for a number of underlying processes relating to N availability,
such as for instance the increase in N mineralization with
increasing soil temperatures [Melillo et al., 2011; Kergoat
et al., 2008; Magnani et al., 2007; Hyvönen et al., 2007].
Therefore, MAT is not an ideal descriptor of pure temperature limitations on photosynthesis. We show that the
alternative temperature index, MTD, describing the mean
deviation of annual temperatures from the realized optimum,
is a good predictor of photosynthetic capacity for forest
canopies. We expect a closer direct link to photosynthesis
for MTD than MAT and especially evergreen needleleaf
forests show an improved trend between Amax and MTD. In
comparison with MAT, MTD performed better for evergreen
needleleaf sites in subset 1 and 2, and explained only slightly
less than MAT in subset 3 (Table 2).
4.3. Critical Loads of N Deposition
[44] Our second hypothesis states that we expect a nonlinear
response of Amax to N deposition, which we can conﬁrm
for evergreen needleleaf forests. Across the observed N
deposition rates (0–25 kg N ha–1 yr–1) the response of
photosynthetic capacity of evergreen needleleaf forests is
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indeed nonlinear, leveling off at a critical threshold
of ~ 8 kg N ha–1 yr–1 in our data set. Our ﬁndings agree with
the N saturation hypothesis [Aber et al., 2003]; however,
we ﬁnd no signs of a second critical threshold, i.e. a decrease
in Amax at higher rates of N deposition. The observed critical
threshold for N saturation in evergreen needleleaf forests
of ~ 8 kg N ha–1 yr–1 is in line with recently proposed critical
loads, derived with different approaches and indicators of
N saturation; 5–10 kg N ha–1 yr–1 [Allen, 2007], and
15 kg N ha–1 yr–1 [Butterbach-Bahl and Gundersen,
2011]. It is notable that N deposition, as a nonlinear
predictor, best captures the variability in Amax across all
evergreen needleleaf forests. The second hypothesis cannot
be conﬁrmed for the other forest types as no saturating
response is observed.
[45] Our results indicate that C ﬂuxes at the canopy scale
are able to capture the mechanisms related to C-N cycling,
and that canopy Amax can serve as another indicator for N
saturation. The nonlinear response to N deposition or N
fertilization should be kept in mind when reporting ratios
for kg of C sequestration per kg of N addition and should
always be reported. In addition, the range of N deposition
rates and forest or ecosystems types for which a ratio is
applicable is essential information.
4.4. Deciduous Broadleaf Forests Insensitive to N
Deposition
[46] Deciduous broadleaf forests show no robust relationships between Amax and any of the included abiotic or biotic
predictors. Evergreen needleleaf forests show a stronger
response to N addition than deciduous forests (Figure 2a)
[see also Liu and Greaver, 2009; Allen, 2007]. Physiological
differences of the two forest types can explain the different
sensitivities to nitrogen fertilization, e.g., evergreen needleleaf
forests have lower N stocks and uptake compared to
deciduous broadleaf forests, and are adapted to low nutrient
environments, resulting in a generally higher sensitivity to
N addition [Hikosaka, 2004; Warren and Adams, 2004;
Allen, 2007; Millard and Grelet, 2010; Butterbach-Bahl
and Gundersen, 2011]. The nonlinear response to N
fertilization has been found for both forest types, but critical
loads for deciduous forests have been reported to be higher
(10–20 kg N ha–1 yr–1) [Allen, 2007]. Similar to deciduous
broadleaf forests, Amax at all temperate sites, regardless of
forest type, shows a lack of response to N deposition across
the observed range of N deposition from 2–28 kg N ha–1 yr–1
(Figure 2b). This lack of sensitivity of temperate forests to
N fertilization agrees with ﬁndings of Nadelhoffer et al.
[1999] who found a similar minimal effect of N deposition
on tree growth in northern temperate forests.
[47] We hypothesize that the absence of an N deposition
effect for deciduous broadleaf forests and temperate forests
in our data set may be due to the following three factors.
First, the N deposition effect in these forest types is small
but not absent, because the limited sample size for these
forests only allows detecting a strong response to N deposition
(appendix B). Second, the temperate climate zones (where
most deciduous broadleaf sites are found) have been exposed
to high loads of N deposition over decades and/or are naturally
fertile, i.e., the additional N due to N deposition is small
compared to the natural N supply [Nave et al., 2009;
Högberg, 2011]. Thus, although the sites are found at

variable N deposition rates, the forests are in the intermediate
or N-saturated stage, which would explain the absence of a
response in Amax along an axis of N deposition. Third, N
fertilization can result in aboveground tree growth without
a stimulation of photosynthesis. Shifts in C-allocation
from belowground to aboveground biomass, could similarly
explain the absence of an N effect on canopy Amax [Talhelm
et al., 2011].
4.5. LAI and Foliar N Effect on Amax
[48] Our third hypothesis states that foliar N and LAI have
a positive effect on photosynthetic capacity, and that they in
turn are related to N deposition. Climate and N deposition
have a stronger predictive power of Amax than foliar N and
LAI for evergreen needleleaf forests. We show that the
LAI and/or foliar N effect on canopy photosynthetic capacity
are not stronger than the effect of temperature, precipitation,
or N deposition in our data set. The foliar N concentration –
Amax relationship is thought to be stable across a variety of
conditions, and for different species of the same functional
type [Kattge et al., 2009]. We identify a strong correlation
across forest types but only a weak relationship within evergreen needleleaf forests. This conﬁrms Reich et al. [1995]
who stated that within species groups or for individual
species, there may be markedly different Amax-foliar N relationships. LAI and foliar N inﬂuence canopy photosynthesis
[Kergoat et al., 2008; Lindroth et al., 2008]. However, their
interconnection to climate and N availability should be
appreciated when assessing drivers of canopy Amax.
[49] We observe a signiﬁcant relationship between N
deposition and foliar N across forest types and within
evergreen needleleaf forests. The relationship between N
deposition and foliar N has been established earlier
[De Vries et al., 2003], but has also been reported as absent
[Aber et al., 2003]. LAI cannot be linked to N deposition for
any forest type in our study. The absence of a relationship
between N deposition and LAI, as well as the absence of a
relationship between foliar N and N deposition in the N-limited
range, cannot be taken as proof of absence of the photosynthesis
enhancing mechanisms. We hypothesize that the inherent
difﬁculties associated with LAI and foliar N measurements,
and with their spatial and temporal integration are responsible
[Aber et al., 2003; Bréda, 2003]. Overall our results do not
provide unequivocal evidence for or against either mechanism
over which N is potentially able to enhance canopy
photosynthesis [Janssens and Luyssaert, 2009; Gough et al.,
2004]. Gough et al. [2004] reported that fertilization temporarily
increases leaf level photosynthesis in pine and that
additional photo-assimilates were used to increase leaf area.
We believe that observational studies employing an acrosssite approach like ours may not be able to detect changes
in stand characteristics acting at varying temporal scales
at the local scale.
4.6. Limitations of the Approach
[50] Our analysis includes several sources of uncertainties:
the ﬂux measurements, the modeled N deposition, and the
LAI and foliar N data. The uncertainties of the modeled N
deposition maps are associated with the results of the model
ensemble and the large resolution employed; details can be
found in Dentener et al. [2006]. Modeled N deposition
should be regarded as an indicator of true N deposition and
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modeled deposition to forests is usually underestimated
[Flechard et al., 2010; Erisman and Draaijers, 2003].
Furthermore, Amax estimates are based on 1–8 years of data
per site, which caused Amax to be more accurate for some
sites than for others. We included managed and unmanaged
forests sites, exhibiting a high degree of variability in terms
of site characteristics and species. The effects of ozone or
carbon dioxide on photosynthesis are not included in the
analysis. Site-speciﬁc measurements of N deposition, and a
standardized sampling scheme for LAI and foliar/canopy
N, ensuring the representativeness of the measurements for
the tower footprint and allowing an adequate assessment of
their connection to canopy Amax, are expected to reﬁne the
presented analysis.

5.

Conclusion

[51] This study shows that N deposition is nonlinearly
related to canopy Amax in evergreen needleleaf forests with
a close linear relationship in the N limited range. Deciduous
broadleaf forests exhibit zero to little response to N deposition.
However, close correlations between N deposition and climate
and their comparable inﬂuences on canopy Amax prevents the
separation of their effects. This calls for caution, and studies
of climate effects on C cycling should account for potential
N effects and vice versa. The close linkage of N deposition
and climate is potentially a global phenomenon and
complicates the use of observational studies for assessing
drivers of carbon cycling. Overcoming these inherent linkages
is essential in separating climate and N effects. Measures of N
cycling and pools should be adopted as standards in the
FLUXNET network, e.g., N deposition, foliar and soil N concentrations, to facilitate the mechanistic assessment of C and N
cycling, their interactions and the effect of climate. Furthermore, process-based modeling studies are valuable tools to
elucidate the confounding effects of climate and N deposition.
[52] The observed response of canopy Amax to levels of
N deposition agrees with the N saturation hypothesis,
demonstrating that ﬂux tower measurements are suitable for
testing hypotheses of nitrogen-photosynthesis relationships at
the canopy scale. The extension of the approach to ecosystems
and climate conditions underrepresented in this study, as well
as the investigation of other relevant physiological processes,
i.e., ecosystem respiration, are expected to substantially
increase our understanding of carbon-nitrogen interactions
in terrestrial ecosystems.

Appendix A: Overview of Light Response Curves
[53] The procedure for calculating Amax from half-hourly
GPP estimates is detailed below. GPP was plotted as a function
of light intensity (PPFD) and the threshold light intensity
(PPFDsat) was determined, below which GPP is limited by
light. Standard values for the different climate zones were
chosen. PPFDsat of 1200 mmol m–2 s–1 proved suitable for most
climates. However, a lower PPFDsat of 800 mmol m–2 s–1 was
chosen for boreal and temperate climates, and a higher level
for tropical climates at PPFDsat = 1400 mmol m–2 s–1. These
are conservative estimates, in regard to the minimum PPFD
of apparent light saturation. Each light response curve was
checked visually and the light-saturation threshold was
adjusted if necessary, to derive an Amax estimate that is not

biased by light limiting conditions. For all GPP above PPFDsat
Amax was calculated as the average of the upper 95th–98th
percentile. The highest two percent of GPP data were excluded
to reduce the effect of outliers. The estimates of Amax were not
strongly inﬂuenced by minor changes of the chosen threshold.
[54] Amax is by deﬁnition the rate that is achieved under
optimal growing conditions, i.e., when photosynthesis is
not limited by water stress, suboptimal or superoptimal
temperatures, stomatal closure, diseases, air pollution stress
(e.g. ozone), and pests [Field and Mooney, 1986]. There is
no guarantee that optimal growing conditions were present
during the record period because, for example, Mediterranean
sites can be permanently under water and/or heat stress
[van der Molen et al., 2011]. We understand that Amax
estimates derived from ﬁeld ﬂux measurements do not
represent optimal conditions, but most optimal conditions
experienced for a given time period and location. Figure A1
illustrates how Amax was calculated for four sites (DE-Har,
IT-Ren, NL-Loo, and US-SP1).

Appendix B: Power Analysis of Sample Sizes
[55] The power of the tested Amax-N deposition relationships for selected forest groups was assessed by means of
power analysis. Detailed descriptions of the concept of
power analysis can be found in most statistical textbooks,
as well as in Cohen [1988]. Here, the input and result are
detailed for the employed function pwr() in R [R Development Core Team, 2011];
[56] 1. Deciduous broadleaf forests: u = numerator of
degrees of freedom = 2–1 = 1, v = denominator of degrees
of freedom = 19–2 = 17, a = signiﬁcance level = 0.05, b =
power = 0.8, f 2 = effect size = R2/(1–R2) = 0.32/(1–0.32) =
0.47. This shows that the sample size of 19 forests would
allow detecting a response larger than an R2 of 0.32 with
80% probability.
[57] 2. Mixed forests: u = numerator of degrees of freedom = 2–1 = 1, v = denominator of degrees of freedom = 9–
2 = 7, a = signiﬁcance level = 0.05, b = power = 0.8, f 2 = effect
size = R2/(1–R2) = 0.55/(1–0.55) = 1.22. This shows that the
sample size of 9 forests would allow detecting a response
larger than an R2 of 0.55 with 80% probability.

Appendix C: Calculation of C Sequestration Rates
[58] The conversion of the slope of the Amax-N deposition
relationship to estimates of sequestered C per kg N added
was made using the following assumptions and calculations.
It is assumed that 1% of all C assimilates are sequestered
[Steffen et al., 1998] and that plants generally operate at
50% of Amax, i.e., average GPP is near 50% of Amax during
the growing season [Schulze, 2006]. To account for seasonal
variation in Amax during the year, it is assumed that 66% of
the year this relationship holds, representing an 8 months
long growing season. The slope is in units of [mmol CO2
m–2 s–1 per 1 kg N ha–1 yr–1] and needed to be converted
to [kg C per kg N], for which the following multipliers
apply: (1) from mmol to g = 1.2 * 10–5, (2) from g to kg =
1 * 10–3, (3) from m–2 to ha–1 * 104, (4) from s–1 to
yr–1 = 3.1536*107, (5) from Amax to annual GPP = 0.5*0.667,
(6) from GPP to C sequestration = 1 * 10–2, which amounts
to a multiplier of 12.62.
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Figure A1. Light response curves with GPP (in mmol CO2 m–2 s–1) as a function of PPFD (in mmol
photons m–2 s–1) for four representative sites (IT-Ren, NL-Loo, DE-Har, and US-SP1).
[59] Therefore, 1 mmol CO2 m–2 s–1 per 1 kg N ha–1 yr–1
is equivalent to ~ 13 kg C sequestered per kg N added based
on the assumptions above. The percentage of C that is
sequestered and annual GPP is a large uncertainty in this
estimation. It is very much dependent on other processes
than photosynthesis and on the region and ecosystems
considered [Piao et al., 2009; Luyssaert et al., 2007; Hyvönen
et al., 2007; Schulze, 2006]. However, it is a conservative
(low) estimate because recent estimates state that about 1.5%
is actually sequestered, which would amount to ~ 19 kg C
per kg N [Steffen et al., 1998].
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