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1 | INTRODUCTION

The terrestrial biosphere takes up a substantial share of the carbon

dioxide (CO,) emitted by human activities, thereby mitigating climate

| Wim de Vries'?

Abstract

Elevated nitrogen (N) deposition may increase net primary productivity in N-limited
terrestrial ecosystems and thus enhance the terrestrial carbon (C) sink. To assess
the magnitude of this N-induced C sink, we performed a meta-analysis on data from
forest fertilization experiments to estimate N-induced C sequestration in above-
ground tree woody biomass, a stable C pool with long turnover times. Our results
show that boreal and temperate forests responded strongly to N addition and
sequestered on average an additional 14 and 13 kg C per kg N in aboveground
woody biomass, respectively. Tropical forests, however, did not respond significantly
to N addition. The common hypothesis that tropical forests do not respond to N
because they are phosphorus-limited could not be confirmed, as we found no signif-
icant response to phosphorus addition in tropical forests. Across climate zones, we
found that young forests responded more strongly to N addition, which is important
as many previous meta-analyses of N addition experiments rely heavily on data
from experiments on seedlings and young trees. Furthermore, the C-N response
(defined as additional mass unit of C sequestered per additional mass unit of N
addition) was affected by forest productivity, experimental N addition rate, and rate
of ambient N deposition. The estimated C-N responses from our meta-analysis
were generally lower that those derived with stoichiometric scaling, dynamic global
vegetation models, and forest growth inventories along N deposition gradients. We
estimated N-induced global C sequestration in tree aboveground woody biomass by
multiplying the C-N responses obtained from the meta-analysis with N deposition
estimates per biome. We thus derived an N-induced global C sink of about 177
(112-243) Tg C/year in aboveground and belowground woody biomass, which
would account for about 12% of the forest biomass C sink (1,400 Tg C/year).

KEYWORDS
C-N response, fertilization experiments, forest carbon sink, meta-analysis, nitrogen deposition,

woody biomass

change (Le Quéré et al., 2015; Myneni et al., 2001; Pan, Birdsey,
et al, 2011). The amount of CO, absorbed by the terrestrial bio-
sphere is driven by, among others, changes in climate, land use, CO,

concentrations, and nitrogen (N) deposition (Sitch et al., 2015).

e416 | © 2017 John Wiley & Sons Ltd

wileyonlinelibrary.com/journal/gcb Glob Change Biol. 2018;24:e416-e431.


http://orcid.org/0000-0002-5511-1432
http://orcid.org/0000-0002-5511-1432
http://orcid.org/0000-0002-5511-1432
http://wileyonlinelibrary.com/journal/GCB

SCHULTE-UEBBING anp be VRIES

Atmospheric N deposition on forests has increased strongly over the
last decades as a result of N use in agriculture and the emission of
N compounds from combustion processes (Fowler et al., 2013; Gal-
loway et al., 2008). The terrestrial carbon (C) and N cycles are clo-
sely linked: most terrestrial ecosystems are N limited, and increased
N deposition thus stimulates biomass production and potentially ter-
restrial C sequestration (Bala, Devaraju, Chaturvedi, Caldeira, &
Nemani, 2013; LeBauer & Treseder, 2008; Thomas, Canham, Weath-
ers, & Goodale, 2010; Zaehle, 2013). Only few global earth system
models, however, include a representation of the N cycle and can
assess impacts of N limitation and N deposition on the global C sink.
The size of nitrogen’s contribution to the global terrestrial C sink is
still debated, and estimates ranging from as low as 220 Tg C/year
up to 740 Tg C/year have been published in recent years (Fleischer
et al., 2015; Jain et al, 2009; de Vries, Du, & Butterbach-Bahl,
2014; Zaehle, Ciais, Friend, & Prieur, 2011).

Forests account for about 82% of the terrestrial C sink (2.3 Gt
C/year of the total terrestrial sink of 2.8 Gt C/year for the period
2000-2009; Pan, Birdsey, et al., 2011; Le Quéré et al., 2015). At the
global scale, forest soils and forest biomass both contain roughly
equal amounts of carbon, but living biomass and dead wood
accounts for about 75% of the carbon sequestered in forests (Ciais
et al.,, 2008; Pan, Birdsey, et al., 2011). Even in regions where most
carbon is contained in soils (i.e., where the soils is the largest carbon
pool), biomass often still accounts for most of the additional seques-
tered carbon (i.e., biomass is the largest carbon sink). For example,
for Europe, it is estimated that while tree biomass accounts for only
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35% of the forest carbon pool, 70% of the forest C sink can be
ascribed to C sequestered in tree biomass, and 30% to C seques-
tered in the soil (Janssens et al., 2003; Nabuurs, Schelhaas, & Field,
2003). Naturally, this distribution varies between biomes (Luyssaert
et al., 2007) and over time (Nabuurs et al., 2013).

The stimulating effect of N deposition on forest C sequestration
can be estimated by multiplying total N deposition on forests with
the C-N response ratio of each forest ecosystem compartment. The
C-N response ratio (hereafter referred to as C-N response) is
defined as the additional mass unit of C sequestered per additional
mass unit of N deposition. It is thus a measure of the efficiency with
which forests use the additional N. The size of the N-induced C sink
is mainly determined by N-induced changes in C sequestration in
pools with long turnover times: the tree C pool (wood) and the soil
C pool (soil organic matter) (Luyssaert et al., 2007; Nabuurs et al.,
2003; de Vries et al., 2014) (Figure 1). At decadal time scales (not
accounting for large disturbances such as forest fires or harvest), N-
induced C sequestration in the tree C pool is determined by addi-
tional aboveground and belowground woody biomass production
(stem, branches, and coarse roots). Nitrogen-induced C sequestration
in the soil C pool is determined by inputs from additional above-
ground and belowground litter production (leaves and fine roots),
and losses from soil respiration (Figure 1). The Net Ecosystem Pro-
duction (NEP) is defined as the sum of the tree C pool and the soil
C pool and thus reflects the total amount of C sequestered in an
undisturbed forest ecosystem. The Net Biome Production (NBP) is
defined as NEP minus C losses through disturbances such as harvest

= C Production

=C Loss

80@

= C Pool change

Harvest
&Fire

ATreeC

A Soil C

FIGURE 1 Conceptualization of the allocation of carbon assimilated through gross primary production (GPP) to the tree and the soil forest
carbon pools. All circles and squares represent carbon fluxes (e.g., in g C/year). Net primary production (NPP) is GPP minus autotrophic (plant)
respiration (Ra). NPP can be split up in aboveground NPP (ANPP) and belowground NPP (BNPP). Both ANPP and BNPP can be split up in a litter
component (aboveground litter production (ALP) = leaves, belowground litter production (BLP) = fine roots), and a woody component
(aboveground woody biomass production (AGWP) = stem and branches; belowground woody biomass production (BGWP) = coarse roots).
Together, AGWP and BGWP form the inputs to the tree carbon pool (Tree C). ALP and BLP form inputs to the soil carbon pool (Soil C), from
which carbon is lost through heterotrophic respiration (Rh). Based on de Vries et al., 2014 [Color figure can be viewed at wileyonlinelibrary.com]
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and fires and thus reflects long-term net C sequestration in the tree
and soil pools. In this study, we focus on the tree C pool and how it
responds to N addition.

The forest C-N response, sometimes also referred to as N use
efficiency, has been estimated by several approaches, each with its
own strength and weaknesses. A relatively simple approach to esti-
mate the C-N response is stoichiometric scaling. In this approach, an
estimate of the fraction of deposited N retained in the forest
ecosystem (retention fraction) is multiplied with N allocation frac-
tions and C:N ratios of each ecosystem compartment (e.g., Nadelhof-
fer et al., 1999; de Vries et al., 2014). The approach thus can
account for variations in N retention, N allocation, and C:N ratios
between ecosystems, but relies on accurate estimates of these
parameters, which are not always available at the global scale. Also,
the stoichiometric scaling approach assumes that N retention and
allocation fractions and C:N ratios remain constant while these
parameters might change over time under increasing levels of N
deposition. Dynamic global vegetation models (DGVMs) have also
been used to estimate C-N responses (e.g., Fleischer et al., 2015;
Jain et al.,, 2009; Zaehle et al., 2011). The advantage of these models
is that they can account for spatial and temporal variation in factors
driving forest productivity (such as tree species, climate, CO, con-
centration, or soil texture). However, models do not capture all rele-
vant processes, such as soil biologic processes (Wieder et al., 2015)
or limitations by other nutrients affecting C-N responses. For exam-
ple, hardly any of the current DGVMs include phosphorus (P) cycle
dynamics, while P limitation of the terrestrial C sink can be impor-
tant in the tropics and becomes increasingly important in regions
with high N deposition rates (Braun, Thomas, Quiring, & Flickiger,
2010; Penuelas et al., 2013; Sitch et al., 2015). Finally, gradient stud-
jes assess C-N responses using large datasets, for example from
growth observations at forest monitoring plots or eddy correlation
measurements, to correlate forest productivity changes to environ-
mental variables, including N deposition (e.g., Fleischer et al., 2013;
Laubhann, Sterba, Reinds, & de Vries, 2009; Magnani et al., 2007;
Solberg et al., 2009; Thomas et al., 2010; de Vries et al., 2008). The
advantage of these studies is that they rely on actually observed
changes and thus include all other factors affecting forest productiv-
ity. However, isolating the effect of N deposition is tricky as N
deposition may covary with other environmental drivers such as cli-
mate and ozone exposure (Fleischer et al, 2013; Sutton et al.,
2008).

Fertilization experiments are the most direct way to assess forest
C-N responses. In those experiments, N is added to an experimental
forest plot and changes in ecosystem response parameters are mea-
sured over a period of time. Forest fertilization experiments have
been conducted in many parts of the world and can provide power-
ful insights in the isolated effects of N deposition on forest C
sequestration, and potential co-limitation by other nutrients, such as
P (Vadeboncoeur, 2010). However, their results are only valid for
the conditions at the specific location where the experiment has
been performed. While some experiments show a strong stimulation
of tree C sequestration resulting from N addition (e.g., Liu et al.,

2010; Tanner, Kapos, Freskos, Healey, & Theobald, 1990), others
find that N addition does not significantly affect tree C sequestration
(e.g., Lovett, Arthur, Weathers, Fitzhugh, & Templer, 2013).

Meta-analysis is a powerful tool to synthesize quantitative infor-
mation from a large number of N addition experiments performed
under different environmental and experimental conditions (Knorr,
Frey, & Curtis, 2005) and thus allows to derive more general state-
ments on the forest C sink response to N deposition from fertiliza-
tion experiments. Several meta-analyses have assessed N addition
effects on forest C fluxes and pools (see Table S1 for an overview).
However, several limitations impede using results of these meta-ana-
lyses for estimating forest C-N responses and thus the global N-
induced forest C sink. The first limitation is that many meta-analyses
assess the effect of N addition on C fluxes, and thus results from
these studies cannot be used to assess effect of N addition on the
forest C pool, that is, the tree C pool and soil C pool. For example,
many meta-analyses focus on N effects on aboveground or total net
primary production (ANPP or NPP), and include observations of N
addition effects on litter production, fine root production, and
woody biomass production (LeBauer & Treseder, 2008; Maynard
et al,, 2014; Tian, Wang, Sun, & Niu, 2016; Vadeboncoeur, 2010;
Xia & Wan, 2008). Furthermore, several meta-analyses have focused
on N addition effects on (components of) soil respiration (Janssens
et al., 2010; Knorr et al., 2005; Liu & Greaver, 2010; Lu et al., 2011;
Zhou et al., 2014), but it is not possible to directly infer N addition
effects on forest soil C sequestration from these studies as these
studies generally do not look at the net effect of N on C inputs
(aboveground and belowground litter production) and losses.

A second limitation of previous meta-analyses is that nearly all
of them report response ratios (e.g., a 30% productivity increase
resulting from N addition) instead of absolute responses (e.g., kg C
ha=! yr~%). This is true for several studies that have focused on
impacts of N addition on aboveground woody biomass production
(AGWP) (Newton & Amponsah, 2006), tree C pool changes (Jans-
sens et al., 2010), and soil C pool changes (Janssens et al., 2010; Lu
et al,, 2011; Nave, Vance, Swanston, & Curtis, 2009). Using relative
responses (ratios) as effect size in meta-analyses has the advantage
that observations of fluxes of different magnitudes (e.g., changes in
litter production of tree seedlings in the order of tens of kg C
ha! yr=! and changes in total biomass production in a mature trop-

“Lyr Y, as

ical humid forest in the order of thousands of kg C ha
well as observations of responses measured in different units (e.g.,
stem diameter increment in cm per year and fine root production in

2 yr™1) can be grouped, as all responses are normalized to %

gCm™
increase. However, as those meta-analyses neither report absolute
responses nor give information on sensitivity of the response
parameters to the amount of N added (i.e., % NPP increase or kg C
sequestered per kg N added), their results cannot be used to esti-
mate C-N responses and thus the global N-induced forest C sink.
The few meta-analyses that report absolute C pool changes per kg
N addition are limited to certain regions or based on a limited
amount of studies. For example, Liu and Greaver (2009) estimated

that forests sequester 24.5 + 8.7 kg C per kg N in tree biomass
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and soil, but their meta-analysis is based on only nine experimental
studies in the US and includes observations of N-induced changes
in C fluxes to forest compartments with both short and long turn-
over times.

Another limitation of previous meta-analyses is that they hardly
ever consider the effect of stand age on N-induced changes in C
fluxes. This is especially important as most published N fertilization
experiments are performed on seedlings or very young trees, which
can be assumed to respond more strongly to N due to lower N recy-
cling rates and high N requirements per unit of biomass production
(Sun et al., 2016). The only meta-analysis on N addition effects on
forests that assessed the influence of stand age did indeed find a
decrease in N response with increasing stand age (Vadeboncoeur,
2010) although the effect was not significant when including other
factors in a multiple regression. A global-scale meta-analysis of the
effect of N addition on C sequestration in woody biomass and the
factors affecting this response, which is crucial for predicting the
long-term response of the terrestrial C sink based on results from
forest fertilization experiments, is currently lacking.

While N is generally assumed to be the most limiting nutrient in
most forest ecosystems (LeBauer & Treseder, 2008; Vitousek et al.,
1997), forests also require other elements for growth, such as P.
High levels of N deposition over the last decades have not been
matched by equal increases in P inputs, which has led to nutritional
imbalances that ultimately might limit forest growth (Braun et al.,
2010; Jonard et al., 2015; Penuelas et al., 2013). Growth enhance-
ment following N additions has been shown to increase P demand
and decrease plant P concentrations and N:P ratios (Li, Niu, & Yu,
2016). A global meta-analysis of nutrient limitations in terrestrial,
freshwater, and marine systems found strong evidence for co-limita-
tion by N and P in all ecosystems (stronger response to N and P
addition than to either one of these nutrients applied in isolation)
(Elser et al., 2007), while a meta-analysis in northern hardwood for-
ests found some evidence for co-limitation by P and calcium
(Vadeboncoeur, 2010). In general, tropical forests are considered to
be less responsive to N addition, as their old and weathered soils
are thought to cause P limitation (Vitousek, Walker, Whiteaker, &
Matson, 1993).

In this paper, we present for the first time a meta-analysis of the
effects of N and P addition on C sequestration in tree woody bio-
mass in boreal, temperate, and tropical forests and assess factors
affecting the variation in this effect. To test whether P limitation can
explain a lack of response to N addition in tropical forests (due to
inherent P limitation) and in temperate and boreal forests (due to
high N inputs), we also included experiments that assess P addition
effects on tree woody biomass. Our major aim is to answer the fol-
lowing questions: (i) How does woody biomass production respond
to N and P addition (both absolute response per unit of N or P addi-
tion and relative response)? (ii) How is the C-N (or C-P) affected by
stand characteristics (biome, forest net primary production (NPP),
stand age, ambient N deposition) and experimental factors (N or P
addition level, form of N fertilizer)? and (iii) What is the contribution
of N deposition to the global forest C sink?

Giobal Change Bioiopy IVVTRAGIEC:

2 | MATERIALS AND METHODS

Meta-analysis is a method that quantitatively synthesizes results
from many studies (Hedges, Gurevitch, & Curtis, 1999). We followed
the steps for meta-analysis described in Borenstein, Hedges, Higgins,
and Rothstein (2009).

2.1 | Identification of literature, data selection, and
data extraction

An initial search in Scopus using a specific search string (see
Table S2) led to 2115 results. From these initial search results, we
selected publications that met the following criteria: (i) the experi-
ment was performed on natural forests or forest plantations older
than 10 years at the start of the experiment, (ii) the experiment
included a control treatment, (iii) the publication reported above-
ground or belowground woody biomass production (AGWP or
BGWP) in kg C ha~! yr™2, or a response that could be used to esti-
mate AGWP or BGWP in kg C ha !yr 2 (iv) the publication
reported a measure of variance of the response, (v) the response
variables were measured for at least 1 year after the first fertiliza-
tion, and (vi) response variables were measured on plants that repre-
sent 90% or more of ecosystem biomass. We identified 25
publications containing 70 observations for N addition experiments
and nine publications containing 28 observations for P addition
experiments for use in our meta-analysis. As hardly any of the stud-
ies reported BGWP, we restricted our analysis to AGWP.

Data on woody biomass increment in the fertilized and control
plots were extracted from the selected publications, either directly
from tables and/or text or from figures using Plot Digitizer 2.6.6
(http://plotdigitizer.sourceforge.net). If required data were not
reported in the publication, we e-mailed authors and asked them to
provide us with additional data.

Several publications did not provide data on woody biomass pro-
duction directly, but reported data that could be used to estimate it.
If publications provided data on volumetric increments (e.g.,
m® ha=? yr=1), we multiplied those values with species-specific wood
densities obtained from a global wood density database (http://
db.worldagroforestry.org//wd) and a C content of 50% to calculate
AGWP in kg C ha~L. If publications provided data on AGWP at tree
level, we multiplied those values with plot-specific tree densities to
obtain a per-area estimate.

If a publication reported data for several treatments (e.g., several
levels of N addition) or for several study sites (e.g., several sites
along an elevation gradient), those treatments were included as inde-
pendent observations (in accordance with other meta-analyses, see
for example Zhou et al. (2014)). If data on woody biomass increment
from several years were reported, we calculated the average annual
response over the longest period for which data were available.

For each observation, we included additional information on
characteristics of the experimental plot (latitude and longitude, tree
species, age) and the experiment (N addition level, experimental

duration, form of N fertilizer, etc.). Table S3 provides the additional
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information on the experimental sites (including country, location,
forest type, etc.) while Tables S4 and S5 provide additional informa-
tion on the experimental treatments for the 70 N addition experi-
ments and 28 P addition experiments, respectively. We classified
each forest as either “young” (10-20 years), “intermediate” (20—
50 years), or “old” (>50 years), based on information on stand age
provided in the publication. If stand age was not given, we classified
a forest as belonging to one of the three age classes based on the
available information (e.g., a “mature” forest was considered old).
Information on background N deposition was assessed at each plot
by an overlay with NHx and NOx deposition simulated with the
TM5 atmospheric model on a 1°x1° grid for the year 2000 (Den-
tener et al., 2006).

Each experimental location was categorized as either “tropical
and subtropical forest,” “temperate forest,” or “boreal forest” by
overlaying coordinates of experimental plots with a map of terrestrial
ecoregions (Olson et al., 2001; see Fig. S1). For more information on

classification of ecoregions, see Appendix S1.

2.2 | Meta-analysis

For each individual observation, we calculated three different effect
sizes and their variances (see (Hedges et al., 1999; Borenstein et al.,
2009). For simplicity, we refer to the effects of N addition in the fol-
lowing only; P addition effects were calculated in exactly the same
way.

(1) The absolute effect of N addition (AE) as:

AE = Xy — Xc ]

where Xy and Xc are the mean aboveground woody biomass C

increments for the N addition and control plot, respectively (in g C

m~2 yr~1), and its variance as:

nN + nc
Vag = NN * Nc gooled )
nn — 1)sg + (nc — 1)s2
Spooled = \/( N n’\)‘ :l,nc(,cz ) C7 (3)

where ny and nc are the number of replicates for the N addition
and the control treatment, respectively, and sy and sc are the sam-
ple standard deviations for the N addition and the control treatment,
respectively.

(2) The absolute sensitivity to N addition (AS) as:

(Xn —Xc)

AS =
Nadd

(@)

where N,qq is the average amount of N fertilizer addition over the
experimental period in kg N ha=!yr?, calculated as the total
amount of N added to the treated plots divided by the duration of

the observation period, and its variance as:

_ Vae

Nagd ©)

Vas

(8) The relative response to N addition, calculated as the log

response ratio:

In_RR =In <@>, (6)
Xc
and its variance as:
1 1
In_RR pooled <nN (XN )2 ne (XC)2>

Meta-analysis was performed in R 3.1.3 (R Core Team, 2015)
with the metaror package (Viechtbauer, 2010). We fitted both ran-
dom- and mixed-effects models using climate zone, productivity
(NPP), stand age, N addition rate, source of N fertilizer, and ambi-
ent N deposition as moderators. As we did not have data on NPP
for most plots, we used aboveground woody biomass production
(AGWP) in the control plot as a proxy for NPP. The random-
effects model calculates the mean effect size as the weighted
mean of individual effect sizes, using the inverse of the sum of the
within-study variance (due to sampling error) and between-study
variance (due to variation in experimental conditions) as weights
(Borenstein et al., 2009). The Der Simonian and Laird method was
used to calculate between-study variances. The 95% confidence
interval for each mean effect size was calculated as the effect size
+ 1.96 times the standard error. The effect of N on woody bio-
mass increment was considered significant if the 95% confidence
Interval did not overlap with 1 (for the absolute effect and abso-

lute sensitivity) or with O (for the response ratio).

2.3 | Estimation of the global N-induced C sink

To calculate global C sequestration in forests’ woody biomass
resulting from N deposition, we multiplied average C-N responses
of (sub-)tropical, temperate, and boreal forests with the amount of
total ambient N (NH,+NO,) deposition on these forest types. Total
N deposition per forest biome was estimated by first overlaying a
land cover map (GLC, 2003) with a map of terrestrial ecoregions
(Olson et al., 2001) to obtain a global map of forest classified into
(sub-)tropical, temperate, and boreal forests. We then made an
overlay with gridded TM5 model estimates of total NH,+NO, depo-
sition for the year 2000 (Dentener et al., 2006) to estimate average
N deposition rates per forest biome. For more information, see
Appendix S1.

3 | RESULTS
3.1 | Effects of nitrogen addition on aboveground
woody biomass production

Across all studies, N addition significantly increased AGWP by about
11 kg C per kg N (p <0.0001, see Figure 2a). The effect of N
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addition on AGWP differed per climate zone. In boreal and tempera-
ture forests, average AGWP increased significantly by about 14 and
12 kg C per kg N, respectively. Contrarily, AGWP in tropical forests
did not show a significant response to N addition (p = .6). The rela-
tive increase in AGWP in response to N addition showed a similar
pattern, with N addition increasing AGWP in boreal and temperate
forests by 20 and 17%, respectively, while tropical forests showed a
non-significant increase of 5% (Figure 2b).

N addition led to a significantly stronger relative increase in
AGWP in forests with a lower productivity (24%) than in forests
with a higher productivity (7%). The absolute sensitivity to N addi-
tion was also higher in low-productivity forests (+ 11.9 kg C per kg
N) than in high-productivity forests (5.8 kg C per kg N), but here the
difference was not significant (p = .07).

Forest age had a strong effect on forests’ absolute sensitivity to
N addition, with AGWP in young forests (stand age <20 years)
responding significantly stronger to N addition (19.7 kg C per kg N)
than AGWP in intermediate and old forests (6.5 and 4.4 kg C per kg
N, respectively). This difference is also apparent in the relative sensi-
tivity: N addition increased AGWP in young forest stands by 27%
versus 8 and 12% in intermediate and old forest stands, respectively
(Figure 2b).

Mean (all studies) —— 11.3 (70)
Climate zone
Boreal —— 14.1 (12)
Temperate —— 12.7 (41)
Tropical —— 1.3 (17)
Productivity
< 3000 kg C ha-1 year-1 —— 11.9 (40)
> 3000 kg C ha-1 year-1 — 5.8 (30)
Age
Young ——i 19.7 (22)
Intermediate — 6.5 (28)
QOld ——— 4.4(20)
N-addition rate
< 30 kg N ha-1 year-1 —— 22.5(13)
30-70 kg N ha-1 year-1 —— 10.1 (26)
> 70 kg N ha-1 year-1 —— 4.6(31)
N source
Urea ——— 10.8 (41)
NH4NO3 —— 4.2(18)
Ambient N deposition
< 5 kg ha-1 year-1 —— 7.4(23)
5-15 kg ha-1 year-1 —— 14.9 (36)
> 15 kg ha-1 year-1 ——i 0.9 (11)
T T 17 T T T T 1
-5 0 5 10 15 20 25 30 35

kg C per kg N

Giobal Change ioiopy IVVTRAGIES

Nitrogen addition increased AGWP at all rates of N addition, but
the efficiency with which additional N was converted to woody bio-
mass decreased with increasing rates of N addition. While N addition
rates below 30 kg/ha increased AGWP by about 23 kg C per kg N,
N addition rates between 30 and 70 kg N ha~! yr~? only increased
AGWP by 10 kg C per kg N, and N addition rates above 70 kg N

1

ha=! yr=! increased AGWP by 5 kg C per kg N on average (Fig-

ure 2a). The relative increase in AGWP in response to N addition,
however, was equal for N addition rates below 30 kg N ha=* yr~?!
and between 30 and 70 kg N ha™! yr~? (an increase in 20%), while
higher levels of N addition only led to a 10% increase in AGWP on
average (Figure 2b).

Most of the experiments in the database used either ammonium
nitrate (NH4NO3) or urea as a source of N. Fertilization with urea
increased AGWP by about 11 kg C per kg N while fertilization with
NH4NO3 increased AGWP by about 4 kg C per kg N, but this differ-
ence was not significant (p = .08) (Figure 2). In terms of response
ratios, there was hardly a difference.

Forest AGWP response to N addition was significantly lower at
high rates of ambient N deposition (>15 kg ha~? yr~?) than at ambi-
ent N deposition levels between 5 and 15 kg N ha yr~! (Figure 2).
At even lower rates of ambient N deposition (<5 kg N ha=t yr~%),

®  Em
Mean (all studies) —e—i 1.16 (70)
Climate zone

Boreal e 1.20 (12)
Temperate —e— 1.17 (41)
Tropical —— 1.05 (17)
Productivity

< 3000 kg C ha-1 year-1 —— 1.24 (40)
> 3000 kg C ha-1 year-1 —— 1.07 (30)
Age

Young —— 1.27 (22)
Intermediate —— 1.08 (28)
Old ——— 1.12 (20)
N-addition rate

< 30 kg N ha-1 year-1 — 1.20 (13)
30-70 kg N ha-1 year-1 ——i 1.20 (26)
> 70 kg N ha-1 year-1 —— 1.10 (31)
N source

Urea ——i 1.16 (41)
NH4NO3 e 1.12 (18)
Ambient N deposition

< 5 kg ha-1 year-1 —— 1.11 (23)
5-15 kg ha-1 year-1 —— 1.20 (36)
> 15 kg ha-1 year-1 —————— 1.04 (11)
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FIGURE 2 Nitrogen addition effects on forest aboveground woody biomass increment, expressed as (a) the absolute sensitivity to nitrogen
(N) addition in kg carbon (C) per kg N, and (b) the response ratio. Dots show mean effect sizes, bars are 95% confidence intervals. The last
column shows mean effect sizes and the number of observations in parentheses [Color figure can be viewed at wileyonlinelibrary.com]
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forest AGWP response seemed to decline again; however, the differ-
ence with AGWP response at intermediate levels of N deposition
was not significant. The response ratio follows a pattern similar to
that of the absolute sensitivity; however, differences between

groups are not significant here.

3.2 | Effects of phosphorus addition on
aboveground woody biomass production

Across all studies, P addition did not significantly increase AGWP
production (p = .1, see Figure 3a). The mean response for tropical
forests was higher (6.7 kg C per kg P) than for temperate forests
(1.6 kg C per kg P), but both responses were not significant. Similar
to N, the C-P response, also denoted as P use efficiency, seems to
decrease with increasing rates of P addition (from 5.5 kg C per kg P
at P addition levels below 50 kg P ha= yr~! to 1.9 kg C per kg P at
P addition levels above 50 kg P ha~! yr~1). However, again this dif-
ference was not significant.

The fact that tropical forests show no significant response to
either N addition or P addition led to the question whether co-lim-
itation by both nutrients could explain this lack of a response. We
selected experiments from the database that included N, P, and N+P
(NP) treatments to test whether the effects of N and P are synergis-
tic. In case of a synergistic effect, the effect of NP addition would
be larger than the sum of the individual effects of N and P addition.
Results are shown in Figure 4. Indeed, most sites seemed to be co-
limited by N and P as the response to NP addition was higher than
the combined responses to N and P addition. However, three plots

also showed antagonistic effects.

3.3 | Global nitrogen-induced forest carbon sink

Based on an overlay with a global land cover map and spatially expli-
cit estimates of N deposition for the year 2000, we estimated a glo-
bal N-induced C sequestration in AGWP of 148 (93-202) Tg C/year
(Table 1). Temperate forests accounted for two-thirds of the N-
induced C sink (101 Tg C/year), due to both a high C-N response

(a) E (n)

Mean

Climate zone

Temperate —a—i 6(18)
Tropical ———i 6.7 (10)
P addition rate
< 50 kg P ha-1 year-1 —_—————— 5.5 (8)
= 50 kg P ha-1 year-1 —.— 1.9 (20)
T T T T T T T T ]
-5 0 5 10 15 20 25 30 35

kg C per kg P

and high levels of atmospheric N deposition (ca. 7.8 kg N ha=! yr™1).
Boreal and tropical forests together accounted for one-third of glo-
bal N-induced C sequestration (Table 1). Global C sequestration in
tropical forests was limited by a very low (non-significant) C-N
response in aboveground woody biomass. N-induced C sequestration
in boreal forests was limited as N deposition levels in this region are
relatively low (ca. 1.8 kg N ha™* yr™2).

Our estimate of N-induced C sequestration in woody biomass only
includes aboveground woody biomass, as hardly any of the studies in
our meta-analysis reported BGWP. The amount of C allocated to
coarse roots is typically 20% of the C allocation to aboveground
woody biomass, with little variation between biomes (Cleveland et al.,
2013). If we assume that fertilization does not change biomass alloca-
tion fractions to tree compartments and thus the belowground woody
biomass pool responds to N deposition in a similar manner (which is
supported by several fertilization experiments, see e.g., livonen, Kaaki-
nen, Jolkkonen, Vapaavuori, & Linder, 2006), we can calculate total
woody biomass C increment due to N deposition by multiplying the
AGWP estimate by 1.2. Our estimate of the total global N-induced C
sink in woody biomass thus obtained is 177 (112-243) Tg C/year (see
Table Sé). This would account for about 12% of the forest biomass C
sink (1,400 Tg C/year according to Pan, Birdsey, et al., 2011).

4 | DISCUSSION

4.1 | Limitations of the research

While meta-analysis attempts to infer conclusions from individual
experimental results to a larger population, there are several limita-
tions in doing this. First of all, our database lacks geographical bal-
ance: while most forests are situated in boreal and tropical regions
(FAO, 2016; see Table 1), by far the most observations in our data-
base (41 out of 70) are from temperate forests (see Fig. S1). Another
limitation in extrapolating results from our meta-analysis to global
forests is that the N addition rates used in the experiments in our
database are generally much higher (between 30 and 300 kg N

ha yr=1) than atmospheric N addition rates that forests currently

(b) E (n)

Mean 1.05 (28)

Climate zone

Temperate —e— 1.04 (18)
Tropical ———i 1.1 (10)
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< 50 kg P ha-1 year-1 —— 1.08 (8)
2 50 kg P ha-1 year-1 —e— 1.04 (20)
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FIGURE 3 Phosphorus addition effects on forest aboveground woody biomass increment, expressed as (a) the absolute sensitivity to
phosphorus (P) addition in kg carbon (C) per kg P and (b) the response ratio. Dots show mean effect sizes, bars are 95% confidence intervals. The
last column shows mean effect sizes and the number of observations in parentheses [Color figure can be viewed at wileyonlinelibrary.com]
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1 yr7%). In addition, atmo-

experience (between 2 and 35 kg N ha
spheric N deposition occurs continuously throughout the year, while
in the experiments fertilizers are applied every few months to years.
It is likely to assume that experiments with high N addition rates
and large time intervals (several years or more) between N applica-
tions underestimate the response to N addition, as with continuous
low N addition plant N demand and supply are better matched.
However, only very few studies were designed to mimic atmospheric
N deposition by adding N at low rates during a long time period.
Those studies, which have mostly been conducted in boreal forests,
find C-N responses between 16 and 25 kg C kg per N, slightly
higher than our estimate for boreal forests of 10.6-17.5 kg C per kg
N (see Table 1) (Gundale, From, Bach, & Nordin, 2014; Hogberg,
Fan, Quist, Binkley, & Tamm, 2006; Hyvonen et al., 2008; Magill
et al., 2004; Pregitzer, Burton, Zak, & Talhelm, 2008). Similarly,
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FIGURE 4 Observed absolute changes in aboveground woody
biomass production (AGWP) in response to nitrogen (N) +
phosphorus (P) addition, and predicted AGWP response to NP
addition, calculated as the sum of the individual response of AGWP
to N and P addition. Dots below the 1:1 line indicate an antagonistic
effect (the effect of NP addition is smaller than the sum of the
individual effects of N and P addition), while dots on or close to the
line indicate an additive effect (the effect of NP addition is equal to
the sum of the individual effects of N and P addition) and dots
above the line indicate synergistic effects (the effect of NP addition
is larger than the sum of the individual effects of N and P addition)
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another meta-analysis found no significant effect of N addition fre-
quency on ANPP response to N addition (Tian et al., 2016). Finally,
about half of the forest plots in our database were planted forests,
while globally, planted forests only account for 7% of the forest area
(FAO, 2016).

In our analysis of the experimental data, we implicitly assume
that everything in the experimental plots is equal, except for the
added fertilizer. However, in some cases, the pre-treatment growth
rate might have been different in fertilized and control plots. In
these cases, the difference in woody biomass accumulation between
the fertilized and control plots does not give an accurate indication
of the effect of fertilizer addition. A comparison of the growth rate
in fertilized plots after fertilization compared to before fertilization
might be a better indicator, but these data were usually not avail-
able.

When determining the impact of nutrient additions on C seques-
tration in tree biomass, we are interested in the C contained in the
whole stand, rather than C contained in individual trees. However,
many studies are based on measurements of a number of sample
trees. If tree mortality is not included, this can distort results. For
example, Shryock, Littke, Ciol, Briggs, and Harrison (2014) found that
while N fertilization led to a significant increase in the tree C pool
(10% increase on average), it did not lead to a significant increase in
tree C sequestration at stand level because mortality was higher in
fertilized trees. Shen, Moore, and Hatch (2001) also found that mor-
tality in Douglas fir was about 1.4 and 2.1 times higher in stands fer-
tilized with 224 and 448 kg N ha~! yr %, respectively, than in
unfertilized plots. On the other hand, such N inputs are much higher
than atmospheric N addition rates to forests, as mentioned above,

and may thus have less relevance for the field situation.

4.2 | Factors affecting forest C response to N
addition

421 | Biome

The decrease in forest C sequestration in response to N addition

with latitude that we observe in our data is in line with the

TABLE 1 Summary effect sizes for C-N responses per forest biome obtained from the meta-analysis (1), estimates of total N (NH,+NO,)
deposition per forest biome (2), total forest area per forest biome (3), and the calculated nitrogen-induced carbon sink (4). Values shown are

means; values in brackets are confidence intervals (+ 1 standard error)

(2) Average NH,+NO,
deposition?

(1) C-N response AGWP

(4) N-induced C sink

(3) Forest area AGWP = (1) * (2) * (3)

(kg C kg N°Y) (kg N hatyr? (ha x 10°) (Tg C/year)
Tropical forests (n = 17) 1.3 (-1.3-3.9) 6.4 1.79 15 (—15-44)
Temperate forests (n = 41) 12.7 (10.6-14.9) 7.8 1.02 101 (84-119)
Boreal forests (n = 12) 14.1 (10.6-17.5) 1.8 1.21 32 (24-39)
All (n = 70) 11.3 (8.7-13.9) 54 4.02 148 (93-202)

2N deposition estimates are based on an overlay of the GLC 2000 and the total deposition of NH, and NO, at 1 x 1 degree calculated with the TM5
model for the year 2000 (Dentener et al., 2006). Note that the C-N response for “All” is the weighted mean response across all experiments, not an

area-weighted mean of the C-N responses per biome.
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common hypothesis that boreal forest respond most strongly to N
addition because N mineralization is limited at low temperatures.
Forests on tropical soils are generally assumed to be less respon-
sive to N addition because they are mainly P limited. N-rich tropi-
cal forests are often characterized by high rates of N cycling, a
high soil N availability, and high rates of N losses, both by air
emissions and leaching. Nitrate leaching is associated with leaching
of aluminum and base cations and soil acidification (Fang et al.,
2009; Lu, Mao, Gilliam, Luo, & Mo, 2014). Nitrogen deposition
can thus contribute to soil acidification in tropical ecosystems,
thereby reducing rather than stimulate growth and carbon seques-
tration. Indeed, we did not find a significant response of woody
biomass increment to N addition in tropical forests (neither for
the response ratio nor for the C-N response). This contradicts the
results of LeBauer and Treseder (2008) who found a significant
increase in NPP in response to N addition in tropical forests of
20%, similar to the response that they found for temperate and
boreal forests.

Comparing our estimates for C-N responses for AGWP in differ-
ent biomes to estimates obtained by stoichiometric scaling (de Vries
et al., 2014) and the global dynamic vegetation model LPJ-GUESS
(Fleischer et al., 2015), we find that estimates from our meta-analy-
sis are generally lower (see Table 2). For tropical forests, our results
for AGWP response are lower than the estimate from stoichiometric
scaling (5.0 kg C per kg N), and much lower than the estimate for
AGWP+BGWP from the DGVM (25.9 kg C per kg N). One reason
for the much higher response found by the DGVM might be that
the model lacks a representation of the P cycle, and also for tropical
forests there are much fewer observations that can constrain the
model (Fleischer et al., 2015).

For temperate forests, the C-N response for AGWP estimated
by the meta-analysis (12.7 kg C per kg N) is very similar to the esti-
mate for AGWP from stoichiometric scaling (14.4 kg C per kg N)
and lower than the estimate for AGWP+BGWP from the DGVM
(24.0 kg C per kg N). Our estimate is lower than that from a meta-
analysis by Liu and Greaver (2009) that estimated a C-N response in
of 24.5 4+ 8.7 kg C per kg N based on fertilization experiments in
the US (mainly temperate forests). However, this analysis included
N-induced carbon sequestration in both the tree and the soil C

pools. Assuming that the tree biomass pool accounts for about half

of total N-induced C sequestration (as supported by e.g. Janssens
et al,, 2010), their estimate can be considered similar to our results.
A study using data from forest inventories in the northeastern and
north-central United States found that tree C sequestration
increased linearly over the observed range of N deposition and
deduced an effect of 61 (51-82) kg C per kg N (Thomas et al.,
2010). Two studies in Europe, using similar methods, also found C-N
responses between 19 and 26 kg C per kg N (Laubhann et al., 2009;
Solberg et al., 2009). However, isolating the effect of N deposition
in these empirical studies is tricky as it might covary with other envi-
ronmental drivers such as climate and ozone exposure (Sutton et al.,
2008; de Vries et al., 2008).

For boreal forests, the C-N response for AGWP estimated by
the meta-analysis (14.1 kg C per kg N) is slightly lower than the esti-
mate for AGWP+BGWP from the DGVM (17.5 kg C per kg N), while
the estimate from stoichiometric scaling for AGWP is about 50%
higher (21.3 kg C per kg N). Our estimate is similar to a recent long-
term fertilization experiment in a boreal forest by Gundale et al.
(2014) who estimate the C-N
(AGWP+BGWP) at 16 kg C per kg N.

response of boreal forests

42.2 | Productivity

None of the previous meta-analysis that assessed N fertilization
effects on forest growth response has assessed how the response to
N addition is affected by the productivity of the forest site. This is
an important omission as most previous meta-analyses have
reported tree biomass response to N addition as relative responses
(response ratios, see Table S1). However, a certain relative response
to N addition in a highly productive forest means a much stronger
stimulation of the forest C sink in absolute terms than the same
response in a low-productivity forest. Our results showed that N-
induced relative AGWP increase was about three times higher in for-
ests with a low productivity than in forests with a higher productiv-
ity (24% vs. 7%). The absolute response to N addition (C-N
response) was also higher in low-productivity forests although the
difference was not significant. One possible explanation is that
highly productive forests are less likely to be limited by N. For the
response of soil respiration to N addition, a meta-analysis by Jans-

sens et al. (2010) showed that the reduction of soil respiration is

TABLE 2 Comparison of C-N responses for tree woody biomass obtained by our meta-analysis and other approaches

Stoichiometric scaling (de Vries et al., 2014)

Meta-analysis (this study)

DGVM? (Fleischer et al., 2015)

Compartment AGWP AGWP
Tropical forests 1.3 £ 26 50+ 1.7
Temperate forests 127 £ 2.2 144 + 2.8
Boreal forests 141 £ 35 213 £ 43
All 11.3 £ 2.6

BGWP AGWP+ BGWP AGWP+ BGWP
1.1+ 03 6.1+ 20 259 +10.8
31+06 17.5 £ 35 240 £ 24
50+ 1.0 263 £ 5.3 175+ 52
230+ 75

Values shown are means + 1 standard error. AGWP, aboveground woody biomass production; BGWP, belowground woody biomass production;

DGVM, dynamic global vegetation model.
Site-scale simulations calibrated with data from 68 forest FLUXNET sites.
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stronger at sites with a higher productivity (which means that N has
a stronger effect on soil C sequestration at sites with a higher pro-
ductivity), probably because at less productive, N-limited sites N
immobilization is stronger and thus the effect of N on respiration is

less pronounced.

423 | Age

The relevance of stand age for forest carbon flows has long been
recognized (Pregitzer & Euskirchen, 2004) and was confirmed by our
results, as we found that AGWP in young forests responded more
strongly to N addition than in older forests. The absolute sensitivity
of AGWP to N addition was more than twice as high in young for-
ests (stand age 10-20 years) than in forests 20 years or older. In
young forest stands, high nutrient requirements for growth and
higher dependence on external N inputs might exacerbate nutrient
limitation (Sun et al., 2016), explaining the stronger response to N
addition in these stands. The only other meta-analysis on N addition
effects on forests that assessed the influence of stand age also
found a decrease in N response with increasing stand age (Vadebon-
coeur, 2010). Most previous meta-analysis relies heavily on data
from very young forest stands and/or seedlings. In our analysis, we
attempted to reduce the bias by excluding experiments performed
on forest stands younger than 10 years. This might explain why our
biome-level responses are lower than those found in previous meta-
analyses (see Table 3).

424 | N addition rate

We found a strong decrease in C-N response with increasing N
inputs. These results confirm results from a recent meta-analysis by
Tian et al. (2016) that investigated N fertilization experiments with
multiple levels of N addition and also found a sharp decrease in
ANPP response to N addition at N addition levels above 40 kg N
ha~* yr~L. At high levels of N addition, N leaching starts to increase
and N retention starts to decrease (Templer et al., 2012). For exam-
ple, an N fertilization experiment in Sweden showed that long-term
addition of 34 kg N ha~! yr~! increased woody biomass increment
in Norway spruce by 25 kg C per kg N, while addition of 68 kg N
ha= yr~! only led to an increase in 6 kg C per kg N and addition of

108 kg N ha™? yr~? led to no increase in woody biomass altogether

Giobal Change Bioiopy IVVTRAGIECL:

(Hogberg et al., 2006). Data from eddy flux measurements at 68
sites across the globe found that the increase in photosynthetic
capacity with increasing levels of N deposition levels off at an ambi-
ent N deposition of 8 kg N ha™* yr!
ests (Fleischer et al., 2013).

For the relative AGWP response to N addition (response ratio),

in evergreen needle-leaf for-

we also found a decrease in increasing level of N deposition. How-
ever, this decrease was not as clear as the decrease in the absolute
sensitivity to N addition. Similarly, other meta-analyses that used the
response ratio as effect size did not find a significant effect of N
addition level on forest ecosystem C content (Liu & Greaver, 2009)
or on NPP (Xia & Wan, 2008).

425 | N source

AGWP response to N addition might vary between different N fer-
tilizer types due to differences in N losses and related N availability
in time and space to the plants. In line with previous meta-analyses
(e.g., LeBauer & Treseder, 2008; Liu & Greaver, 2009; Vadebon-
coeur, 2010), we did not find N source to have a significant effect
on biomass response (in our case, the absolute sensitivity or rela-
tive response of AGWP to N addition). The absolute sensitivity
was slightly higher in experiments that used urea, but this effect
was not significant. In a long-term fertilization experiment in a
Swedish pine forests where forest plots were fertilized with either
NH4NO3 or urea, no difference in needle N content, N accumula-
tion in the organic layer, and extractable NO3;™ in the soil solution
were found (Hogberg, Johannisson, & Hogberg, 2014). However,
urea-fertilized plots showed a larger fractionation of *°N in needle
biomass, which shows that the pathways through which N
becomes available are different between these two N sources. Du
et al. (2014) performed an experiment in which NH4NO; and urea
were used to fertilize temperate forest soils for 2 years, showing
that NH4NO;3 inhibited soil C cycle processes, such as soil respira-
tion and enzymatic activities, while urea promoted these processes.
Similarly, Liu and Greaver (2010) found that fertilizer type signifi-
cantly influenced several belowground responses to N addition,
such as dissolved organic carbon, microbial biomass carbon, and soil
respiration. Overall, N form seems to be an important factor for N-
induced changes in belowground carbon, but less so for biomass

response.

TABLE 3 Response ratios for tree biomass response to nitrogen addition found in other meta-analyses

Xia and Newton and Janssens Vadeboncoeur LeBauer and

Wan (2008) Amponsah (2006) et al. (2010) (2010) Treseder (2008) This study
Response parameter AGBP AGWP AGBP AGWP AGBP AGWP
All forest 1.61 1.16 (1.09-1.23)
Tropical forests 1.20 (1.04-1.40) 1.05 (0.94-1.18)
Temperate forests 1.36 (1.17-1.56) 1.51 (1.16-1.97) 1.19 (1.11-1.28) 1.17 (1.10-1.25)
Boreal forests 1.06-1.23°2 1.20 (1.08-1.33)

AGBP, aboveground biomass production; AGWP, aboveground woody biomass production.

?Represents range of means across investigated species and site qualities.
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4.2.6 | Ambient N deposition

Forest stands that receive high rates of ambient N deposition are
expected to slowly become N saturated and thus show a lower
response to N addition. We did indeed find that the AGWP response
to N addition was significantly lower at ambient N deposition rates
above 15 kg N ha™! yr~? (although it should be noted here that we
used model estimates of ambient N deposition that might not always
accurately reflect actual ambient N deposition rates). Several previous
meta-analyses confirm the importance of ambient N deposition when
interpreting results from forest fertilization experiments. For example,
Knorr et al. (2005) found that N addition only stimulated litter decay
at plots with low levels of ambient N deposition, and Vadeboncoeur
(2010) found some indication that NPP response to N addition in
north-eastern deciduous forests was lower at high N addition rates.
Tian et al. (2016) did not find a significant effect of ambient N deposi-
tion level on nitrogen response efficiency, but their database might
include too few observations from plots with ambient N deposition
exceeding 15 kg N ha=! yr~?! to detect an effect.

4.3 | Comparison of response ratios with other
meta-analyses of forest N fertilization experiments

This study is the first to perform a meta-analysis on N fertilization
experiments that uses the absolute sensitivity of woody biomass to
N addition (kg C per kg N) as response variable. As mentioned in the
introduction, several other meta-analyses have previously investi-
gated the impact of N addition on forest productivity (see Table S1
for an overview). However, those meta-analyses have either not
focused on the AGWP response or report only relative AGWP
responses rather than absolute C-N responses.

Comparing the response ratios from our meta-analysis with
results from other studies shows that our results are comparable
although they are at the low end of previous estimates (Table 3). A
possible explanation is that we applied more stringent criteria when
selecting experiments to include in the analysis. For example, we
only included observations from forest plots that were at least
10 years old, while other studies also include observations on seed-
lings and young trees. In general, most published studies on fertiliza-
tion experiments are performed on seedlings, which means that if
age is not a criterion in the selection of studies, most observations
on which a meta-analysis is based will come from studies on seed-
lings. For example, the study by Xia and Wan (2008) contains 501
observations for N addition effects on tree biomass of which more
than 80% comes from experiments performed on seedlings or juve-
nile trees. The meta-analysis by Janssens et al. (2010) contains 24
observations of N addition effects on tree biomass, of which half are
from experiments performed on seedlings or trees younger than 3
years old. As our results show, young trees respond more strongly
to N addition than older trees, and thus the high prevalence of
experiments on seedlings in previous meta-analyses might explain
the higher response found in these studies. In addition, some of the

other studies include observations on forest plots that received

additional treatments next to N addition. For example, the study by
Janssens et al. (2010) includes several observations from plots that
received warming and CO, fertilization treatments along with N
addition, and the study by Newton and Amponsah (2006) includes
observations from plots that received additional micro-nutrients. This
might also explain the higher responses found in these studies as

compared to our study.

4.4 | Role of phosphorus

While N is generally assumed to be the primary limiting nutrient in
forests, enhanced N inputs over time may induce limitations of other
nutrients, most importantly P. Observations in forests plots across
Europe show that foliar P concentrations are decreasing, while N:P
ratios are increasing (Braun et al., 2010; Jonard et al., 2015). Increas-
ing N:P ratios under N addition were also found in a meta-analysis
of fertilization experiments by Yuan and Chen (2015). This study also
found that next to anthropogenic N deposition, other global changes
such as warming and drought also increase N:P ratios, which might
lead to an additional increase in P demand relative to N in the
future. This deterioration in the P nutritional status is expected to
limit tree response to N deposition and thus the capacity of forests
to act as C sinks. N deposition can induce P limitation through two
mechanisms: a) enhanced nutrient requirements to maintain growth
under N fertilization and b) reduced investment in fine roots and
mycorrhizal interactions (Jonard et al., 2015). In contrast to the
increasing availabilities of N to ecosystems in large parts of the
world through deposition, P is an earthbound element. Limited P
availability will likely reduce the future forest C sink, as increasing N
inputs are not matched by increasing P inputs (Penuelas et al.,
2013).

Despite evidence for increasing P limitation in terrestrial systems
that are subjected to long-term N inputs, we did not find a signifi-
cant response to P addition in our meta-analysis. Specifically for
tropical forests, this result was unexpected. We found some evi-
dence for co-limitation of N and P as in several plots AGWP
responded more strongly to combined N and P addition than the
sum of the individual responses (Figure 4), but we have too little
data to be confident about this. Another recent meta-analysis of P
addition effects, however, found that P addition under ambient N
significantly increased ANPP in tropical forests by 92% on average
(Li et al, 2016). One possible explanation for this much higher
response is that the study by Li et al. is based on many observations
on seedlings and very young trees, which are expected to show a
much stronger relative response to nutrient addition than mature
trees.

One possible explanation for the low response to P addition is
that the added P is not immediately available for plant uptake.
Unlike N, P is adsorbed to soil particles and thus added P replen-
ishes the soil P pool, but only slowly becomes available to plants
over time (Shen et al., 2011). This is also shown in agricultural soils,
where even in instances where P application rates have declined,
uptake and yields continued to increase due to the continued supply
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of plant-available P from the residual soil P pool (Jungk, Claassen,
Schulz, & Wendt, 1993; Sattari, Bouwman, Giller, & van lttersum,
2012). This means that while often no growth response to P addi-
tion is observed on the short term, P could significantly enhance
growth over the lifespan of a forest as the added P slowly becomes
available through adsorption/desorption. On the other hand, Marke-
witz, Figueiredo, de Carvalho, and Davidson (2012) found that fertil-
ization of a secondary tropical forest with 100 kg P/ha doubled
plant available P in the soil solution, indicating that at least a part of

the added phosphorus is immediately available to plants.

4.5 | Global nitrogen-induced forest carbon
sequestration

The contribution of nitrogen to global terrestrial C sequestration has
been debated for decades, with early estimates in the 1980s and
1990s ranging from <100 Tg C/year up to more than 2,000 Tg C/
year (Field, Chapin, Matson, & Mooney, 1992; Hudson, Gherini, &
Goldstein, 1994; Nadelhoffer et al., 1999; Peterson & Melillo, 1985;
Schindler & Bayley, 1993; Townsend, Braswell, Holland, & Penner,
1996). Estimates published in the last decade show less variation
and vary mostly between 220 and 720 Tg C/year sequestered in ter-
restrial ecosystems due to nitrogen deposition (Fleischer et al., 2015;
Jain et al,, 2009; Liu & Greaver, 2009; Thomas et al., 2010; Thorn-
ton, Lamarque, Rosenbloom, & Mahowald, 2007; de Vries et al.,
2014; Zaehle et al., 2011). Our estimate cannot be compared to
these estimates directly as we only assessed N-induced C sequestra-
tion in the tree C pool through increased woody biomass accumula-
tion, while other estimates also include N-induced C sequestration in
the soil C pool through increased litter inputs and/or reduced soil

organic matter decomposition. The soil C-N response is determined
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by N-induced changes in C input by litterfall and the N-induced
changes in C losses from respiration (see Figure 1). Several meta-
analyses have found that N addition reduces forest soil respiration
and increases soil C sequestration (Janssens et al., 2010; Nave et al.,
2009; Zhou et al., 2014), others found no effect of N on soil respira-
tion but an increase in aboveground litter inputs (Liu & Greaver,
2010). Several mechanisms through which N affects soil respiration
have been proposed, such as an increase in litter quality, decrease in
belowground C allocation, shifts in microbial community composi-
tion, alterations in mycorrhizal interactions, and SOM stabilization
following N addition (see e.g., Janssens et al., 2010 for an overview).

Table 4 presents the published estimates of the global N-induced
forest C sink split up into the contributions of the tree (vegetation)
and soil C sinks. While estimates of the magnitude of the total N-
induced forest C sink vary between 97 and 740 Tg C/year, the rela-
tive contribution of soil C sequestration to total N-induced C
sequestration is rather constant between 38 and 50%. Stoichiometric
scaling studies have estimated that the soil accounts for 43-47% of
the additional N-induced C sequestration (Peterson & Melillo, 1985;
Nadelhoffer et al., 1999; de Vries et al., 2014; see Table 4). These
studies generally assume that 50-70% of the deposited N is allo-
cated to the soil (vs. only 5-8% to woody biomass); however, the
soil C:N ratio (ca. 20:1-30:1) is much lower than the woody biomass
C:N ratio (ca. 150:1-500:1). Estimates of global N-induced C seques-
tration derived by DGVMs vary between 260 and 740 Tg C per year
(Townsend et al., 1996; Jain et al., 2009; Fleischer et al., 2015; see
Table 4). Also here, the soil accounts for about 38-50% of the total
N-induced C sequestration, with the exception of Townsend et al.
(1996), where the soil only contributes 18%. A long-term fertilization
experiment in a boreal forest found that about 38% of the N-

induced C sequestration effect is due to enhanced C soil organic

TABLE 4 Overview of published estimates of nitrogen-induced forest carbon sequestration (Tg C/year). Only estimates that specify the
individual contributions of vegetation and soil to total nitrogen-induced carbon sequestration are listed. The last row shows the relative

contribution of the soil to total N-induced C sequestration

Townsend  Nadelhoffer Jain et al. de Vries Fleischer
Reference Peterson and Melillo (1985) et al. (1996) et al. (1999) (2009) et al. (2014) et al. (2015)* This study®
Method® Stoichiometric scaling DGVM Stoichiometric scaling DGVM Stoichiometric scaling DGVM Meta-analysis
Vegetation 52 607 144 130 200 (155-246) 345 177 (112-243)
Tropical 2 (28-56) 155 18 (—18 to 53)
Temperate 124 (99-148) 136 121 (101-142)
Boreal 5 (28-42) 49 38 (28-47)
Soil 45 133 107 130 152 (121-202) 214 -
Total 97 740 251 260 352 (276-448) 560 -
% soil 47% 18% 43% 50% 43% 38% -

DGVM, dynamic global vegetation model.
2Estimates from the global-scale simulations.

bEstimate includes aboveground woody biomass presented in Table 1 multiplied by a factor 1.2 to account for additional N-induced carbon sequestra-
tion in belowground woody biomass, see Table S3.

“Estimates presented in this table do not only vary due to differences in methodologies and C-N response ratios, but also due to differences in the
underlying N deposition estimates. For all estimates, N deposition refers to total (natural + anthropogenic) N deposition. Duce et al. (2008) estimated
that 77% of the N deposited on land comes from anthropogenic sources. Multiplying our estimate with this fraction, we estimated that carbon seques-
tration in woody biomass induced by anthropogenic N deposition is about 136 Tg C/year (114 Tg C/year in aboveground woody biomass).
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horizon (Gundale et al., 2014; Maaroufi et al., 2015). A similar exper-
iment at four temperate forest sites found that the soil accounted
for 58% of N-induced C sequestration on average, with large varia-
tions between the four sites in the study (14-77%) (Pregitzer et al.,
2008). A recent meta-analysis also concluded that the size of the N-
induced C sequestration effect in the soil is equivalent in magnitude
to the effect of N deposition on tree C sequestration (Janssens
et al., 2010).

Our estimate for total N-induced C sequestration in trees’ woody
biomass of 177 (112-243) Tg C/year is slightly higher than estimates
by Nadelhoffer et al. (1999) and Jain et al. (2009), slightly lower than
recent estimates by de Vries et al. (2014), and about half of the esti-
mate by the DGVM of Fleischer et al. (2015). Notably, the difference
with the estimate from Fleischer et al. is mainly because their model
predicted that N deposition greatly enhances C sequestration in
tropical forests, while we found no evidence for a response of the
tree C pool to N addition in tropical forests. Based on our results,
we conclude that DGVMs likely overestimate N-induced C seques-
tration in the tropics.

4.6 | Considerations for upscaling C-N responses to
estimate global nitrogen-induced forest carbon
sequestration

We used average C-N responses per biome to scale-up our esti-
mates of N-induced C sequestration based on plot-level observations
to the global scale, in line with previous studies (Nadelhoffer et al.,
1999; Thomas et al., 2010; de Vries et al., 2014). However, our
meta-analysis revealed that factors other than biome, such as forest
productivity, stand age, and N addition rate, also affect the C-N
response. For some of these variables, it is not possible to use them
in upscaling. The decline in forest C-N response with increasing
rates of N addition, for example, cannot be reflected in an upscaling
approach, as N deposition rates that forests currently experience
almost all fall into the lowest rate used in N addition experiments—
most forest plots in our database receive somewhere between 2 and
35 kg N ha™! yr~* (mean: 5.4 kg N ha~! yr%), whereas experimen-
tal N additions rates in our database varied between 30 and 300 kg
N ha=! yr=! (mean: 71 kg N ha=? yr=1). The difference in response
to N addition between young and old forest stands can also not be
used for upscaling C-N responses, as there are currently no global
maps of forest stand age (although there are data available at the
continental scale, e.g., for North American forests Pan, Chen, et al.,
2011).

If there had been clear correlations between the climate zone
(biome) and other determinants of forests’ response to N addition,
this might have affected the upscaling procedures as it would have
influenced the observed differences in AGWP response between the
climate zones. For example, climate zone might be correlated with
stand age (tropical and boreal forests might be older than temperate
forests) and ambient N deposition rate (temperate forests might
receive higher rates of ambient N deposition than boreal and tropical
forests). It was not the aim of this paper to disentangle all possible

interactions between variables, but we did check for correlations
(see Table S7). Results showed that boreal forest plots in our data-
base on average had a lower productivity and received lower experi-
mental N addition rates than temperate and tropical forest plots.
This will have affected the higher C-N response of boreal forests.
For productivity, it is plausible to assume that the differences
between experimental plots reflect actual differences in the field,
which makes upscaling based on climate zones an adequate first
rough approach. However, for experimental N addition rate, differ-
ences between climate zones do not reflect real-life variation and
thus this effect of cannot be adequately reflected in an upscaling
approach. The decrease in C-N response with increasing N inputs
that we found also implies that C-N responses in temperate and
tropical forests might have been underestimated, as experimental N
addition rates for these biomes received vastly exceeded typical
ambient N deposition rates. In addition, we found that average N
deposition in boreal forest plots in our database (7.8 kg N ha=t yr~?,
see Table S7) was much higher than the model-derived average for
all boreal forests (1.8 kg N ha~! yr~?, see Table 1). Given the decline
in C-N response with increasing levels of ambient N deposition, this
might mean that the C-N response for boreal forests that we
derived is an underestimation.

Another caveat when upscaling results from fertilization experi-
ments is that responses at very low rates of N addition might be
lower than mean response rates from experiments suggest. Previous
studies show that forests hardly respond to N deposition at levels

1 yr~* because of microbial com-

below approximately 3-5 kg N ha™
petition with plant (tree) uptake (Kaye & Hart, 1997) and reduced
biological N fixation due to enhanced N deposition (Gundale, Deluca,
& Nordin, 2011). This might have led to an overestimation of the
global N-induced C sink in boreal forests, where ambient N deposi-
tion rates are low. On the other hand, response rates may be under-
estimated in the range from 3-5 up to 10-15 kg N ha~! yr~* where
N deposition may stimulate growth quite strongly (e.g.,, Thomas
et al., 2010). Overall, it is not clear whether use of a mean C-N
response over the whole N deposition range leads to an overestima-
tion or underestimation of the N deposition impact on global forest
C sequestration.

While this study has focused on C-N responses in (aboveground)
biomass, soils also account for a substantial share of the N-induced
C sequestration response. While several studies have estimated N-
induced soil C sequestration (see e.g., Table S1 and Table 4), disen-
tangling the various mechanisms through which N affects soil bio-
logic processes is still a puzzle that needs to be solved to improve
predictions of future N-induced soil C sequestration. Improving esti-
mates of global N-induced forest C sequestration from empirical
data furthermore requires more quantitative insight in the factors
affecting forests’ response to N addition at different N input levels.
This includes factors related to site fertility, such as nutrient concen-
trations and/or ratios in foliage and soil (e.g., Fernandez-Martinez
et al., 2014), climatic factors, such as temperature (e.g., Sigurdsson,
Medhurst, Wallin, Eggertsson, & Linder, 2013) and precipitation (e.g.,
Lim et al., 2015), as well as variations in C-N responses between
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tree species in view of different symbiotic relations with mycorrhizal
fungi (e.g., Averill, Turner, & Finzi, 2014; Chalot & Brun, 1998; Tho-
mas et al., 2010). Scaling up plot-level results to the global scale also
depends on the availability of global datasets with information on

factors governing C-N responses.
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