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ABSTRACT

This study aimed to assess the combined effects of
long-term nitrogen (N) supply and nitrogen depo-
sition (Ngep) on carbon (C) accumulation within
Sitka spruce [Picea sitchensis (Bong.) Carr.] planta-
tions in Scotland. Six study sites established from
1970 to 1982 were periodically N-fertilized, moni-
tored over time and commonly surveyed in 2010.
Soil, aboveground biomass, and ground vegetation
C stock changes were analyzed; aboveground C
stocks were correlated with total additional N
experienced at each site, that is, the sum of
experimental N supply (N,qq) and site-specific
accumulated Ngep from 1900 to 2010. Results
showed a positive N effect on aboveground tree C
stock and no decline in tree growth was observed
either during fertilization or after the latest N
addition. The amount of C in litter was significantly

higher in experimentally N-treated plots, whereas
the amount of C in understory vegetation was
higher in control plots. Pooling all the compart-
ments (that is, understory vegetation, litter, soil,
and tree biomass) the total ecosystem C content
was estimated for each site, and at most sites a
higher C stock was estimated for N-treated plots.
Differences in aboveground C accumulation rates
between treated and control plots were lower at
sites with high levels of accumulated Ngep,. Our
results indicate that site-specific accumulated Ngeyp,
should be considered to understand tree growth
responses to N fertilization.
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INTRODUCTION

Atmospheric nitrogen deposition (Ngp), caused by
reactive nitrogen emissions via fuel combustion
and intensive agricultural practice, and its deposi-
tion back to the biosphere, is considered one of the
most important factors resulting from anthropo-
genic global environmental change (Norby 1998).
At the global scale, Ng4ep is predicted to increase
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nearly twofold by 2050 from its current deposition
rates (Galloway and others 2004; Gruber and Gal-
loway 2008; Schlesinger 2009). Atmospheric Ngep
may induce long-lasting ecosystem changes over
large climatic regions with profound implications
for N and C biogeochemical cycles, and ultimately
for the terrestrial C sink and its potential to mitigate
climate change (Phoenix and others 2012).

In recent years, a beneficial role of N4}, on carbon
uptake by nitrogen-limited forests has been pro-
posed (Magnani and others 2007; Thomas and oth-
ers 2010); however, the magnitude of the effect is
still uncertain. In particular, the apparently high
sensitivity of forest C sink strength to annual N input
reported by Magnani and others (2007) resulted in
an intense debate and the extent of carbon uptake
enhancement attributed to Ng.p has been the subject
of several different estimates (De Vries and others
2008; Reay and others 2008; Sutton and others 2008;
Janssens and Luyssaert 2009).

Atmospheric Nye, can enhance forest C uptake
by different ecological mechanisms. In the long
term, there can be a significant effect on soil fer-
tility mediated by the accumulation of N in the soil,
causing a change in soil organic matter stoichiom-
etry (lower C/N ratio), that can stimulate N min-
eralization and N plant uptake (Aber and others
2003). In the short term, the effect could be due to
direct uptake of nitrogen compounds by forest
canopies that might account for a significant frac-
tion of tree nitrogen requirements, by-passing
microbial competition in the soil (Neirynck and
others 2007; Sievering and others 2007). In a re-
cent modeling exercise (Dezi and others 2010),
direct canopy nitrogen uptake increased carbon
storage capacity of forest ecosystems. Some exper-
iments (Gaige and others 2007; Sheppard and
others 2008; Dail and others 2009; Guerrieri and
others 2011) have examined the effects of direct
spraying of nitrogen onto the forest canopy, but
conclusive evidence remains unavailable.

Chronic atmospheric Ngep, can be also a threat to
ecosystem function; particularly, it can lead to soil
acidification and nutrient imbalances that might
become relevant constraints to forest productivity
(Aber and others 1998; Dail and others 2009). In-
creased plant biomass levels can also be associated
with increased demands for water and other
nutrients that ultimately limit positive N addition
effects on plant growth (De Vries and others 2006).
When the saturation threshold of inorganic N
accumulation is exceeded, it can result in decreased
productivity and biodiversity (De Schrijver and
others 2008; Phoenix and others 2012), or in-
creased tree mortality (Magill and others 2004).

In recent decades, a number of long-term N
addition experiments have been carried out in
forest ecosystems to explore the effects of N supply
on forest growth and C pools. Re-analyzing the
results of 15 long-term investigations performed in
coniferous boreal forests, Hyvonen and others
(2008) concluded that N addition effects on C pools
in trees and soil, considered in terms of N-use
efficiency (unit of C accumulated per unit of N
added, kg C kg™' N), were strongly dependent on
soil fertility, suggesting site-specific responses.

An analysis of the combined effects of long-term
N addition and atmospheric N deposition on forest
carbon accumulation has not been performed so
far. This is relevant in the light that even relatively
low Ngep rates can result in important implications
for ecosystem function and structure if continued
for long enough. In addition, the practical forester
needs to evaluate, in a specific environmental
context, the utility of N fertilization as a tool to
stimulate forest growth. Improved understanding
of the consequences of atmospheric N deposition is
fundamental to addressing its implications on forest
ecosystems since cumulated N deposition (Neym)
can have a significant influence on plant physio-
logical traits, such as water use efficiency, as dem-
onstrated at the global scale recently by Leonardi
and others (2012).

In the present study, we hypothesize that the
interpretation of long-term N addition experiments
can be improved by considering site-specific accu-
mulated atmospheric Ngep. To this aim, we con-
ducted research within six different long-term N
fertilization experiments established in Sitka spruce
[Picea sitchensis (Bong.) Carr.] plantations in Scot-
land. We analyzed changes over time in foliar
nutrients, tree growth, soil, understory, and tree C
stocks. We also related the aboveground biomass
response to the total N available as a result of fer-
tilization at each site. Finally, we interpreted the
observed patterns by considering both experimen-
tal N supply and site-specific accumulated Ngep
from 1900 to 2010.

MATERIALS AND METHODS

Experimental Forest Stands and Nitrogen
Addition

Six Sitka spruce plantations in Central and North
Scotland, established between 1967 and 1988 by the
Forestry Commission (Forest Research, Newton,
Elgin, Morayshire, UK) represented the experi-
mental forests (Table 1). At each site, to evaluate the
effects of fertilizer treatments, experimental plots
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Table 1. Geographic, Environmental, and Stand Characteristics of the Experimental Sites

Experimental sites

Ardross Craigellachie Drumtochty Shin 1 Shin 2 Speymouth
Latitude (N) 57°47"7" 57°31’44” 56°54’15” 57°17°30” 58°02’44” 58°10’4”
Longitude (W) 4°8'46" 3°8'14” 2°28'15” 2°47°23” 4°56’56” 4°30'33”
Altitude (m) 207 350 350 205 170 155
Soil Peaty podzol Podzol Peaty podzol Peat Peat Podzol
Rainfall (mm y_l) 950 953 810 1,200 1,700 825
Year of plantation 1988 1979 1967 1982 1987 1982
Stand age in 2010 (years) 22 31 43 28 23 28
Accumulated Nyep at 2010 0.739 1.145 1.765 0.891 0.900 1.482
(since 1900) (t N ha™!)
ESC parameters
Accumulated temperatures (AT) 1,035 1,017 900 992 1,040 1,086
(degree-days above 5°C)
Continentality (Conrad index) 4.2 5.2 5.8 4.4 4.0 5.1
DAMS (windiness index) 13.8 13.6 15.6 17.4 16.9 14.1
Moisture deficit (mm) 82 89 65 73 77 104
SMR Moist Slightly dry  Fresh Wet Wet Fresh
SNR Very poor Very poor Very poor Extremely poor Very poor
ESC yield index YC 9 YC 9 YC 8/9 YC 5 YC 5 YC 9

In the UK AT can vary between <600 and > 3.000 degree-days, the Conrad index between 1 and 13, the windiness index between 3 and 36, moisture deficit between <20 and
> 180 mm, and the yield index between 4 and 24 m® ha™' y~'. For all sites, the same provenance from Queen Charlotte Island (Canada) was planted; in Shin 2, a Sitka
spruce provenance from Alaska was also tested. Site variables include productivity estimated as site yield index (m®> ha™") derived from ecological site classification (ESC) (Pyatt

and others 2001).

(area of 400-900 m?) were defined, according to a
randomized block design. Treatments consisted of
soil N additions (delivered as 46 % urea prills), alone
or in combination with P, K, or both. Fertilization
schemes and number of replicates varied among sites
(Table 2). At each site, three to four plots with and
without N addition were established, resulting in
N-enriched (treated) and not N-enriched (control) plot
comparisons. At sites where N was added in combi-
nation with P, K, or both, the control included the
addition of P, K, or both; therefore, in all cases the
effect of N addition per se was evaluated. In all cases,
tree spacing was 2 x 2 m (2,500 plants per hectare)
and thinnings were not performed.

Measurement of Trees and Stand
Biomass

All measurements were performed within square
assessment areas (185-400 m?) delineated in the
center of each plot, to avoid edge effects. In each
plot, the heights and diameters (dbh) at 1.3 m of
each tree (48-100 trees per plot) were measured
every 1-3 years. Aboveground stand dry biomass
(Bq) for each plot was estimated using existing
allometric relationships based on a sample
exceeding 1,000 Sitka spruce trees following Levy
and others (2004); different allometric equations

were used for Sitka spruce growing on peat and
podzolic soils (Minunno and others 2010). Stand C
stocks were calculated as 0.5 x Bg.

Concurrent with tree measurements, needle
samples were detached from the upper crown of
five dominant trees in each experimental plot.
Needle N, P, and K concentrations were deter-
mined, following the analytical methods reported
by Allen (1977).

During summer 2010 two tree cores were ex-
tracted, from orthogonal directions at 1.30 m using
a Pressler corer, from the five largest trees in
N-enriched and not N-enriched plots at each sam-
pling site (with the exception of Drumtochty).
Cores were sanded under a 40x stereomicroscope,
and after visual cross-dating, tree ring widths (R,)
were measured to the nearest 0.01 mm using a
Dendrochronograph Lega Smil 3 (Corona and
others 1989). The cross-dating quality control was
conducted on the R, temporal series using the
Cofecha software (Holmes 1983). However, stan-
dardization was not performed to retain the effects
of fertilization and long-term stem diameter
development in treatment and control plots.

Understory Vegetation and Soil

Fieldwork was conducted at all sites (with the
exception of Drumtochty) during summer 2010 to
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Fertilization Treatments at Different Study Sites

Table 2.

Weed control

Accumulated
K supply

(kg ha™')

Accumulated
P supply
(kg ha™")

Accumulated
N supply
(kg ha™")

Mean N
dose

Number of
replicates

Year of

Nutrients
added

Site

treatment

(kg ha™')!

453 118 108

640
1,623

151
160

1994-2000-2003

NPK

Ardross

63
150
150
210

1987-1990-1993-1996

Craigellachie

+

162.3
152.3
154

3

Every 2 years since 1967-1985

1973-1977-1984

NP

Drumtochty A
Drumtochty P

Shin 1

+

457
770
640
800

NP

3

1987-1990-1993-1996-2002
1993-1996-1999-2002

NP

208

118

160
160

NPK
NP

Shin 2

110

3

1987-1990-1993-1996-1999

Speymouth

Two fertilization schemes were applied at Drumtochty one with periodic (P) and one with biannual (A) N additions.

= phosphorus; K = potassium.

nitrogen; P
! At Shin 1, N addition was normally 150 kg ha™", but was 160 kg ha™" in 1996 and 2002. At Drumtochty, N addition changed slightly over time (from a minimum of 148 to a maximum of 171 kg ha™' added). At all the other sites the

mean dose value correspond to the dose applied at each fertilization.

N =

estimate C stocks in the understory vegetation and
soil. In each plot, a 50 x 50 cm frame was ran-
domly positioned along each of three to five se-
lected lines between the trees, avoiding furrows
and ridges. Six to ten points were randomly sam-
pled in each plot along the lines. Vegetation inside
the frame was totally removed; grasses and shrubs
were separated from mosses, lichens, and litter.
Mosses, lichens, and litter were separately sampled
from a 15 x 15 cm square within the main
50 x 50 cm frame. All material was brought to the
lab, oven dried at 80°C for 48 h, and weighed to the
nearest mg. Total moss, lichen, and litter biomass in
each 50 x 50 cm square frame was estimated from
the biomass ratios measured in each 15 x 15 sub-
sample, with the error estimate determined
accounting for error propagation from sample to
square frame, and from square frame to plot.

Following vegetation sampling, a soil sample
was extracted from the center of each 50 x 50 cm
square frame. At sites with podzolic soils, a slide-
hammer corer (or an auger, internal diameters of
5.7 cm) was used down to a depth of about 30 cm
at six points in each plot. After extraction, the
cavity depth and soil core were measured, and the
soil core was subdivided into three layers,
including an upper organic horizon, and two
lower 10-cm-deep layers. For sites with a peaty
soil, a square cavity was excavated in the center of
the frame, and a core was extracted from one
exposed vertical soil wall at a depth of 20 cm,
using a bulk density cylinder. Because of differ-
ences in maximum soil depth employed across soil
types, our analyses of changes in soil C stocks are
limited to within-sites experimental comparisons,
as opposed to across sites comparisons. Soil sam-
ples were brought to the lab, oven dried at 105°C
for 24 h, and weighed to the nearest mg. Bulk
density of each soil sample was calculated as the
ratio between dry weight and volume. Soil sam-
ples were subsequently homogenized in a mortar,
and a soil subsample (1 g approximately) was
weighed to the nearest 0.01 mg (W;), placed in a
muffle furnace for 5 h at 450°C, cooled in a des-
iccator to room temperature, and weighed again
(We). The percentage mass loss on ignition (W)
was calculated as (W; x 100)/(W; — W,). A linear
transfer function converting values of W, into
carbon concentration (from C/N analyser) for the
same soil types was computed combining existing
datasets (Zerva and Mencuccini 2005), and ap-
plied to estimate carbon concentration in each soil
sample. Carbon concentration, bulk density, and
soil depth were then used to estimate soil carbon
content per ground area.
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Atmospheric N Deposition

Nitrogen deposition (Ngep) from 1970 to 2010 was
estimated for the UK at a spatial resolution of
5 x 5 km?* with the Fine Resolution Atmospheric
Multi-pollutant Exchange model (FRAME, Vieno
and others 2010). Data are available for 1970, 1980,
and 1990 (that is, at decadal intervals) and then for
1995, 2000, and 2005 (5-year intervals), a predic-
tion for 2020 is reported. Annual deposition values
were linearly interpolated between the modeled
years. The FRAME model can be run at resolutions
of 1 x 1, 5x 5, and 50 x 50 km?. Model valida-
tions using data from national monitoring networks
was carried out for ammonia (Hallsworth and others
2010), gas and aerosol concentrations of N com-
pounds and wet N deposition (Dore and others
2007), and gaseous NO, (Dore and others 2012).
Moreover, good agreement was found by comparing
FRAME model predictions with the observations-
derived UK deposition (Smith and others 2000) for
the years 1990-2005 (Matejko and others 2009). In
general, the use of FRAME at 5 x 5 km? resolution
gives reasonable correlations with observed data
(slopes between 0.75 and 0.97 with the exclusion of
HNO;) and high values of R* (between 0.58 and
0.92), suggesting that FRAME is able to represent
accurately the spatial distribution of gas and particle
concentration and deposition fluxes over the UK
(Dore and others 2007).

To reconstruct total Ngep prior to 1970, the TM4
atmospheric transport model output from the EU
RETRO project (Schultz and others 2007) was used.
The TM4 results have been extrapolated back in time
using decadal emission estimates from the EDGAR-
HYDE dataset (van Aardenne and others 2001). The
FRAME model runs were derived from the National
Atmospheric Emissions Inventory estimates.

The TM4 model is unlikely to give precise
deposition values for a specific UK site due to the
highly spatial variability of Ny, in the UK (Dore
and others 2012). The FRAME model with a reso-
lution of 5 x 5 km® represents the spatial vari-
ability of Ngep in UK better than the TM4 model
with a resolution of 0.5° x 0.5°. Therefore, the
historical TM4 depositions data were corrected to
match the FRAME model for the overlapping years
and this relationship was used to rescale the TM4
historical data prior to 1970. The FRAME model
also calculates land-use specific deposition rates for
forest, moorland, and grassland. Therefore to cor-
rect the TM4 data, the appropriate land-use was
used to account for changes in forest coverage at
any specific sites. Finally, accumulated Ngep from
1900 to 2010 were estimated (Table 1).

Site Productivity Estimates

To compare environmental conditions and pro-
ductivity levels across sites, the suitability of indi-
vidual stands to produce timber was predicted on
the basis of six ecological site classification (ESC)
factors (Pyatt and Suarez 1997; Pyatt and others
2001). Four climatic factors (i) accumulated tem-
perature, (ii) moisture deficit, (iii) windiness (by
Detailed Aspect Method Scoring; DAMS), (iv) and
continentality (Conrad index) and two soil quality
factors (v) soil moisture regime (SMR), and (vi) soil
nutrient regime (SNR), were evaluated.

ESC-DSS (Ray 2001) calculates the climatic indices
from user input of grid reference and elevation of the
site, and site yield index is modified by accumulated
temperature and the most constraining site factor. The
site yield index was calculated for all plots assuming
no nutrient addition and no thinning (Table 1).

Statistical Analyses

Mean differences between treatments and blocks
were assessed by two-way ANOVAs (one-way
ANOVA if blocks were not significant, repeated-
measures ANOVA on nutrient time series), within
the framework of general linear models, using the
GLM procedure available in the SPSS statistical
package, version 17 (SPSS Inc. 2008).

REsuLTs
Atmospheric N Deposition

Atmospheric Ngep (Figure 1), as simulated by
the FRAME model, shows marked differences
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Figure 1. Temporal variation of atmospheric nitrogen
deposition (Ngep) at the study sites as calculated by the
FRAME model. The deposition values at Aber (in Wales)
are also given because it was the site of a past N

manipulation experiment in a comparable Sitka spruce
plantation (for example, Emmett and others 1998).
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among sites, with a general decreasing trend
over the last 30 years, likely due to the stabil-
ization of NO, emissions after the implementa-
tion of air pollution policies (Lamarque and
others 2010).

Aboveground Carbon Stock and Foliar
Nutrient Concentration

Above ground carbon stock (C,g) showed distinct
trends for control and treated plots throughout stand
development, with the treatment group displaying
higher C,, rates of increase and higher final C,,
values at all sites, with the exception of Drumtocthy,
where the largest C,4 values did not differ between
control and treated plots for the whole duration of
the observations (Figure 2). Estimates of inherent
site productivity suggest that two main levels of
inherent site productivity occurred across the sites,
which differed primarily because of soil type (that is,
podzol > peat) and without other significant cli-
matic constraints (Table 1).

Long-term patterns of radial growth showed
clear differences in ring width (Ry) values between
treated and control plots for most of the period
while by 2010, after fertilizations had ceased, no
significant differences were observed any longer
(data not shown). At all sites, with the exception of
Craigellachie, accumulated differences in stem ra-
dial growth between control and treated plots
(Figure 3) revealed an initial increase followed by a
tendency to plateau, which was particularly evi-
dent in Ardross and Speymouth, where fertiliza-
tions had ceased in 2003 and 1999, respectively.

Foliar N concentration was significantly different
between treatments (T) and years (Y) at all sites,
and the T x Y interaction was also significant; in
several cases, significant differences in foliar P and
K concentration were not detected, whereas at
most sites N/P and N/K ratios exhibited significant
differences between treatments (Table 3).

Temporal variations in N and P foliar concen-
trations and N/P and N/K ratios (Figure 4) exhib-
ited the following trends: (i) N foliar concentrations
were generally higher in treated plots, and dis-
played some tendency to decrease with time at
Drumtochty, Shin 1, and Shin 2; (ii) P foliar
concentration was often indistinguishable between
treatments, whereas control plots showed a slightly
higher trend compared to treated plots during the
last experimental period at Shin 2A and Drum-
tochty, (iii) N/P and N/K ratios were often higher in
treated plots and showed a tendency to decrease
with time at most sites.

Understory Vegetation, Litter, and Soil

At all sites, total (grasses and shrubs, mosses, and
lichens) understory vegetation carbon stock was
significantly higher in control than treated plots
(Table 4). On the contrary, litter C stock was higher
in treated plots at all sites with the exception of
Craigellachie (Table 4). However, vegetation plus
litter C stock was higher in control plots at all sites,
with the exception of Speymouth (Figure 5A). Soil
C stocks did not exhibit any general trend, with no
significant differences observed among treatments
(Table 4; Figure 5B).
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Figure 2. Variations over time in tree aboveground C stocks at study sites. Each panel shows comparisons between treated
(black circles) and control plots (white circles). Each symbol represents the average of 3—4 replicates per site (see Table 2 for
experimental set up); asterisks indicate significant differences (P < 0.05) between treatments, as determined by ANOVA,
vertical bars represent +one standard error. Triangles on X-axis show the years of N A, P A, and K 4 fertilizations: whilst N
was added only to treated plots, P and K were applied in both treated and control plots.
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Pooling all the compartments at 2010, total eco-
system C content was estimated for each site and at
most sites higher C stocks were estimated in treated
plots (Figure 5C).

Temporal Responses of Aboveground C
Stock to N Addition and N Deposition

The temporal effects of N supply on aboveground C
stocks (C,g) were evaluated across study sites. For
each site, the accumulated differences in C,q

between treated and control plots (AC.,y,) at a gi-
ven year were plotted against the corresponding
accumulated amount of N supplied (AN¢u,) for the
same year (Figure 6). An approximately linear
relationship between AC., and AN.,, was ob-
served for many sites, with the exception of Crai-
gellachie and Drumtochty, where a less aligned
response was revealed. All fertilization experiments
were terminated between 1984 and 2003 (Table 2).
Therefore, subsequent surveys (including the one
in 2010) could be used to gage the effect of stopping
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Figure 3. Mean accumulated stem diameter differences at breast height between the five largest trees of the treated and
control plots at the study sites. Triangles on X-axis show the years of N A, P A, and K 4 fertilizations: whilst N was added
only to treated plots, P and K were applied in both treated and control plots.

Table 3.

Significance Levels for Treatment Effects (T); Year Effects (Y), and the Interaction (T x Y) on Foliar

Nutrient Concentration of Nitrogen (N), Phosphorus (P), Potassium (K), N/P, and N/K Ratios from a One-Way
Repeated-Measures ANOVA

Site N P K N/P N/K
T Y TxY T Y TxY T Y TxY T Years TxY T Y TxY

Ardross *kk *okk Kk * *kk *kk ns Fkk Fkk *k Kk *k *okk *okk *okk
Craigeuachie *k *kk wokk ns *kk ns ns Kok * * *k ns * *kk *kk
Drum[ochty P ** *khx * ns * ns ns Kk ns * *kk *k *% KKk *%
Drumtochty A Kok Tk *okk ns ns ns * Kokk ns Kook wokk ns Kk Kok *okk
Shin 1 * *kk *k ns *kk *kk ns ok *% ns wokk ns *k Kk *kk
Shin 2 * *kk *kk ns *kk ns ns Kok ns *% *kk * * *kk *
Shin 2 Alaska *k Kok wokk *k ok *okk * Fokk *okk *okok wokk *okk * *okk *okk
Speymouth *kk EXTs Hokk * *kk *kk *k *k *% *kk wokk *okk ns ns ns

Significance at * P < 0.05, ** P < 0.01, and *** P < 0.001, respectively. At Shin 2, a Sitka spruce provenance from Alaska was also tested.

ns = not significant.
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treatment on aboveground C accumulation rates,
from 7 to 26 years after the end of the treatments.
To achieve this, we compared AC.m Versus
ACcum(i+s) (Where 7 is the last N addition year, Fig-
ure 7). All experiments showed continued differ-
ential accumulation of C in the treated plots 5 years
after stopping the treatments, with the slope of the
linear relationship not being significantly different
from 1, and the intercept of the relationship being
significantly greater than 0 (Figure 7).

Finally, the site-specific accumulated atmo-
spheric nitrogen deposition (Ngep) was included in

the analysis of the effects of experimental nitrogen
addition (Nexp) on C,q. First, the relationship be-
tween total N entering the system (Ney =
Nexp + Naep) and ACqum was reconstructed for the
entire experimental period. AC.,, increased stea-
dily with Ny, with the exception of Drumtochty
and Speymouth (data not shown). Successively,
the values of AC.,m, were plotted with respect to the
controls (set to zero) against the total N, that is,
Nexp + Ngep for treated plots and Ny, for control
plots (Figure 8). In this graph, each experiment is
represented by two points, the one at AC.yy, =0

Table 4. Carbon Stocks in 2010 (Mean + Standard Error, Number of Observations in Brackets) in Soil,
Litter, and Understory Vegetation in the Lines Between Trees of Control and Treated Plots of Six N Addition

Experiments
Site Carbon stock (Mg ha™?) n
Soil Litter Understory vegetation
Control Treated P Control Treated P Control Treated P
Ardross 193 +£16 187+ 9 0826 0.8+0.1 1.74+0.2 0.002 1.1£0.1 0.0£0.0 0.000 (24)
Craigellachie 268 40 305+41 0.218 1.0+£0.2 09+0.1 0.667 26=£03 09=£0.1 0.005 (30)
Shin 1 357 £ 10 3524+ 11 0.856 0.8+ 0.1 1.6 £0.2 0.005 1.6+08 08=+0.2 0.015 (12)
Shin 2 509+ 4 547+ 6 0213 08+01 20+0.1 0.000 3.14+04 0.2%+0.1 0.009 (12)
Shin 2 Alaska 308+ 4 259+ 7 0.113 144+0.1 294+0.5 0.029 50£03 26=£0.7 0.017 (12)
Speymouth 132 +15 173 +£26 0.173 08+00 14£00 0.000 09+01 04+£0.1 0.009 (18)
P values are from two-way ANOVA (treated vs control plots). At Shin 2, a Sitka spruce provenance from Alaska was also tested.
Al B e
Ard (T) 77 i
Ard (C) =
Cra(T) %_ '% — .
Cra (C) { = P_.
Spe (T) YHm
Spe (C) H
Shi 2A (T) . g7
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Figure 5. Carbon stock in control (C) and treated (T) plots of Sitka spruce plantations at different experimental sites. Data
are referred to the summer of 2010. Panels show the carbon stock separately estimated for: A litter, understory vegetation,
and sum (the widest bars); B soil; C total ecosystem (including soil, litter and vegetation, and tree biomass). Lines represent
+standard error. Asterisks are referred to the common symbols in panels and indicate significant differences (P < 0.05)

between treated and control plots at each site.
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Figure 6. Accumulated aboveground carbon stock differences between treated and control plots (ACum) of Sitka spruce
up to a given year, and the corresponding accumulated nitrogen supplied experimentally (ANcum). The red points corre-
spond to 2010 measurements; vertical bars represent tone standard error. At Drumtochty, two separate experiments were
carried out, one with periodic (Np) and one with biannual (Na) N additions. Shin 2A is a second experiment at Shin 2,
where a provenance from Alaska was tested (Color figure online).
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Figure 8. Accumulated aboveground carbon stock dif-
ferences between treated and control plots (AC.,n) at the
end of the experiments (2010) (normalized based on
control plot values set to zero) versus the total N entering
the system (Nepy)-

Figure 7. Linear relationship between AC.um(, (Where
iis the year of the last N addition), and ACcumiss) (that s,
5 years after the end of the fertilization experiment)
superimposed on a 1:1 line.

system during the experiment. This way of plotting
the data allows us to easily rank all the experiments
according to the prevailing levels of accumulated
Ngep at each site. In particular, the slope of the
relationship between N.,, and AC.,,, (Figure 8) re-
flects the response to the experimental N addition,

represents the control, and is shifted to the right on
the X-axis by a value equal to the cumulative Nge,
for that site through 2010. The second point of each
pair represents the treated plot, and is further
shifted to the right of the control by an amount
equivalent to the cumulative N, added to the
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Figure 9. Relationship  between site-specific ~ AC/
AN (tCha 'y 'Y/tNha'y! «calculated as mean
annual value from the beginning of the experiment to
2010) and total nitrogen entering the system (Nepy,
t N ha ' y™"); Nen represents the sum of N deposition
and N supplied to treated plots at each site, AC represents
the aboveground carbon stock difference between treated
and control plots, and AN represents the difference
between the amounts of N supplied to treated and
control plots at each site.

whereas the x-intercepts reflect the prevailing level
of site-specific Neym. In our experiments, the
magnitude of AC/AN (that is, the Y-axis values of
Figure 9 that represent the slope of the lines re-
ported in Figure 8) declines with increased Nep,
(which represents the amount of accumulated N
deposition and addition of fertilizer N) approaching
zero at Drumtochty.

DiscussioN

Aboveground Carbon Stocks and Foliar
Nutrient Concentrations

A positive N addition effect on tree carbon stocks
was generally recorded in our experiments, in
accordance with previous evidence from several
studies on the effects of N addition in forest stands
(for example, Hogberg and others 2006; Hyvonen
and others 2008). In other studies, no effects
(Christ and others 1995; Magill and others 1996;
Emmett and others 1995a), or even negative effects
(McNulty and others 1996) on tree growth were
observed. In some cases (that is, Brooks and Cou-
lombe 2009), the positive effect of N addition on
tree growth was complicated by changes in stand
density, due to thinnings or natural mortality that
resulted in an increase in the available area for
plant growth. It is worth noting that at our sites,

with the exception of Craigellachie, where some
limited mortality was observed, no change in stand
density occurred over the experimental period.

During our experiments, a decline in tree growth
was not observed either during fertilization or fol-
lowing the last N addition. As further evidence,
Figure 7 suggests that biomass continued to accu-
mulate at a faster rate in treated plots in the 5 years
following the end of the experiment, in accordance
with the results reported by Petterson (1994).

Foliar nutrient analyses have been widely used
in forest research as indicators of soil and plant
nutrient status, and as powerful tools to identify if
fertilization is required. Results (Figure 4) indicated
that sites where N addition led to a significant in-
crease in N foliar concentration also showed an
increased biomass accumulation (for example,
Speymouth and Ardross), in agreement with In-
gerslev and others (2001). Furthermore, at these
same sites, foliar P concentration was higher in
treated plots even though control plots received the
same P level. These observations suggest a positive
N addition effect on P metabolism by plants.
However, this was not a general trend; for example,
at some sites (for example, Drumtochty) a decrease
in P foliar concentration in treated plots was ob-
served. Correspondingly, this site did not show a
positive effect of N addition on tree growth. Braun
and others (2010) reported similar results from a
15-year-long N addition experiment on Picea abies
and Fagus sylvatica, with a reduction in P foliar
concentration, and a parallel decrease in stem
increments. In other cases (Emmett and others
1995b; Wright and Tietema 1995; Beier and others
1998), no change in foliar nutrient concentrations
following fertilization were detected.

It is worth remembering that at all our sites P
fertilization was also carried out during the first few
years after planting. Our experimental design al-
lowed us to isolate the N effect per se, because our
control plots also received the same P (and in some
cases, K) applications. This however needs to be
kept in mind in the interpretation of our results,
because they were obtained under conditions of
likely reduced P and K limitation.

Understory Vegetation, Litter, and Soil

We recorded a clear reduction in understory veg-
etation biomass, consistent with Makipa (1995)
and Malkonen (1990) as a result of N addition. As
understory vegetation decreased, litter C stock in-
creased in treated plots relative to control ones.
Generally, N fertilization could lead per se to a
decline in ground flora species composition, and
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subsequent biodiversity loss (Phoenix and others
2012; De Schrijver and others 2008). Indeed,
Thomas and others (1999) analyzing understory
plant diversity response to nitrogen fertilization
and thinning, found an approximately 61% decrease
in species diversity following urea fertilization.
However, our observations are more likely due to
the increase in tree canopy cover in treated plots
which may have shaded out the understory (Siefert
2005) and contributed to the increase in litter
production.

In contrast with evidence (Blevins and others
1983; McAndrew and Malhi 1992) reporting an
increased soil organic C following N addition, we
did not observe differences in soil characteristics
(that is, soil bulk density, soil C stock) attributable
to N application (Table 4; Figure 5). This is most
likely due to the inherently high spatial variability
and high C content of our organic soils, which
makes it very difficult to detect any experimental
difference. The recorded increase in litter C stocks
in the treatment plots could be due both to in-
creased tree growth and litter production (Figure 2)
and to a reduction in litter decomposition caused
by increased N availability (for example, Janssens
and others 2010).

Temporal Responses of Aboveground C
Stocks to N Addition and N Deposition

Pooling all the ecosystem C stocks, a variable but
positive N fertilization effect was evident across all
sites (Figure 5), largely due to the increase of
aboveground biomass. Previous studies (Melin and
others 1983; Pregitzer and others 2008; Hyvonen
and others 2008) reported positive responses on
both above and belowground C stocks to N addi-
tion. Photosynthesis and tree growth increase with
soil N availability, and therefore plant uptake could
represent the main sink for added N (Aber and
others 1989). However, excess N is recycled
through litter and humus, and this could lead to an
increase in nitrate losses via leaching (Malkonen
1990; Petterson 1994; Magill and others 2004).
We did not find a clear relationship between in-
creased AC.,m and number of fertilization events.
Nonetheless, all treatments exhibited a positive re-
sponse in terms of biomass accumulation (Figure 6).
Consistent with Hogberg and others (2006), a higher
response was elicited for low N application rates,
that is, Ardross (0.42t N ha™'), relative to inter-
mediate, that is, Craigellachie (0.62t N ha™'), or
high, that is, Drumtochty (1.62 t N ha™'). Regular
biannual fertilizer applications, that is, Drumtochty
A, did not seem to increase stem growth compared

with stands periodically fertilized (that is, Drum-
tochty P).

A clearer interpretation of tree biomass C re-
sponses to N fertilization is possible if accumulated
atmospheric nitrogen deposition (Ngep) is assessed
together with experimental N addition. Our results
(Figure 8) show a clear decline in C response to the
experimental N addition when the amount of N
entering the system increases as a result of atmo-
spheric deposition.

This is a very relevant point in the context of the
debate on the magnitude of C response to N
deposition (Nadelhoffer and others 2004; Hogberg
and others 2006; De Vries and others 2006, 2009;
Magnani and others 2007; Sutton and others
2008).

High annual Ngep, and accumulated Ngep, levels at
the Drumtochty site (Figure 1) might be responsi-
ble for the lack of a significant difference in C,q
stock between treated and control plots at this site
(Figure 5), which also shows the highest carbon
stock accumulation in control plots (Figure 2) and
the lowest AC.ym/Nen: (Figure 8) and AC/AN (Fig-
ure 9) values. It is worth noticing that inherent site
differences cannot explain this result, based on the
environmental variables and the yield index cal-
culated with ESC (Table 1). We also considered
that a possible age-related factor could have over-
shadowed the fertilization effects at Drumtochty
site, but the long-term observation (Figure 2) did
not show any significant differences between C,g4 in
fertilized and control plots during the whole
experiment. Accumulated Ngep is the most likely
explanation for the differential tree growth re-
sponse, in particular we argue that the high levels
of Ngep (Figure 1) may have acted by promoting
tree growth in the short term and by enhancing the
inherent site-specific fertility in the long term.

Our results suggest that trees growing on N-rich
sites can be less efficient at using added N. The
absence of significant differences in tree growth, as
well as in several other plant physiological param-
eters, observed in other N addition experiments
(for example, at Aber in Wales, see Emmett and
others 1995a, b, 1998), may therefore be explained
by the fact that they were performed at sites where
historic Ngep levels are much higher than in Scot-
land (Figure 1). Values of AC/AN (the instanta-
neous response of the ecosystem C cycle to an unit
addition of N to the system), reported in Figure 9
seem to be on the higher end of prior reports (see
De Vries and others 2009, for review) for Nep, less
than 2 ton ha™!. However, note these values come
from experiments performed on young stands that
experienced also P and/or K fertilization, possibly
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leading to positive nutrient interaction effects on
aboveground C accumulation.

The novel information from Figure 9 is long-term
N addition experiments might be better interpreted
by considering the total N entering the system,
including site-specific accumulated atmospheric
Ngep- Therefore, we suggest the use of accumulated
Ngep as an important variable to ascertain tree
growth responses to N fertilization. Much of the re-
search carried out on the effects of N deposition took
place around the highly urbanized areas of Central
Europe, where the research centers were located.
Our results suggest that the lack of tree responses to
N manipulation observed in those experiments was
at least partly caused by the high levels of N avail-
ability of those soils caused by high Ng.p. Carbon
sequestration in forests of more remote areas may
still be increasing as a result of lower but biologically
significant rates of chronic N deposition.

CONCLUSIONS

Positive N addition effects on tree carbon stock
were generally recorded, and a decline in tree
growth was not observed during N fertilization or
several years after the final N addition. At all sites,
carbon stocks in the understory vegetation (grasses
and shrubs, mosses, and lichens) were significantly
higher in control plots than in treated (N-enriched)
plots. However, the amount of carbon stock in the
litter was significantly higher in treated plots.
Pooling all components (that is, understory vege-
tation, litter, soil, and tree biomass) for the com-
mon year 2010, the total ecosystem C content
could be estimated for each site, and in most of the
experiments considered a higher C stock was esti-
mated for the N-treated plots. Understanding
changes in tree C over the experimental period is
improved if accumulated atmospheric nitrogen
deposition (Ngep) is assessed together with experi-
mental N addition, and we suggest site-specific
accumulated Ngep, levels as an integral variable to
consider to understand tree growth responses to N
fertilization. Overall, our stands were in their
juvenile expansion phase during the period of the
experiments described here. It remains to be seen
whether the responses to N addition found here
would change in older stands.

ACKNOWLEDGMENTS

Long-term stewardship of these fertilization trials is
ensured by Forestry Commission agencies. T.G. was
supported by a MIUR fellowship in the Ph.D. pro-
gram ““Crop Systems, Forestry and Environmental

Sciences” (University of Basilicata, Italy). M.M.
acknowledges the contribution of NERC Grant NE/
G00725X/1 and M.B. the MIUR-FISR Carbo-Italy
Project. We thank S. Goss, C. Murray, C Smart, and
A. MacLeod for precious help in field work; D.
Stevenson and T. Dore for technical support in Ngep
simulation; L. Nagy for advice on soil sampling; G.
Walker, C. McEvoy, and A. MacLeod for technical
assistance; J. Morris and M.R. Guerrieri for scien-
tific support. The authors thank the subject-matter
editor, Gary Lovett, and two anonymous referees
for their constructive comments that contributed to
improve the paper.

REFERENCES

Aber JD, Nadelhoffer KJ, Steudler P, Melillo JM. 1989. Nitrogen
saturation in northtern forest ecosystems. BioScience 39:378-86.

Aber JD, McDowell W, Nadelhoffer KJ. 1998. Nitrogen satura-
tion in temperate forest ecosystems. BioScience 48:921-34.

Aber JD, Goodale CL, Ollinger SV, Smith V, Magill V, Martin V,
Hallett V, Stoddard JL. 2003. Is nitrogen deposition altering
the nitrogen status of northeastern forests? BioScience
53:375-89.

Allen SE. 1977. Chemical analysis of ecological materials. Ox-
ford: Allen Blackwell Scientific Publications.

Beier C, Blanck K, Bredemeir M, Lamersdorf N, Rasmussen L,
Xu YJ. 1998. Field-scale ‘clear rain’ treatments to two Norway
spruce stands within the EXMAN project-effects on soil solu-
tion chemistry, foliar nutrition and tree growth. For Ecol
Manag 101:111-23.

Blevins RL, Thomas GW, Smith MS, Frye WW, Cornelius PL.
1983. Changes in soil properties after 10 years of continuous
non-tilled and conventionally-tilled corn. Soil Tillage Res
3:135-6.

Braun S, Thomas VFD, Quiring R, Fluckiger W. 2010. Does
nitrogen deposition increase forest production? The role of
phosphorous. Environ Pollut 158:2043-52.

Brooks JR, Coulombe R. 2009. Physiological responses to fer-
tilization recorded in tree rings: isotopic lesson from a long
term fertilization trial. Ecol Appl 19:1044-60.

Christ M, Zhang YM, Likens GE, Driscoll CT. 1995. Nitrogen
retention capacity of a northern hardwood forest soil under
ammonium sulfate additions. Ecol Appl 5:802-12.

Corona P, Ferrara A, La Marca O. 1989. Un sistema di misura
delle ampiezze anulari: il dendrocronografo ““Smil 3”. L'Italia
Forestale e Montana 5:391-404.

Dail DB, Hollinger DY, Davidson EA, Fernandez I, Sievering HC,
Scott NA, Gaige E. 2009. Distribution of nitrogen 15-tracers
applied to the canopy of a mature spruce-hemlock stand,
Howland, Maine, USA. Oecologia 160:589-99.

De Schrijver A, Verheyen K, Mertens J, Staelens J, Wuyts K,
Muys B. 2008. Nitrogen saturation and net ecosystem pro-
duction. Nature 451:E1.

De Vries W, Reinds GJ, Gundersen P, Sterba H. 2006. The impact
of nitrogen deposition on carbon sequestration in European
forests and forest soils. Glob Change Biol 12:1151-73.

De Vries W, Solberg S, Dobbertin M, Sterba H, Laubhahn D,
Reinds GJ, Nabuurs GJ, Gundersen P, Sutton MA. 2008.
Ecologically implausible carbon response? Nature 451:E1-3.



T. Gentilesca and others

De Vries W, Solberg S, Dobbertin M, Laubhann D, van Oijen M,
Evans C, Gundersen P, Kros J, Wamelink GWW, Reinds GJ,
Sutton MA. 2009. The impact of nitrogen deposition on car-
bon sequestration by European forests and heathlands. For
Ecol Manag 258:1814-23.

Dezi S, Medlyn BE, Tonon G, Magnani F. 2010. The effect of
nitrogen deposition on forest carbon sequestration: a model-
based analysis. Glob Change Biol 16:1470-86.

Dore AJ, Vieno M, Tang YS, Dragosits U, Dosio A, Weston KJ,
Sutton MA. 2007. Modelling the atmospheric transport and
deposition of sulphur and nitrogen over the United Kingdom
and assessment of the influence of SO, emissions from
international shipping. Atmos Environ 41:2355-67.

Dore AJ, Kryza M, Hall JR, Hallsworth S, Keller VJD, Vieno M,
Sutton MA. 2012. The influence of model grid resolution on
estimation of national scale nitrogen deposition and exceed-
ance of critical loads. Biogeosciences 9:1597-609.

Emmett BA, Brittain SA, Hughes S, Gorres J, Kennedy V, Norris
D, Rafarel R, Reynolds B, Stevenson PA. 1995a. Nitrogen
addition NaNOs; and NH4;NO; at Aber forest, Wales: 1. Re-
sponse of throughfall and soil water chemistry. For Ecol
Manag 71:45-59.

Emmett BA, Brittain SA, Hughes S, Kennedy V. 1995b. Nitrogen
additions NaNO5 and NH4NO; at Aber forest, Wales: II. Re-
sponse of trees and soil nitrogen transformations. For Ecol
Manag 71:61-73.

Emmett BA, Reynolds B, Silgram M, Sparks TH, Woods C. 1998.
The consequences of chronic nitrogen additions on N cycling
and soilwater chemistry in a Sitka spruce stand, North Wales.
For Ecol Manag 101:165-75.

Gaige E, Dail DB, Hollinger DY, Davidson EA, Fernandez 1J,
Sievering H, White A, Halteman W. 2007. Changes in canopy
processes following whole-forest canopy nitrogen fertilization
of a mature spruce-hemlock forest. Ecosystems 10:1133-47.

Galloway JN, Dentener FJ, Capone DG. 2004. Nitrogen cycles:
past, present, and future. Biogeochemistry 70:153-226.

Gruber N, Galloway J. 2008. An Earth-system perspective of the
global nitrose cycle. Nature 451:293-6.

Guerrieri R, Mencuccini M, Sheppard LJ, Saurer M, Perks MP,
Levy P, Sutton MA, Borghetti M, Grace J. 2011. The legacy of
enhanced N and S deposition as revealed by the combined
analysis of 6'°C, §'®0 and 6'°N in tree rings. Glob Change Biol
17:1946-62.

Hallsworth S, Sutton MA, Dore AJ, Dragosits U, Tang YS, Vieno
M. 2010. The role of indicator choice in quantifying the
ammonia threat to the ‘“Natura 2000” network. Environ Sci
Policy 13:671-87.

Hogberg P, Fan H, Quist M, Binkley D, Tamm OC. 2006. Tree
growth and soil acidification in response to 30 years of
experimental nitrogen loading on boreal forest. Glob Change
Biol 12:489-99.

Holmes RL. 1983. Computer assisted quality control in tree-ring
dating and measurement. Tree Ring Bull 43:69-78.

Hyvonen R, Persson T, Andersson S, Olsson B. 2008. Impact of
long-term nitrogen addition on carbon stocks in trees and soils
in northern Europe. Biogeochemistry 89:121-37.

Ingerslev M, Malkonen E, Nielsen P, Nohrstedt HO, Oskarsson
H, Raulund-Rasmussen K. 2001. Main findings and future
challenges in forest nutritional research and management in
the Nordic countries. Scand J For Res 16:488-501.

Janssens IA, Luyssaert S. 2009. Carbon cycle: nitrogen’s carbon
bonus. Nat Geosci 2:318-19.

Janssens 1A, Dieleman W, Luyssaert S, Subke JA, Reichstein M,
Ceulemans R, Ciais P, Dolman AJ, Grace J, Matteucci G, Pa-
pale D, Piao SL, Schulze ED, Tang J, Law BE. 2010. Reduction
of forest soil respiration in response to nitrogen deposition.
Nat Geosci 844:315-22.

Lamarque JF, Bond TC, Eyring V. 2010. Historical (1850-2000)
gridded anthropogenic and biomass burning emissions of
reactive gases and aerosols: methodology and application.
Atmos Chem Phys 10:7017-39.

Leonardi S, Gentilesca T, Guerrieri R, Ripullone F, Magnani F,
Mencuccini M, Van Noje T, Borghetti M. 2012. Assessing the
effects of nitrogen deposition and climate on carbon isotope
discrimination and intrinsic water-use efficiency of angio-
sperm and conifer trees under rising CO, conditions. Glob
Change Biol 18:2925-44.

Levy PE, Hale SE, Nicoll BC. 2004. Biomass expansion factors
and root:shoot ratios for coniferous tree species in Great
Britain. Forestry 77:421-30.

Magill AH, Downs MR, Nadelhoffer KJ, Hallett RA, Aber JD.
1996. Forest ecosystem response to four years of chronic ni-
trate and sulfate additions to Bear Brooks Watershed, Maine,
USA. For Ecol Manag 84:29-37.

Magill AH, Aber JD, Currie WS, Nadelhoffer KJ, Martin ME,
McDowell WH, Melillo JM, Steudler P. 2004. Ecosystem re-
sponse to 15 years of chronic nitrogen additions at the Harward
Forest LTER, Massachussets, USA. For Ecol Manag 196:7-28.

Magnani F, Mencuccini M, Borghetti M, Berbigier P, Berninger
F, Delzon S, Grelle A, Hari P, Jarvis PG, Kolari P, Kowalski AS,
Lankreijer H, Law Beverly E, Lindroth A, Loustau D, Manca
G, Moncrief JB, Rayment M, Tedeschi V, Valentini R, Grace J.
2007. The human footprint in the carbon cycle of temperate
and boreal forests. Nature 447:848-50.

Makipa R. 1995. Sensitivity of understory vegetation to nitrogen
and sulphur deposition in a spruce stand. Ecol Eng 10:87-95.

Malkonen E. 1990. Estimation of nitrogen saturation on the basis
of long-term fertilization experiments. Plant Soil 128:75-82.

Matejko M, Dore AJ, Hall J, Dore CJ, Blas M, Kryza M, Smith R,
Fowler D. 2009. The influence of long term trends in pollutant
emissions on deposition of sulphur and nitrogen and
exceedance of critical loads in the United Kingdom. Environ
Sci Policy 12:882-96.

McAndrew DW, Malhi SS. 1992. Long-term N fertilization of a
solonetzic soil: effects on chemical and biological properties.
Soil Biol Biochem 24:619-23.

McNulty SG, Aber JD, Newman SD. 1996. Nitrogen saturation in
a high elevation spruce-fir stand. For Ecol Manag 84:109-21.

Melin J, Nommik H, Lohm U, Flower-Ellis J. 1983. Fertilizer
nitrogen budget in a Scots pine ecosystem attained by using
root-isolated plots and15N tracer technique. Plant Soil 74:
249-63.

Minunno F, Xenakis G, Perks M, Mencuccini M. 2010. Cali-
bration and validation of a simplified process-based model for
the prediction of the carbon balance of Scottish Sitka spruce
plantations. Can J For Res 40:2411-26.

Nadelhoffer KJ, Colman BP, Currie WS, Magill A, Aber JD. 2004.
Decadal-scale fates of 15N tracers added to oak and pine
stands under ambient and elevated N inputs at the Harvard
Forest (USA). For Ecol Manag 196:89-107.

Neirynck J, Kowalski AS, Carrara A, Genouw G, Berghmans P,
Ceulemans R. 2007. Fluxes of oxidised and reduced nitrogen
above a mixed coniferous forest exposed to various nitrogen
emission sources. Environ Pollut 149:31-43.



Effects of Long-Term Nitrogen Addition and Atmospheric Nitrogen Deposition

Norby RJ. 1998. Nitrogen deposition: a component of global
change analyses. New Phytol 139:189-200.

Petterson F. 1994. Predictive functions for impact of nitrogen
fertilization on growth over five years, Report no. 3. Uppsala:
The forestry research institute of Sweden.

Phoenix GK, Emmett BA, Britton AJ, Caporn SJN, Dise NB,
Helliwell R, Jones L, Leake JR, Leith ID, Sheppard LJ, Sow-
erby A, Pilkington MG, Rowe EC, Ashmore MR, Power SA.
2012. Impacts of atmospheric nitrogen deposition: responses
of multiple plant and soil parameters across contrasting eco-
systems in long-term field experiments. Glob Change Biol
18:1197-215.

Pregitzer KS, Burton AJ, Zak DR, Talhelm AF. 2008. Simulated
chronic nitrogen deposition increases carbon storage in
Northern Temperate forests. Glob Change Biol 14:142-53.

Pyatt DG, Suarez JC. 1997. An ecological site classification for
forestry in Great Britain: with special reference to Grampian.
Edinburgh: Scotland Forestry Commission.

Pyatt DG, Ray D, Fletcher J. 2001. An ecological site classifica-
tion for forestry in Great Britain. Bulletin 124. Edinburgh:
Forestry Commission.

Ray D. 2001. Ecological site classification. A Pc-based decision
system for British forests. Edinburgh: Forestry Commission.
Reay DS, Dentener F, Smith P, Grace J, Feely RA. 2008. Global
nitrogen deposition and carbon sinks. Nat Geosci 1:430-7.
Schlesinger WH. 2009. On the fate of anthropogenic nitrogen.

Proc Natl Acad Sci USA 106:203-8.

Schultz MG, Backman L, Balkanski Y et al. 2007. REanalysis of the
TROpospheric chemical composition over the past 40 years
(RETRO): a long-term global modeling study of tropospheric
chemistry. Hamburg: Jiillich GmbH. ISSN 1614-1199.

Sheppard LJ, Crossley A, Ingleby K, Woods C. 2008. Implications
of acidified S inputs on the fate and consequences of N
deposition: results from a field manipulation of a Sitka spruce
canopy in southern Scotland. Int J Environ Stud 65:411-32.

Siefert A. 2005. Effects of changes in canopy cover on under-
story vegetation in the Long Island Pine Barrens. Brookhaven
(NY): Pine Barrens Research Forum.

Sievering H, Tomaszewski T, Torizzo J. 2007. Canopy uptake of
atmospheric N deposition at a conifer forest Part —Canopy N
budget, photosynthetic efficiency and net ecosystem ex-
change. Tellus B 59:483-92.

Smith RI, Fowler D, Sutton MA, Flechard C, Coyle M. 2000.
Regional estimation of pollutant gas deposition in the UK:
model description, sensitivity analyses and outputs. Atmos
Environ 34:3757-77.

SPSS Inc. 2008. SPSS advanced models, version 17. Chicago:
SPSS Inc.

Sutton MA, Simpson D, Levy PE, Smith RI, Reis S, Van Oijen M,
De Vries W. 2008. Uncertainties in the relationship between
atmospheric nitrogen deposition and forest carbon seques-
tration. Glob Change Biol 14:1-7.

Thomas S, Halpern CB, Falk DA, Liguori DA, Austin KA. 1999.
Plant diversity in managed forests: understory responses to
thinning and fertilization. Ecol Appl 9:864-79.

Thomas RQ, Canham CD, Weathers KC, Goodale CL. 2010. In-
creased tree carbon storage in response to nitrogen deposition
in the US. Nat Geosci 3:13-17.

Van Aardenne JA, Dentener FJ, Olivier JGJ, Klein Goldewijk
CGM, Lelieveld J. 2001. A 1° x 1° resolution data set of his-
torical anthropogenic trace gas emissions for the period
1890-1990. Glob Biogeochem Cycles 15:909-28.

Vieno M, Dore AJ, Bealey WJ, Stevenson DS, Sutton MA. 2010.
The importance of source configuration in quantifying foot-
prints of regional atmospheric sulphur deposition. Sci Total
Environ 408:985-95.

Wright RF, Tietema A. 1995. Ecosystem response to 9 years of
nitrogen addition at Sogndal, Norway. For Ecol Manag
71:133-42.

Zerva A, Mencuccini M. 2005. Carbon stock changes in a peaty
gley soil profile after afforestation with Sitka spruce Picea
sitchensis. Ann For Sci 62:1-8.



	Effects of Long-Term Nitrogen Addition and Atmospheric Nitrogen Deposition on Carbon Accumulation in Picea sitchensis Plantations
	Abstract
	Introduction
	Materials and Methods
	Experimental Forest Stands and Nitrogen Addition
	Measurement of Trees and Stand Biomass
	Understory Vegetation and Soil
	Atmospheric N Deposition
	Site Productivity Estimates
	Statistical Analyses

	Results
	Atmospheric N Deposition
	Aboveground Carbon Stock and Foliar Nutrient Concentration
	Understory Vegetation, Litter, and Soil
	Temporal Responses of Aboveground C Stock to N Addition and N Deposition

	Discussion
	Aboveground Carbon Stocks and Foliar Nutrient Concentrations
	Understory Vegetation, Litter, and Soil
	Temporal Responses of Aboveground C Stocks to N Addition and N Deposition

	Conclusions
	Acknowledgments
	References


