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Nitrogen (N) is an essential nutrient for plant growth that constrains the
fixation and storage of carbon (C) in many ecosystems. Understanding how
environmental change, especially increasing N deposition, carbon dioxide
concentrations, and soil temperature, alters the N limitation of forest growth is critical
for accurately predicting future C storage and climate change. Accurate predictions
depend on developing a historical and present day evaluation of N controls on C
storage and using this knowledge to assess and improve global models.

In this dissertation, I first demonstrate that N deposition has increased C
storage in trees during the 1980s and 1990s across the northeastern U.S. Second, I
show how integrating four different observational and experimental datasets (N
fertilization experiments, N deposition gradients, "N tracer studies, and small
catchment N budgets) provide unique insights for testing and improving Earth System
models. By comparing model output to globally-distributed N fertilization
experiments, I demonstrate that two prominent Earth System models (the CLM-CN
and O-CN) differ widely in their sensitivity to step increases in N fertilization. Third,
a separate analysis focused on the CLM-CN found that the model was not sensitive
enough to N deposition in comparison to historical N deposition data. By comparing

CLM-CN output to both "°N tracer studies and small catchment N budgets, I show that



the low response to N deposition is partially due to low ecosystem retention of N.
Model improvements to the CLM-CN that decreased photosynthesis and introduced a
more closed N cycle (i.e., lower N inputs relative to internal cycling) increased
ecosystem retention of N, decreased the productivity response to N fertilization, and
increased the productivity response to N deposition, thereby yielding much more
similar model predictions to observations.

Overall, this dissertation increases our knowledge of how N deposition
influences C storage and is the first to explicitly benchmark C and N interactions in
Earth System models using a range of observations. In addition, my work sets a
foundation for estimating the impact of N cycling on climate and creates a framework

for future evaluations of Earth System models.



BIOGRAPHICAL SKETCH

Robert Quinn Thomas was born to Jane and Frank Thomas and raised in the
coastal North Carolina city of Wilmington. Numerous family trips camping, hiking,
canoeing, and exploring forests helped develop Quinn’s passion for the outdoors. One
particular week-long backpacking trip during his childhood foreshadowed his future
research direction. As he and his dad were hiking on the Appalachian Trail between
Wayah Gap and Fontana Dam, NC, Quinn commented about how wonderful it was
that these forests were preserved and that generations will be able to enjoy this hike.
Though discussions with his dad over the subsequent miles of the hike, Quinn began
to understand that the world is changing, as it became clear that despite being
preserved, these forests were under pressure from atmospheric pollution, climate
change, and pests.

Quinn graduated from John T. Hoggard High School in 2001 and attributes his
embrace of nerdiness to his Advanced Placement Chemistry teacher Mr. Mac.
Quinn’s extra-circular activities focused on running, highlighted by a 3* place finish
in the mile run at the N.C. state championship meet, and the Boy Scouts of America,
where he earned the Eagle Scout Award.

With the support of his parents, Quinn left the warm comfort of the South to
venture to the North to attend Dartmouth College in Hanover, New Hampshire. At
Dartmouth, Quinn was four-year member of the varsity cross country, indoor track,
and outdoor track teams. Running the Hanover area was paradise with miles of trails

and dirt roads. When not training, racing, or recovering, Quinn pursued his degree in

11



Environmental and Evolutionary Biology. As part of his major, Quinn spent ten
weeks in Costa Rica and Jamaica on Dartmouth’s Foreign Study Program in Biology.
Of all the topics studied on the trip, forest dynamics and carbon cycling most
captivated Quinn’s interest, especially the dynamics of big, majestic trees. The Costa
Rica trip led to an undergraduate honors thesis in David Peart’s lab studying tropical
forest dynamics using remote sensing. His thesis work set the stage for his current
research that investigates forest dynamics from a quantitative perspective. While
working in David’s lab, Quinn met James Kellner, a second year graduate student.
Jim’s guidance and advice was the springboard into a career as an ecological scientist,
and has had lasting impacts on Quinn’s development as a scientist. Quinn graduated
from Dartmouth College in 2005 with high honors in his major.

After finishing at Dartmouth, Quinn pursued a Masters of Science in Natural
Resources at the University of New Hampshire. His desire to study forest dynamics
from a “big picture” perspective led him to George Hurtt’s research group in the
Complex Systems Research Center. While working with George, Quinn’s quantitative
skills expanded by working with ecosystem models, especially the Ecosystem
Demography model. Quinn’s thesis combined remote sensing tools, specifically Lidar
remote sensing, with his new skills in ecosystem modeling to improve carbon stock
and flux estimates in the White Mountains of New Hampshire. Beyond working with
George, Quinn’s interactions with Scott Ollinger piqued his interested in the forest
nitrogen cycle and gave an example of how to excel at combining field-based
research, remote sensing, and modeling to address important environmental change

issues.
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Quinn’s interest in forest nitrogen cycling led him to Christy Goodale’s lab at
Cornell. Through working in Christy’s lab, Quinn’s view of forest ecosystems
widened, with exposure to topics ranging from soil biogeochemistry to global carbon
cycling. The professional development opportunities at Cornell, especially through
the Biogeochemistry and Environmental Biocomplexity Program, introduced Quinn to
many of the skills needed to succeed as a scientist and educator. During his time at
Cornell, Quinn spent two pivotal summers at as visiting graduate student at the
National Center for Atmospheric Research in Boulder, CO.

After completing his Ph.D., Quinn will begin a one-year postdoctoral position
at the National Center for Atmospheric Research, working with Gordon Bonan. He
will also be an honorary fellow in the Center for Climatic Research at University of
Wisconsin as part of Ankur Desai’s lab group. In August 2013, Quinn will begin as
an Assistant Professor of Forest Dynamics and Ecosystem Modeling in the
Department of Forest Resources and Environmental Conservation at Virginia Tech in

Blacksburg, VA.
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CHAPTER 1
INCREASED TREE CARBON STORAGE IN RESPONSE TO NITROGEN
DEPOSITION IN THE US!

Human activities have greatly accelerated emissions of both carbon dioxide
and biologically reactive nitrogen to the atmosphere (Galloway et al. 2004, Denman et
al. 2007). As nitrogen availability often limits forest productivity (LeBauer and
Treseder 2008), it has long been expected that anthropogenic nitrogen deposition
could stimulate carbon sequestration in forests (Melillo and Gosz 1983). However,
spatially extensive evidence for deposition- induced stimulation of forest growth has
been lacking, and quantitative estimates from models and plot-level studies are
controversial (Magnani et al. 2007, de Vries et al. 2008, Magnani et al. 2008, Reay et
al. 2008, Sutton et al. 2008, Janssens and Luyssaert 2009). Here, we use forest
inventory data to examine the impact of nitrogen deposition on tree growth, survival
and carbon storage across the northeastern and north-central USA during the 1980s
and 1990s. We show a range of growth and mortality responses to nitrogen deposition
among the region’s 24 most common tree species. Nitrogen deposition (which ranged
from 3 to 11 kg ha™' yr ') enhanced the growth of 11 species and decreased the growth

of 3 species. Nitrogen deposition enhanced growth of all tree species with arbuscular

' Reprinted by permission from Nature Geoscience (Thomas, R Q, C. D. Canham, K.
C. Weathers, and C. L. Goodale. 2010. Increased tree carbon storage in response to
nitrogen deposition in the US. Nature Geoscience 3:13—17). Copyright 2010, Nature

Publishing Group



mycorrhizal fungi associations. In the absence of disturbances that reduced carbon
stocks by more than 50%, above-ground biomass increment increased by 61 kg of
carbon per kg of nitrogen deposited, amounting to a 40% enhancement over pre-
industrial conditions. Extrapolating to the globe, we estimate that nitrogen deposition
could increase tree carbon storage by 0.31 Pg carbon yr .

During the 1990s, terrestrial ecosystems in the Northern Hemisphere absorbed
approximately 1.7 Pg carbon (C) yr ', or ! 25% of the emissions from fossil fuel
combustion (6.4 Pg C yr—1; Denman et al. 2007). The causes of this sink have not
been quantitatively partitioned, but proposed mechanisms include forest regrowth and
forest growth enhancement from climate change, CO, fertilization, changes in forest
management and nitrogen (N) deposition (Denman et al. 2007, Reay et al. 2008).
Identifying the mechanisms that control this C sink is critical for managing and
predicting its future behaviour. Estimates of the magnitude of N deposition effects on
global forest C balance vary greatly, with recent controversy (Magnani et al. 2007, de
Vries et al. 2008, Magnani et al. 2008, Sutton et al. 2008, Janssens and Luyssaert
2009) particularly focused on the plausibility of a large N-induced C sink reported for
20 (mostly European) chronosequences (>200 kg C for each kilogram of N deposited;
Magnani et al. 2007, 2008).

Global biogeochemical models estimate that forest C sinks from N deposition
range from 0.24 to 2.0 Pg C yr ' (Townsend et al. 1996, Holland et al. 1997, Thornton
et al. 2007). In contrast, an analysis of forest inventory data from five US states
discerned little growth enhancement resulting from any environmental change over the

past century (Caspersen et al. 2000). Plot-level '°N tracer experiments show that most



added N is retained in soil rather than trees, leading to estimates alfl &lsnduced
forest C sink0.14 Pg C yr'in trees; 0.25 Pg C Ykin trees + soil; Nadelhoffer et al.
1999) Long-term fertilization studies show that N additions can provide modest
growth enhancemen(slyvonen et al. 2008)ut that N saturation can induce
mortality, which decreases C storage in live bionf®&mill et al. 2004, Wallace et al.
2007)castingsome doubt on botthe magnitude and the direction, of future forest C
responsesSpatial covariation between N deposition and patterns of tropospheric
ozone and sulphur pollution may further offseinfduced growth enhaement
(Ollinger et al. 2002) Here, ve use spatially extensive forest inventory data to discern
the effect of N deposition on the growth and survival of the 24 most common tree
species of the northeastern and nadhtral US, as well as the effect of N deposition
on C sequestration in treasross the breadth of the northeastern US.

Speciedevel responses to N deposition are critical to projections of how tree
communities will change as a result of a range of factors, including succession,
climate change and hespecific pestg§Lovett et al. 2006) Individual tree growth
responded to N deposition for 14 of the 24 species examined; however, the direction,
shape and magnitude of the response varied by species (Fig. 1, Tabteeb) .of the
four most abundant speciescer rubrum A. saccharunandQuercts rubra showed
strong positive growth responses (>4% increase in C increment per kg ' ha
The largest growth enhancementsEll®% per kg N hd yr'Y) occurred in
Liriodendron tulipiferaandPrunus serotinatwo valuable timber species.

Mycorrhizal
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Table 1. Speciesicluded in the analysis of individual growth and survival, with common names, sar
size, ecological attributes, and results of AIC analysis.

Growth
I AIC %
Size, Mean growth
I AIC climate, predicted | change
Size and growth per kg
Common | Sample| % Ecological | and nitrogen rate (kg C| N ha
Species Abbr. | name Size* | abundance Attributes | climate | deposition| R? yrh) yrt
Abies Abba | balsam 5650 3.3 EM, EC 6.79 0 0.22 10.15 12.3
balsamea fir
Acer rubrum | Acru | red 23047 13.6| AM,DH | 277.29 0 0.49 18.39 6.3
maple
Acer Acsa | sugar 18480 10.9| AM,DH 65.47 0 0.35 16.04 4.2
saccharum maple
Betula Beal | yellow 3889 2.3 EM, DH 0 16.53| 0.25 10.29
alleghaniensis birch
Betula lenta | Bele | black 2895 1.7 EM, DH 0 58.56| 0.47 14.58
birch
Betula Bepa | paper 4393 2.6 EM, DH 0 0.61 0.26 7.42
papyrifera birch
Carya glabra | Caga | pignut 2554 15 EM, DH 11.51 0 0.55 16.69 7.2
hickory
Fagus Fagr | American 6697 3.9 EM, DH 0 199.49| 0.59 15.02
grandifolia beech
Fraxinus Fram | white ash 6538 39| AM,DH 16.03 0 0.5 18.15 13.0
americana
Liriodendron | Litu | tulip 6179 36| AM,DH | 130.16 0 0.56 29.79 16.0
tulipifera poplar
Pinus Pire | red pine 3333 2.0 EM, EC 62.55 0 0.31 10.82 -9.0

resinosa




Picea rubens | Piru | red 2930 1.7 EM, EC 26.66 0 0.26 7.18 -0.1
spruce

Pinus strobus| Pist | white 8272 4.9 EM, EC 0.44 0 0.32 11.69 0.9
pine

Populus Pogr | quaking 3233 1.9 EM, DH 0 32.78| 0.34 14.50

grandidentata aspen

Populus Potr | trembling 5462 3.2 EM, DH 31.48 0 0.39 16.30 3.4

tremuloides aspen

Prunus Prse | black 6585 39| AM,DH 41.41 0 0.54 24.41 18.0

serotina cherry

Quercus alba | Qual | white oak| 12130 7.1 EM, DH 0 127.03| 0.66 15.23

Quercus Quco | scarlet 2406 1.4 EM, DH | 157.605 0 0.63 22.81 14.4

coccinea oak

Quercus Qupr | chestnut 8318 4.9 EM, DH 0 192.24| 0.62 16.06

prinus oak

Quercus Quru | red ok 11861 7.0 EM, DH | 137.79 0 0.66 22.16 8.3

rubra

Quercus Quve | black oak 7328 4.3 EM, DH 0 237.11| 0.61 23.86

velutina

Thuja Thoc | white 6512 3.8 EM, EC 43.25 0 0.31 6.08| -0.01

occidentalis cedar

Tilia Tiam | basswood 3450 2.0 EM, DH 0 3.27 0.48 14.51

americana

Tsuga Tsca | Eastern 7676 4.5 EM, EC 0 5.59 0.47 11.38

canadensis hemlock

The ecological attributes include mycorrhizal association (arbuscular (AM) versus ecto (EM) mycorrhizal) and plant fur
type (deciduous hardwood (DH) versus evergreen aofi€)). The model comparison from likelihood analysis of individu
tree annual abovground carbon increment (growth) and figear survival rate for the 24 most common tree species is shq
along with the % response per kg ha' ! of extra N depositin. Species acronyms are given for reference to the legends ¢
figures. AIC is the difference between the AIC of the best modeAlC = 0) and alternative models; a larger AIC indicates
poorer model fit. Goodness of fit (B is reported for thedst model.The climate effect included the most parsimonious mo
of annual mean temperature and precipitation, either one alone, or neither, as indicated by differences in AIC.

*Number of stems used in the analysis of survival (that is, alive at tleedfithe first census and not harvested or missing a

the time of the second census).

Assumes a linear response between the minimum and maximum nitrogen deposition observed for that species.




Table 1. Continued, survival response

Survival
I AIC I AIC % 5-yr survival rate
Size and | Size, climate, and | Mean predicted5 | change per kg N ha
Species climate nitrogen deposition | yr survival rate yrt
Abies 144.4 0 0.52 0.06
balsamea
Acer rubrum 8.33 0 0.97 0.19
Acer 0 181 0.98
saccharum
Betula 5.97 0 0.93 -0.68
alleghaniensis
Betula lenta 0 0.94 0.97
Betula 12.92 0 0.91 0.11
papyrifera
Carya glabra 0 2.87 0.97
Fagus 0 19.28 0.97
grandifolia
Fraxinus 0 1.7 0.96
americana
Liriodendron 0 4.26 0.98
tulipifera
Pinus 0 3.16 0.99
resinosa
Picearubens 0 11.38 0.92
Pinus strobus 21.68 0 0.97 -0.08
Populus 6.7 0 0.92 -0.94
grandidentata
Populus 17.21 0 0.85 -1.30

tremuloides




Prunus 10.82 0 0.97 1.47
serotina

Quercus alba 0 0.73 0.98

Quercus 14.66 0 0.93 -1.67
coccinea

Quercus 4.82 0 0.95 -0.57
prinus

Quercus 3.17 0 0.98 -0.24
rubra

Quercus 0 3.16 0.95

velutina

Thuja 0 2.95 0.94

occidentalis

Tilia 0.04 0 0.97 -0.39
americana

Tsuga 0 1.47 0.98

canadensis




association may also influence the response to N deposition, as all inestode
species with arbuscular mycorrhizal associations responded posifieelyrgbrum,
Unlike ectomycorrhizal fungi, arbuscular mycorrhizal fungi are unable to produce
enzymes that break down soil organi¢@halot and Brun 1998jhus trees with
arbuscular associations may be more likely to benefit from increased availability of
soil inorganic N associated with N deposition.

All three of the species with net negative growth responsesewvergreen
conifers Pinus resinosa, Picea rubens, Thuja occidenfalihe species with the
largest decline in growth (9% decrease per kg Nyra') wasPinus resinosaa
species shown to respond negatively to chronic N fertilization in ateyng N
addition experiment in central Massachug@fagill et al. 2004) The decline in
growth observed hercould be due to a range of factors, includinppéluced leaching
of soil base cation@ber et al. 1998)increased vulnerability to secondary stressors
(drought, insects) or suppression by more competitive sp@taegier et al. 2009)

The net eféct of N deposition on tree C stocks depends on not only the growth
responses but also the mortality resporideleposition influenced the survivorship of
11 of the 23 species examined (Fig. 1 and Table 1); three species showed increased
survivorship anceight showed decreased survivorship across the range of N
deposition. All eight of the species showing decreased survivorship had
ectomycorrhizal associations (Table 1), further suggesting that mycorrhizal association
influences tree species response telosition. The growth and lifespan of two tree

species with arbuscular mycorrhizal associafibRsunus serotinandAcer



0]

Table 2. AAIC and goodness of fit (R) from the likelihood analysis of plot-level annual aboveground
carbon increment and annual aboveground carbon increment of the trees that survived the measurement
period. N is the sample size. AAIC is the difference between the AIC of the best model (AAIC=0) and
alternate models. R” is reported for the best model. NP is the number of parameters in the best model
(including any parameters estimated for the error term).

AAIC AAIC
size, size, temperature,
Disturbance | Sample temperature, | precipitation, and

Plot-level response variable exclusion size precipitation | nitrogen NP | R’ C:N Ratio
Surviving tree growth none 4817 32.83 0 9 0.47 | 68:1
Net annual aboveground >50% net
carbon increment biomass lost | 4686 4.15 0 9 0.08 | 61:1
Net annual aboveground
carbon increment none 4817 2.75 0 9 0.06 |0

AAIC is the difference between the AIC of the best model (AAIC = 0) and alternative models. R” is reported for the best
model. NP is the number of parameters in the best model (including any parameters estimated for the error term).




rubrum—increased with N deposition; P. serotina showed especially large changes in
both. No species showed reduction in both growth and survivorship.

At the stand level, the growth by all trees that survived the remeasurement
period increased across the observed range of N deposition (3-11 kg C ha™' yr '; Fig.
2a and Table 2). The fertilization effects of N on tree growth presumably drove this
relationship. Considering both growth and mortality responses while excluding major
disturbance (that is, excluding plots that lost more than 50% of the C stock over the
measurement period), annual net above-ground C increment increased nearly linearly
(5.5% increase per kg N ha ' yr ') over the observed range of N deposition (Fig. 2b
and Table 2). This response is steeper (5.5% versus 1.5%) than observed for two
conifer species in 363 European plots spanning a larger range of N deposition (Solberg
et al. 2009), perhaps owing to a greater responsiveness at the lower N deposition
values observed in this study. However, the relationship between net C increment and
N deposition is not present if all levels of disturbance are considered, as the variability
induced by large stochastic mortality events obscured the effects of N on growth (Fig.
2a). As the response was nearly linear, there was no evidence for N saturation at the
stand level at the rates of N deposition observed in this data set, although it may occur
at higher rates of N deposition (Aber et al. 1998). At the species level, some species
showed decreased growth or decreased survivorship at the higher levels of N
deposition, suggesting that these species may be more sensitive than others to the
deleterious effects of N inputs, as well as other pollutants that co-vary with N

deposition (Fig. 1). N deposition explained a small amount of variation in growth,

survivorship and C gain across the region, indicating that many factors affect forest C
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Figure 2. Annual above-ground carbon increment increases with nitrogen deposition.
a,b, The relationship between total (wet + dry) inorganic N deposition and annual
above-ground growth of surviving trees (a) and net annual above-ground carbon
increment (excluding plots with >50% loss of carbon stocks) (b) at the plot level. The
per cent enhancement uses preindustrial N deposition (1 kg N ha—1 yr—1 )asa
baseline and a linear extrapolation of the response. The mean annual N deposition (6.9
kg N ha—1 yr—1) estimated for the forest inventory data is shown with the arrows.

Two-unit support intervals are plotted as grey-dashed lines.
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balance. Nonetheless, the statistical analyses provide strong support for a N effect on
regional forest C gain in addition to the effect of climate alone (Table 2). Averaged
across all plots in the 13-state subset of our study area, anthropogenic N deposition, in
the absence of major disturbance, enhanced above-ground C increment in trees by
40% (37-47%:; two-unit support interval, approximately a 95% confidence interval in
a likelihood framework) over preindustrial conditions (calculated using a linear
extrapolation to an assumed preindustrial inorganic N deposition of approximately 1
kg ha ' yr ' (Galloway et al. 2004). This response is integrative in that it includes the
direct effects of N deposition on tree growth through soil fertilization, foliar N uptake
and other potential interactions between N deposition and other environmental
changes, including CO; fertilization. It greatly exceeds the <2% growth enhancement
deduced from biomass and age information from similar inventory data from fewer
states (Caspersen et al. 2000) , although others have highlighted uncertainties in that
previous analysis (Joos et al. 2002). It also exceeds the 23% enhancement of net
primary production anticipated for the year 2050 from a doubling of atmospheric CO,
over preindustrial levels, as estimated using free-air CO; enrichment studies (Norby et
al. 2005).

This enhancement of above-ground C storage (Fig.2b) averaged 61 kg C ha™'
yr ' per kg increase in N deposition (51-82 kg C ha™' yr ' per kg; two unit support
interval). This C/N response ratio does not include infrequently measured forms of N
deposition, such as NH;, NO and NO, gases, or organic N, nor does it include the
effects of N deposition on root biomass or soil C stocks, which may have important

influences on the sink (Reay et al. 2008, Janssens and Luyssaert 2009). Although
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variable, below-ground tree biomass often represents roughly 20% of above-ground
biomass (Jenkins et al. 2003). Therefore, the corresponding enhancement of total tree
C would be 73:1(61-98:1) kg C ha ' yr ' per kg ha™' yr"'. This ratio of C
sequestration per unit N deposition in tree C stocks exceeds ratios estimated from
European forest inventory data (20—40:1; above-ground C in trees; de Vries et al.
2008), partitioning inferred from plot-level °N tracer studies (25:1; C in trees;
Nadelhoffer et al. 1999) and plot-level fertilization studies in Scandinavia (—1 to 53:1;
Hyvonen et al. 2008). The ratio is substantially lower than the whole-ecosystem (net
ecosystem production) estimate of 200:1 derived from plot-level eddy flux tower and
chronosequence data (Magnani et al. 2007, 2008); a 127 kg C per kg of N response in
soils or dead wood would be needed to make up the difference between our tree
response and the 200:1 net ecosystem production response. Although the soil
response is highly uncertain, a recent review of Scandinavian N fertilization studies
demonstrated soil responses that ranged from 1 to 20:1 kg C per kg of N (Hyvonen et
al. 2008).

Globally, we estimate that N deposition could account for a 0.31(0.26-0.42) Pg
C yr ' sink into above-ground trees. This estimate of the global sink was calculated
by multiplying the C/N response measured in this study (61:1) by a conservative
estimate of total N deposition to forests (5.1 Tg N yr—1; Holland et al. 1997),
predominately in temperate regions. Similar stoichiometric-based approaches have
been used by others to obtain global estimates of the forest C sink attributed to N
depositionl (Schindler and Bayley 1993, Janssens and Luyssaert 2009). Although

there is uncertainty in applying a single C/N response to all temperate forests, such
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exercises illustrate the global-scale implications of reported growth enhancements.
Our estimate of a N-induced global C sink is greater.% enhancement than that
estimated using plot-level "°N tracers (0.14 Pg C yr—1 in trees; Nadelhoffer et al.
1999)and a recent global biogeochemical model (0.24 Pg C yr—1 in trees and soils;
Thornton et al. 2007). In contrast, our global C sink estimate is substantially lower
than the sinks in trees and soil predicted by earlier global biogeochemical models
(1.5-2.0 Pg C yr-1; Holland et al. 1997) or inferable from the 200:1 C/N response
reported for 20 intensive C monitoring sites (1.02 Pg C yr—1; Magnani et al. 2008).
The latter estimates imply that most of the terrestrial C sink (1.7 Pg C yr—1; Denman
et al. 2007) can be attributed to N deposition, despite evidence that land-use history
(Hurtt et al. 2002) has an important role.

Thus, we show that N deposition is an important mechanism contributing to C
sequestration within these temperate forests, but is unlikely to explain all of the
observed terrestrial C sink. Furthermore, forest response to N deposition depends on
the species present, and N deposition will probably influence future forest

demography by altering tree growth and survival.

Methods Overview

National forest inventories measure the growth and survival of individual trees,
and provide an invaluable opportunity for assessing patterns of regional C balance.
Here, we used forest inventory data for the 24 most common tree species occurring on
20,067 plots remeasured during the early 1980s to mid-1990s by the US Forest

Service Forest Inventory and Analysis (FIA) Program. The plots span a 19-state
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region bounded by Maine in the northeastern USA, to Virginia and Kentucky, and to
longitude 90! west in the states of Wisconsin and Illinois. We used a model-selection
approach to ask whether data on mean annual N deposition (wet NO; and NH," and
dry HNO3 gas and particulate NH, and NO3) improved models that predicted stand-
level C increment and species-specific growth and survivorship as a function of both
climate (mean annual temperature and precipitation) and C stocks at the beginning of
the measurement period. The stand-level analysis was carried out using all species on
a 13-state subset of the region that used fixed-radius plot designs (n = 4,817 plots); the
six states (Indiana, Illinois, Kentucky, Michigan, Virginia and Wisconsin) with
variable-radius plots were excluded. The stand-level analysis also excluded plots with
trees harvested between measurement periods.

We compiled a data set on tree growth in carbon, tree survival, plot-level net C
increment and plot-level C increment of living trees during the 1970s-1990s across
the northeastern and north-central US. For each plot, the mean annual temperature,
mean annual precipitation and mean annual total (wet + dry) inorganic (nitrate and
ammonium) nitrogen deposition for each plot were estimated using the geographic
location of the plot and spatially resolved data on temperature, precipitation and N
deposition (see Supplementary Information for more details). For each of the
independent variables (tree-level growth, tree-level survival, plot-level net C
increment and plot-level C increment of living trees), we solved for the maximum
likelihood estimates for model parameters in models that included the influence of
climate and tree size (or plot C stock) on the variable. The climate effect included

mean annual temperature, mean annual precipitation, or both, depending on which had
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the lowes Akaike Information Criterio(AIC; Burnham and Anderson 2PPand was
therefore the most parsimonious (that is, the best model fit for the fewest parameters).
To determine whether N deposition influenced the independent variables beyond that
of size and climate, we added a lognormal nitrogen deposition tehra tddel that
included size and climate, estimated the parameters using maximum likelihood and
compared the AIC between the models with and withoulf the model that included

N deposition had the lowest AIC, we used the model parameters to assesponsae

of the variable to N depositiorSupplementary Information provides further details on

the data sources, data compilation and models used in the analyses
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SUPPLEMENTAL INFORMATION

Methods

Compiling a regional dataset on individual tree growth and survival and étel

carbon increment

We compiled a dataset on tree growth and survival andedet C increment
using data collected through the US Rbr@ervice Forest Inventory and Analysis
(FIA) program. FIA methodology is in the process of being standardized nationwide,
but full censuses that use the national standard have not yet been completed for most
states.Therefore, we used data from the k&#b complete censuses in the-dt@ite
region from Maine to Wisconsisputh to Kentucky and Virginia (Supplementary
Table ). Field methods varied by state, and often from the first to the second census.
The variation from the first to second census gdlyarevolved changing plot size,
which permitted the use of tree remeasurement data in the smaller plot size. General
descriptions of FIA methods are available on the program website http://fia.fs.fed.us/.
Exact FIA plot locations are confidential by lawt we received true plot location
data from the U.S. Forest Service under a security agreement. See
http://nrs.fs.fed.us/fia/dat@ols/sds/ for information on rules about access to the
spatial location of the plotsThe plot location data were used tterpolate climate
and N deposition data at tpéot level from sources described belowhe

remeasurement periods varied by state and plot but the average period was 12.4 years.
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The FIA program measures all trees > 12.7 cm (5 inches) diameter at brghst hei
(DBH). We used the individual tree DBH measurements and spgosesfic

allometric equations that related C (assuming biomass is 50% C) to DBH to determine
the C stock of each tree at the time of each census |upptary Information Table

2; Jenkinset al. 2003) We used all trees in the -Kdate region that were alive and
greater than 12.7 cm DBH in both measurement periods for thieweegrowth

analysis. Annual growth rate was calculated by subtracting the C stock at the first
measurement frortine second measurement, and dividing by the time interval between
measurementsAll trees with annual diameter growth rates less ®©ab cm per year
were excluded because such large negative growth rates are likely to be a product of
measurement error (5% of trees)We used all trees alive and >12.7 cm DBH in the
first measurement period for the individual tree survivorship analysis, excluding trees
that were harvested.

Annual net C increment for each plot was calculated by summing the C stock
of all living trees >12.7 cm in each period and subtracting the first from the second
measurement period before dividing by the length of the measurement plemiaail
C increment for the surviving trees was calculated by summing the carbon increment
for the indvidual trees that survived the measurement periat.the plotlevel
analysis, we used all plots without harvest from the 13 northeastern states (Maine to
Ohio, south to West Virginia and Maryland) only, because differences in methods for
the first and seond censuses in the 6 other states (lllinois, Indiana, Kentucky,
Michigan, Virginia, and Wisconsin) allowed accurate tracking of some but not all

trees within plots.Other studies have used a variety of methods to attempt to correct
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for the differences imethodology between states, but in our judgment those methods
introduceunacceptably high levels of error to the analySise analysis on the

surviving tree C increment used all dafidhe analysis on annual net C increment was
performed on all data anlde dataset with plots excluded based on the intensity of
mortality during the measurement periofe excluded plots based on the percentage
of C lost through mortality or undocumented harvesting during the remeasurement
period. We used a dataset that ind&d all plots and a dataset that excluded plots with
major disturbance, which we defined as having lost >50% of C during the

remeasurement period.

Nitrogen deposition data description

We estimated total (wet + dry) inorganic (nitrate and ammonium) nitroge
deposition to each of the 20,067 plots as follows:

Wet depositionAverage annual (based on 268004 data) wet inorganic
nitrogen (NQ-N and NH-N) deposition for each FIA plot was calculated as the
product of estimated average annual precipitatiorkaged (Weathers et al. 2008)
NOs-N and NH-N chemistry from National Atmospheric Deposition Program site
locations that bracketed our focal region (Table 1; http://nadp.sws.uiuc.edu/).
Precipitation data for each plot were estimated usidiméar interplation of 800 m
resolution PRISM climate datatfp://www.prism.oregonstate.edluf~or each plot,
we averaged the interpolated annual precipitation data for each of the individual years

that spanned the period from the initial to final census of a plot.
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Dry Deposition Dry inorganic N deposition (HN&N, particulate N@N and
NH4-N) for each plot was calculated as the product of air concentrations, based on the
average of 2002004 CASTNET air chemistry data, and deposition velocities based
on vegetationaver, following the Clean Air Status and Trends Network (CASTNet)
protocols (http://www.epa.gov/castnetlhedry deposition velocities generated by
the CASTNet were specific to forest types and-t#a{dormant) and leabn
(growing) seasons, where thpwing season was 4@ay to 15 October and the rest
of the year was classified as dormant.

Each plot was classified into one of three forest types based on the relative
abundance of conifers vs. deciduous species in each plot, as follows: < 25% deciduous
= conifer, > 75% = deciduous, and 592 and < 75% deciduous = mixed (Weathers et
al. 2006)

For each chemical form, forest type (conifer, mixed, deciduous), and season
(dormant, growing), we estimated dry deposition as the product of the spatially
referened concentration raster and the vegetasipecific deposition velocity for the
cover type for the length of the entire season.

For each plot, total deposition was calculated as the sum of wet and dry

deposition. Atmospheric N deposition to these plotgedrfrom 311 kg N ha yr.

Climate data description
We compiled climate data (average annual mean temperature and average
annual precipitation) for each plot usinglibear interpolation of the 800m resolution

PRISM climate data (http://www.prism.om@ustate.edu/)We downloaded annual
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data for the period from the earliest to the latest census in the plot dataset, and then for
each plot did the Hinear interpolation using only data from the specific years
between the two censuses at that photerage annual mean temperature ranged from

1-16iC, and average annual precifiiia ranged from 750 to 2000 myn™.

Species level analysis methods

We tested a suite of alternate regression models to predict annual aboveground
C increment (CI, in units of kg @) of each of the 24 most common species in our
dataset.The basic form of the model included terms for potential C increment (PCI)
at optimal tree size, climate and N deposition, and multipliers that reduce potential C
increment as a function of subptimal tree size, climate (mean annual temperature
and precipitation during the specific census interval for a given plot), and nitrogen
deposition:

Cl=PCl ! Sizeeffect ! Climate effect ! Nitrogen effect (Equation 1)
We modeled the size effect as a power law function of biomass atsthe f

measurement period.

We modeled the nitrogen effect using a simple lognormal function that allows a range
of response shapes, including a monotonic increase, a monotonic decrease, and
humped responses.

| o.5"“"3In(Nitrogen Deposition/nl)f’;o

Nitrogen effect =e * "2 & (Equation 2)

28



We used model selection to determine the climate variables and their functional form
to include in the climate term (see belowye first determined the best model for
annual mean temperature choosing among power, lognormal and logistic Tdrens.
precipitation response was modeled using a lognormal funcfiba.climate effect
included the best model of annual mean temperature and precipitation, either one
alone, or neitherThe error term was normally distributed, but with a variance

proportianal to the mean, so the error was modeled as
I=N(0,"?), " =#¢ (Equation 3)
Where y is the predictedtalue for an observation, and and S were estimated

parametersWe solved for the maximum likelihood estimates for model parameters
using simulated annealing, a global parameter optimization procedure, with 50,000
iterations. We assessed tmeodel fit forgrowth using two metrics: the slope of the
relationship between predicted and observed, &nd’Re Akake Information

Criterion (AIC; Burnham and Anders@®02 was used to select the most
parsimonious model (i.e., the best model fit for the fewest petean). In particular,

we used AIC to assess whether incorporating the term for N deposition improved
models that predicted growth as function of tree size and climate.

Survival was modeled using a similar approach, but with a form of logistic
regressionn which the probability of 5 yr survival was modeled as function of a
potential survival rate (PSR), and the effects of size, climate, and nitrogen deposition,
with a lognormal nitrogen response (as in Equation 2) and a climate response as
described aboveThe size effect was modeled as a lognormal function of biomass at

first measurement period.
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Survival = PSR x Size effect x Climate effect x Nitrogen effect (Equation 4)

Since the response variable is categorical (a tree either lived or died), and the model is
already probabilistic (0 < survival < 1), the likelihood function for the model was
simply:

o 5| log(s;) if the individual lived )
log likelihood = E . L ) (Equation 5)
~| log(l-s;) if the individual died

Where §;1 was the predicted probability of survival of the i"™ individual. We assessed

the fit of the mortality model by grouping the trees into survival classes based on the
predicted survival (0-10%, 10-20%, etc.) and calculating the observed survival in each
group.

For growth and survival analyses, if AIC supported the inclusion of N
deposition in the model, we used the estimated parameters to investigate the response
of growth to N deposition. The relationship between N deposition and growth was
plotted using annual mean temperature and precipitation for plots with the particular

species present, and a tree size of 250 kg aboveground carbon.

Tree-level response to climate

We determined the climate response for growth and survival in Equation 1 and

CI=PCI x Size effect x Temperature effect x Precipitation effect (Equation 6)

The following is a description of the process using to determine the climate response.

The “potential” was a single parameter. The size effect was a power function in the
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growth analysis (Equation 7a) and a lognormal function in the survival analysis
(Equation 7b):
Size effect = B (Equation 7a)

2
_0.5(1“(3)”’0)
b]

Size effect = e (Equation 7b)
The climate effect was determined by using AIC to compare variations of SI equation
1 with mean annual temperature (T) and mean annual precipitation (P), only mean
annual temperature, only mean annual precipitation, and neither mean annual
temperature nor precipitation. The temperature effect was one of three equations and

AIC was used to select for the best form

Temperature effect = T" (Equation 8a)

Temperature effect = _ (Equation 8b)

1+ T)
tl

_O_S(m(r/zo))‘
h

Temperature effect = e (Equation 8c)

Finally, the precipitation effect was modeled using the lognormal equation:

_Oj(m(P/pU))2
P

Precipitation effect = e (Equation 9)

The parameter estimates for the growth and survival analyses are presented in

Supplementary Information Table 4 and 5.
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Plot level response

We assessed whether a model that predicts plot-level aboveground C
increment over the remeasurement period as a function of climate (annual mean
temperature and precipitation) and stand C at the time of the first measurement period
was improved by adding nitrogen deposition as an additional term. We used a
functional form similar to equation (1) but with an intercept. The functional form
included a lognormal size effect, a power function for the terms for annual mean
temperature and precipitation, and equation (2) for the nitrogen effect. We used plot
aboveground C at the first measurement period as the independent variable for the size
effect. We used a normal distribution to describe the error distribution. We solved for
the maximum likelihood estimates for the parameters using a simulated annealing
algorithm with 50,000 iterations. AIC was used to select between the most
parsimonious of the models that either included or omitted effects of N deposition. If
the most parsimonious model included N deposition, we plotted C increment as a
function of N deposition, holding annual temperature (8.8°C), annual precipitation
(1123 mm yr'"), and plot carbon stock (57 t C ha™") at the first measurement period
constant at their mean values. See supporting information for parameter estimates

(Supporting Information Table 3).
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Supplementary Information Figure 1. The 5-year survival rate for Abies balsamea as a
function of total (wet + dry) inorganic N deposition. The curve was plotted using
annual mean temperature and precipitation for plots with 4. balsamea present, and a

tree size of 250 kg aboveground carbon.
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Supplementary Information Table 1. A list of the states, their
census periods, and whether it was included in the species- and
stand-level analysis or only the species-level analysis.

Census Years between Analysis that

State Interval measurements includes the state
Connecticut 1985-1998 13.7 | both
Delaware 1986-1999 13.1 | both

Illinois 1986-1998 12.8 | species only
Indiana 1985-1997 11.4 | species only
Kentucky 1988-2000 13.8 | species only
Massachusetts 1985-1998 13.8 | both
Maryland 1986-1999 14.1 | both

Maine 1982-1995 14.1 | both
Michigan 1981-1993 13.1 | species only
New Hampshire 1983-1997 13.8 | both

New Jersey 1987-1999 11.9 | both

New York 1980-1993 13.6 | both

Ohio 1979-1991 12.6 | both
Pennsylvania 1978-1989 12.5 | both

Rhode Island 1985-1998 14.3 | both
Virginia 1990-2000 8.3 | species only
Vermont 1983-1997 14.4 | both
Wisconsin 1983-1995 12.3 | species only
West Virginia 1989-2001 12.6 | both
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Supplementary Information Table 2. Coefficients used to calculate aboveground biomass for individual trees of
each species (from Jenkins et al. 2003). Component ID: 2 = Whole tree, aboveground; 3 - Whole tree, above
stump. Equation form ID: 1 =1logl0 biomass =a + b *(logl0(dia”*c)); 2 = In biomass = a+ b * dia*c (In(dia™d));
4 =Dbiomass =a + b * dia+ c* (dia "d).

Species Component ID | Equation Form ID a b c d Diameter | Units biomass
abba 2 2| -1.8337 0.0000 2.1283 | 1.0000 d.b.h. (cm) kg
acru 2 1 -1.06 2.574 1 d.b.h. (cm) kg
acsa 2 2 -2.192 -0.011 2.67 1 d.b.h. (cm) kg
beal 2 1 2.1047 2.4417 1 d.b.h. (cm) g
bele 2 1 -1.248 2.726 1 d.b.h. (cm) kg
bepa 2 2| -2.2308 0 24313 1 d.b.h. (cm) kg
cagl 2 1 -1.326 2.762 1 d.b.h. (cm) kg
fagr 2 1 2.1112 2.462 1 d.b.h. (cm) g
fram 3 41 3.2031 -0.2337 0.006061 2 d.b.h. (mm) kg
litu 2 1 -1.236 2.635 1 d.b.h. (cm) kg
pire 2 2| -2.4684 0 2.3503 1 d.b.h. (cm) kg
piru 2 2| -1.7957 0 2.2417 1 d.b.h. (cm) kg
pist 2 2 5.2831 0 2.0369 1 d.b.h. (cm) g
pogr 2 2 -2.32 0 2.3773 1 d.b.h. (cm) kg
potr 2 2| -2.6224 0 2.4827 1 d.b.h. (cm) kg
prse 2 1 -1.247 2.663 d.b.h. (cm) kg
qual 2 1 -1.266 2.613 1 d.b.h. (cm) kg
quco 2 1 -1.283 2.685 1 d.b.h. (cm) kg
qupr 2 1 -1.587 2.91 1 d.b.h. (cm) kg
quru 2 1 -1.259 2.644 1 d.b.h. (cm) kg
quve 3 2 | 0.34052 0 2.65803 1 d.b.h. (in) kg
thoc 2 4 0 0 0.1148 | 2.1439 d.b.h. (cm) kg
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Supplementary Information Table 3. Parameter estimates and 2-unit support intervals for the plot-level
analysis. The sizel and size2 parameters are synonymous to the nl and n2 parameters in equation 2. The
temp1 and precip2 parameters refer to the exponent in the mean annual temperature and mean annual
precipitation power function, respectively. These parameters yield an output in units of annual aboveground
biomass increment (divide output by 2 for units in carbon).

8¢

Plot-level Disturbance
response exclusion
variable Intercept | PCI sizel size2 templ precipl nl n2
0.52 14.66 10000.00 | 2.53 0.41 -0.09 1000.00 | 4.13
Surviving tree (0.47- (14.51- (9800- (2.53- (0.41- (-0.10-- (950.00- | (4.09-
growth none 0.58) 14.86) 1000) 2.53) 0.42) 0.08) 1000.00) | 4.18)
Net annual
aboveground | >50% net 1.58 0.66 9999 2.46 1.30 0.45 917.42 2.68
carbon biomass (1.50- (0.63- (9099- (2.43- (1.28- (1.28- (834.85- | (2.65-
increment lost 1.66) 0.70) 1000) 2.50) 1.32) 1.32) 990.82) 2.73)
Net annual
aboveground 2.33 -100 10000 0.54 -7.28 5.39 0.04
carbon (2.23- (-100- - (9900- (0.54- (-7.28-- | 10 (5.39- (0.04-
increment none 2.44) 85.92) 1000) 0.54) 7.15) (10-10) 5.39) 0.04)




Supplementary Information Table 4. Model detail, maximum likelihood estimates and 2-unit support
intervals (below, MLEs, in parentheses) for the best models (delta AIC = 0 in Table 2) for biomass increment
as a function of tree size, temperature, precipitation, and nitrogen deposition.
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Temp Mean Mean Mean
Sample Temp Form Precip | Nitrogen Temp Precip Nitrogen

Species Acronym | Size R? | Effect | (Eqn.3) | Effect | Effect (°C) (dm) | (kgha'yr'h)
Abies Lognor
balsamea Abba 2587 0.22 Y mal Y Y 4.63 9.98 5.39
Acer rubrum

Acru 20819 | 0.49 Y Logistic Y Y 8.02 10.58 7.09
Acer
saccharum Acsa 17051 0.35 Y Logistic Y Y 7.51 10.02 6.91
Betula
alleghaniensis | Beal 3114 0.25 Y 5.63 10.39 6.20
Betula lenta

Bele 2553 0.47 Y Logistic 8.76 11.26 7.61
Betula
papyrifera Bepa 3257 0.26 Y Logistic 545 9.68 5.99
Carya glabra

Caga 2311 0.55 Y 12.47 11.48 7.36
Fagus
grandifolia Fagr 5760 0.59 Y Logistic Y 8.63 11.01 7.26
Fraxinus
americana Fram 5690 0.50 Y Logistic Y Y 9.74 10.66 7.63
Liriodendron
tulipifera Litu 5680 0.56 Y Logistic Y Y 11.77 11.29 7.46
Pinus resinosa

Pire 3206 0.31 Y Logistic Y Y 6.48 8.65 7.17
Picea rubens Lognor

Piru 2303 0.26 Y mal Y 4.98 11.46 5.00
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Pinus strobus

Pist 7423 0.32 7.50 10.51 6.29
Populus
grandidentata | Pogr 2492 0.34 Logistic 7.49 9.32 7.20
Populus
tremuloides Potr 3507 0.39 5.65 8.66 6.35
Prunus
serotina Prse 5749 0.54 Logistic 8.76 10.55 7.84
Quercus alba

Qual 10941 0.66 Logistic 10.83 10.80 7.54
Quercus
coccinea Quco 1915 0.63 Logistic 10.96 11.32 7.07
Quercus
prinus Qupr 6973 0.62 Logistic 10.35 11.14 7.57
Quercus rubra

Quru 10653 | 0.66 Logistic 8.86 10.51 7.37
Quercus
velutina Quve 6254 0.61 Logistic 10.65 10.71 7.51
Thuja
occidentalis Thoc 5857 0.31 Logistic 5.36 8.48 5.92
Tilia
americana Tiam 3050 0.48 Logistic 7.21 9.27 7.11
Tsuga
canadensis Tsca 7186 0.47 Logistic 6.91 10.64 6.67
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Supplementary Information Table 4. Continued, parameter estimates and uncertainty.

Size
Parameter Temperature Precipitation Variance
(SI Eqn. Parameters ( Eqns. Parameters Nitrogen Parameters Parameters
Eqgn. 1 7a) 8a-8c¢) (Eqn. 9) (Eqn. 2) (Eqn. 3)
Species Potential by to t Do DI ny n; a B
Abies 10000.00
balsamea 66.67 0.59 (9900.00 1.76 10.45 0.40 150.00 2.70 1.00 0.66
(65.34 - (0.55 - - (1.76 - (10.34- | (0.38- | (144.00- | (2.67- | (0.97 - (0.63 -
68.00) 0.63) 10000.00) 1.76) 10.55) 0.42) 150.00) 2.73) 1.02) 0.68)
Acer 8.09 0.71 -25.16 303.44 8.25 0.67 150.00 3.11 0.77 0.89
rubrum (8.09 - (0.71 - (-25.54 -- | (303.44 - (8.17 - (0.65- | (148.50- | (3.11- | (0.77 - (0.88 -
8.09) 0.71) 24.81) 303.44) 8.25) 0.68) 150.00) 3.11) 0.78) 0.89)
Acer 18.08 0.54 -13.51 342.90 3.95 1.68 149.80 3.60 0.75 0.81
saccharum (18.08 - (0.54 - (-13.69 - - | (342.90 - (3.87 - (1.64- | (145.29- | (3.56- | (0.74 - (0.80 -
18.08) 0.54) 13.33) 342.90) 4.03) 1.72) 150.00) 3.63) 0.76) 0.81)
Betula 0.46 0.51 11.45 0.65 0.76 0.90
alleghanien (0.46 - (0.50 - (11.22- | (0.59 - (0.74 - (0.85 -
sis 0.47) 0.52) 11.85) 0.71) 0.78) 0.94)
Betula 0.89 0.59 -39.88 277.94 0.63 0.83
lenta (0.87 - (0.58 - (-43.92-- | (277.94 - (0.62 - (0.78 -
0.90) 0.60) 35.23) 277.94) 0.64) 0.87)
Betula 0.35 0.59 -61.09 271.85(2 0.66 0.80
papyrifera (0.35 - (0.58 - (-67.49 - - 71.85 - (0.65 - (0.78 -
0.36) 0.61) 56.66) 271.85) 0.67) 0.82)
Carya 0.49 0.79 9.25 0.77 0.63 0.77
glabra (0.49 - (0.78 - (8.79 - (0.69 - | (0.62 - (0.73 -
0.50) 0.79) 9.62) 0.95) 0.65) 0.79)
Fagus 2.68 0.62 -29.77 278.02 0.07 3.52 0.67 0.81
grandifolia (2.65 - (0.62 - (-32.54-- | (278.02 - (0.06 - (3.52 - (0.66 - (0.80 -
2.71) 0.63) 27.41) 278.02) 0.07) 3.52) 0.68) 0.83)
Fraxinus 1.69 0.57 1000.00 333.36 9.93 0.43 148.20 2.30 0.65 0.68
americana (1.67 - (0.56 - (30.00 - (290.03 - (9.82 - (041- | (145.23- | (2.30- | (0.64 - (0.66 -
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1.71) 0.58) 1000.00) | 100000.0 10.03) 0.48) 150.00) 2.30) 0.65) 0.70)
0)
Liriodendr 95805.73
on 5.52 0.58 526.43 (958.06 - 2.67 1.31 65.84 1.58 0.97 0.56
tulipifera (5.47 - (0.57 - (2.18 - 100000.0 (2.64 - (1.30- | (65.18 - (1.58- | (0.96 - (0.55 -
5.58) 0.59) 1000.00) 0) 2.70) 1.33) 66.50) 1.58) 0.98) 0.57)
Pinus 1.60 0.44 -999.18 0.00 8.66 0.31 0.62 1.65 0.59 0.86
resinosa (1.57 - (0.43 - (-1000.00 | (0.001 - (8.57 - (0.29 - (0.60 - (1.64- | (0.57 - (0.83 -
1.62) 0.46) - 9689) 276.83) 8.74) 0.33) 0.62) 1.65) 0.60) 0.89)
Picea 10000.00
rubens 973.88 0.65 (10000.00 0.88 5.18 1.90 0.63 0.79
(954.41 - (0.63 - - (0.88 - (4.97 - (1.71- | (0.61 - (0.76 -
1000.00) 0.67) 10000.00) 0.88) 5.34) 2.14) 0.65) 0.81)
Pinus 0.69 0.54 785.26 6.34 149.69 7.01 0.59 0.57
strobus (0.68 - (0.52 - (698.88 - | (6.21- | (122.75- | (6.59- | (0.58 - (0.55 -
0.70) 0.55) 887.35) 6.47) 150.00) 7.47) 0.59) 0.60)
Populus 6.10 0.54 -11.80 330.80 143.56 4.08 0.59 0.81
grandident (5.99 - (0.52 - (-12.05— | (330.80- | (127.77 - | (3.92- (0.58 - (0.74 -
ata 6.22) 0.56) -11.54) 330.80) 160.69) 4.25) 0.60) 0.86)
Populus 0.88 0.54 58.34 2.73 7.09 0.93 0.58 0.72
tremuloides (0.87 - (0.53 - (54.84 - | (2.64 - (6.74 - (0.82- | (0.57 - (0.67 -
0.89) 0.56) 62.11) 2.81) 7.53) 1.07) 0.59) 0.76)
Prunus 307.06 0.67 -11.80 425.51 10.40 0.35 150.00 2.04 0.75 0.82
serotina (303.99 - (0.67 - (-11.95-- | (425.52- | (10.29- | (0.33- | (147.00- | (2.04- | (0.74 - (0.79 -
310.13) 0.68) 11.64) 425.51) 10.50) 0.37) 150.00) 2.04) 0.76) 0.83)
Quercus 11.07 0.73 -17.65 319.71 0.92 1.79 0.68 0.68
alba (10.95 - (0.73 - (-17.93 -- | (319.71 - (0.91 - (1.79 - (0.68 - (0.67 -
11.07) 0.73) 17.39) 319.71) 0.93) 1.79) 0.69) 0.69)
Quercus 15.65 0.71 -11.65 332.60 0.43 2.26 7.76 0.36 0.64 0.80
coccinea (15.49 - (0.71 - (-11.91 -- | (332.60 - (0.42 - (2.260 (7.68 - (0.34- | (0.63 - (0.77 -
16.00) 0.72) 11.35) 332.60) 0.44) -2.28) 7.84) 0.39) 0.66) 0.83)
Quercus 26.70 0.72 -27.59 319.01 945.12 3.83 0.59 0.90
prinus (26.44 - (0.72 - (-27.97 - | (319.01 - | (916.77 - | (3.83 - (0.58 - (0.88 -
26.97) 0.72) -27.23) 319.01) 982.93) 3.83) 0.60) 0.92)
Quercus
3.90 0.69 -16.86 293.26 150.00 2.77 0.67 0.77
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rubra (3.86 - (0.69 - (-17.40 - - | (293.26 - (147.00—| (2.77- | (0.67 - (0.76 -
3.90) 0.69) 16.37) 293.26) 150.00) 2.77) 0.68) 0.77)
Quercus 1.05 0.65 -90.62 278.72 9.65 0.39 0.84 0.65
velutina (1.04 - (0.66 - (-96.08 - - | (278.72 - (9.56 - (0.37 - (0.83 - (0.63 -
1.06) 0.65) 84.33) 278.72) 9.75) 0.41) 0.85) 0.65)
Thuja 1312.05
occidentali 16.77 0.65 -1.21 (1298.93 9.37 0.45 5.32 0.62 0.78 0.81
s (16.60 - (0.64 - (-1.23 - - - (9.28 - (0.41 - (5.21 - 0.59- | (0.77 - (0.78 -
16.96) 0.67) 1.19) 1325.17) 9.46) 0.50) 5.43) 0.67) 0.79) 0.83)
Tilia 7.72 0.65 -15.51 332.53 0.80 0.81
americana (7.61 - (0.65 - (-15.80 - - | (332.53 - (0.78 - (0.78 -
7.88) 0.66) 15.22) 332.53) 0.81) 0.84)
Tsuga 3.69 0.65 -16.08 319.18 0.60 0.70
canadensis (3.65 - (0.65 - (-16.34 - - | (319.18 - (0.59 - (0.68 -
3.72) 0.66) 15.80) 319.18) 0.60) 0.72)

NOTES ON PARAMETER RESCALING: To improve the efficiency and accuracy of parameter estimation with the global

optimization routine, several of the independent variables were rescaled for the purposes of fitting the models. Figures in the paper
have been displayed in more traditional units of degrees C, mm precipitation, and size in K. Temperature is in units of degrees Kelvin

(i.e. degrees C +273.15)

. Precipitation is in units of dm (i.e. mm/100). Initial Tree Size is in units of hundreds of kg (i.e. kg/100).

Mean temperature (degrees C), precipitation (dm) and N deposition (kg/ha/yr) are also reported - these are the means across all of the

plots in which a species was present, and were used in displaying the curves in Figures 1-3
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Supplementary Information Table 5. Model detail, maximum likelihood estimates and 2-unit support
intervals (below MLEs, in parentheses) for the best models (delta AIC = 0 in Table 2) for survival as a

function of tree size, temperature, precipitation, and nitrogen deposition.

Mean
Sample | Temp | Temp Form | Precip | Nitroge Temp Mean Mean Nitrogen

Species Acronym Size | Effect | (Eqn.3) | Effect | nEffect | (°C) | Precip (dm) | (kgha' yr'")
Abies
balsamea Abba 5650 Y 4.63 9.98 5.39
Acer rubrum

Acru 23047 8.02 10.58 7.09
Acer
saccharum Acsa 18480 Y 7.51 10.02 6.91
Betula
alleghaniensis | Beal 3889 Y 5.63 10.39 6.20
Betula lenta

Bele 2895 8.76 11.26 7.61
Betula
papyrifera Bepa 4393 Y Lognormal Y Y 545 9.68 5.99
Carya glabra

Caga 2554 12.47 11.48 7.36
Fagus
grandifolia Fagr 6697 Y Lognormal Y 8.63 11.01 7.26
Fraxinus
americana Fram 6538 Y Lognormal 9.74 10.66 7.63
Liriodendron
tulipifera Litu 6179 Y Lognormal 11.77 11.29 7.46
Pinus
resinosa Pire 3333 Y 6.48 8.65 7.17
Picea rubens

Piru 2930 Lognormal 4.98 11.46 5.00
Pinus strobus

Pist 8272 Lognormal Y 7.50 10.51 6.29
Populus
grandidentata | Pogr 3233 Y Y 7.49 9.32 7.20
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Populus

tremuloides Potr 5462 5.65 8.66 6.35
Prunus
serotina Prse 6585 Lognormal 8.76 10.55 7.84
Quercus alba

Qual 12130 Lognormal 10.83 10.80 7.54
Quercus
coccinea Quco 2406 10.96 11.32 7.07
Quercus
prinus Qupr 8318 Logistic 10.35 11.14 7.57
Quercus
rubra Quru 11861 Lognormal 8.86 10.51 7.37
Quercus
velutina Quve 7328 Lognormal 10.65 10.71 7.51
Thuja
occidentalis Thoc 6512 5.36 8.48 5.92
Tilia
americana Tiam 3450 7.21 9.27 7.11
Tsuga
canadensis Tsca 7676 6.91 10.64 6.67
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Supplementary Information Table 5. Continued, parameter estimates and uncertainty.

Precipitation
Size Parameters (Eqn. Temperature Parameters Parameters Nitrogen Parameters
Eqn. 4 7b) (Eqns. 8a - 3¢) (Eqn. 9) (Main text eqn. 2)
Potential
Survival

SpeCieS (/5 yr) b() b[ ty t; Po P no nj
Abies 0.94 0.44 2.52 13.72 1.06 9.35 1.36
balsamea (0.93 - (0.40 - (2.34 - (13.44 - (1.00 - (9.17 - (1.31 -

0.94) 0.48) 2.69) 14.25) 1.13) 9.64) 1.42)
Acer rubrum 1.000 5.01 9.11 2.03 7.06 9.32 5.86

(1.00 - (4.46 - (8.39 - (1.93 - (6.84 - (8.20 - (4.57 -

1.00) 5.71) 9.80) 2.09) 7.19) 11.01) 7.51)
Acer 1.00 4.48 7.68 4.27 4.396
saccharum (1.00 — (4.06 - (7.22 - (4.14 - (4.26 -

1.00) 5.01) 8.35) 4.40) 4.57)
Betula 1.00 2.71 6.03 0.29 8.29
alleghaniensis (1.00 - (2.14 - (5.31 - (0.25 - (7.96 -

1.00) 3.34) 7.03) 0.33) 8.65)
Betula lenta 0.97 4.15 5.75

(0.97 - (3.40 - (5.12 -

0.97) 4.94) 6.72)
Betula 1.00 1.90 5.64 9604.20 763.06 74.30 5.13 4.30 1.74
papyrifera (1.00 - (1.54 - (4.74 - (0.00 - (137.35 - (68.36 - (4.98 - (4.13 - (1.58 -

1.00) 2.72) 8.68) 10000.00) 1000.00) 79.86) 5.33) 4.63) 2.04)
Carya glabra 0.97 2.89 7.58

(0.97 - (2.17 - (6.37 -

0.97) 3.92) 9.52)
Fagus 1.00 1.69 9.19 283.48 0.06 1.50 10.25
grandifolia (1.00 - (1.32 - (8.27 - (283.48 - (0.06 - (1.28 - (9.43 -

1.00) 1.99) 9.79) 283.48) 0.06) 1.80) 11.14)
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Fraxinus 1.00 6.104 6.48 266.49 0.21
americana (1.00 - (5.19 - (5.83 - (266.49 - (0.20 -
1.00) 7.16) 7.34) 266.49) 0.22)
Liriodendron 0.99 14.23 8.93 283.96 0.08
tulipifera (0.99 - (12.38 - (8.04 - (283.96 - (0.06 -
0.99) 17.59) 9.41) 283.96) 0.12)
Pinus 1.00 1.46 11.47 7.82 1.32
resinosa (1.00 — (1.07 - (9.41 - (7.58 - (1.16 -
1.00) 2.22) 20.37) 8.17) 1.54)
Picea rubens 1.00 2.11 4.35 289.45 0.11
(1.00 - (1.75 - (3.70 - (289.45 - (0.10 -
1.00) 2.53) 5.28) 289.45) 0.11)
Pinus strobus 1.00 3.36 6.85 291.42 0.18 6.40 3.57
(1.00 - (3.09 - (6.10 - (291.42 - (0.16 - (5.50 - (2.28 -
1.00) 4.09) 7.25) 291.42) 0.18) 7.84) 5.83)
Populus 1.00 3.51 5.71 3.87 2.70 3.54 291
grandidentata (1.00 - (2.78 - (4.91 - (3.63 - (2.54 - (3.26 - (2.62 -
1.00) 4.54) 6.96) 4.06) 2.89) 3.83) 3.26)
Populus 0.92 3.37 6.83 22.93 4.11 2.05 3.53
tremuloides (0.92 - (2.16 - (5.67 - (19.95 - (3.70 - (1.90 - (3.32 -
0.92) 4.47) 9.08) 25.81) 4.79) 2.25) 3.84)
Prunus 0.98 15.91 9.92 280.70 0.05 8.37 1.76
serotina (0.98 - (13.20 - (9.23 - (280.7 - (0.05 - (7.53 - (1.48 -
0.98) 19.26) 10.72) 280.7) 0.06) 8.82) 2.72)
Quercus alba 1.00 8.27 7.10 300.48 0.54 5.56 3.85
(1.00 - (7.61 - (6.74 - (297.47 - (0.48 - (5.39 - (3.65 -
1.00) 9.26) 7.44) 300.48) 0.71) 5.87) 4.16)
Quercus 1.00 3.88 7.63 31.91 3.71 3.96 2.15
coccinea (1.00 - (2.56 - (5.88 - (28.40 - (3.45 - (3.77 - (1.98 -
1.00) 6.11) 11.20) 34.80) 4.18) 4.23) 2.44)
Quercus 1.00 5.94 7.21 291.71 0.11 4.70 2.63
prinus (1.00 - (4.81 - (6.70 - (291.71 - (0.10 - (4.46 - (2.37 -
1.00) 6.85) 8.14) 291.71) 0.11) 4.93) 2.94)
Quercus 1.00 6.07 7.03 275.98 0.12 3.04 6.61
rubra (1.00 - (5.52 - (6.61 - (275.98 - (0.11 - (2.80 - (6.01 -
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1.00) 6.86) 7.63) 275.98) 0.13) 3.43) 7.60)
Quercus 1.00 9.40 6.46 217.72 0.90
velutina (1.00 - (8.37 - (5.81 - (215.54 - (0.87 -
1.00) 11.28) 6.83) 219.89) 0.93)
Thuja 0.98 0.24 10.79 7.45 1.24
occidentalis (0.98 - (0.19 - (9.50 - (7.30 - (1.13 -
0.98) 0.33) 12.68) 7.72) 1.39)
Tilia 1.00 4.73 5.56 7.94 3.33 1.09 8.18
americana (1.00 - (4.07 - (4.90 - (6.28 - (1.83 - (0.89 - (7.36 -
1.00) 5.57) 6.07) 10.48) 8.98) 1.22) 8.66)
Tsuga 1.00 231 8.81 89.30 11.85
Canadensis (0.99 - (1.92 - (7.75 - (78.59 - | (11.14 -
1.00) 2.85) 10.48) 102.95) 12.64)




CHAPTER 2
GLOBAL PATTERNS OF NITROGEN LIMITATION: CONFRONTING TWO

GLOBAL BIOGEOCHEMICAL MODELS WITH OBSERVATIONS'

Abstract

Predictions of climate change using biogeochemical models coupled to climate
models depend on accurately modeling the feedbacks among the carbon (C) cycle,
nitrogen (N) cycle, and climate system. To explore why C-N-climate feedbacks vary
considerably among models and how they compare to field observations, we initiated
a model inter-comparison that assessed the consequences of sustained N additions in a
set of global N fertilization simulations. Here, we present results from two global
biogeochemical models (CLM-CN and O-CN) that use different approaches to
modeling C-N interactions. On the global scale, the CLM-CN was substantially more
nitrogen limited than the O-CN. By comparing to nitrogen fertilization experiments in
temperate and boreal forests, we showed that the aboveground primary productivity in
the CLM-CN and O-CN were 82% more responsive and 75% less responsive to
nitrogen fertilization than observations, respectively. The most striking difference

between the two models occurred in humid tropical forests, where the CLM-CN

'A version of this chapter is in preparation for submission to the journal Global
Change Biology: Thomas, R. Q., S. Zaehle, P. M. Templer, and C. L. Goodale. Global
patterns of nitrogen limitation: Confronting two global biogeochemical models with

observations.
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predicted a 62% increase in primary productivity at the highest N addition level, while
the O-CN predicted a 2% decrease in primary productivity due to N fertilization
increasing plant respiration. Despite the low response to nitrogen fertilization, the O-
CN model accurately simulated the ecosystem retention of N and the fate of added
nitrogen to vegetation and soil when compared to "°N tracer studies. In contrast, the
CLM-CN predicted lower N retention and partitioned more losses of N as gas than
observed in small catchment N budgets. The substantial differences in N limitation
suggest that previously reported N limitation of CO, fertilization is too strong in the
CLM-CN and too weak in the O-CN. Overall, this study is the first to explicitly
benchmark C and N interactions in Earth System models using multiple types of
observational data, provides a foundation for future inter-comparisons, and helps

identify field observation and experiment needs.

1. Introduction

Biogeochemical cycling on the land surface directly influences global climate
by controlling greenhouse gas concentrations in the atmosphere (Denman et al. 2007).
Consequently, land surface representations of Earth System models have included the
carbon (C) cycle (Friedlingstein et al. 2006) and increasingly, also the nitrogen (N)
cycle (Sokolov et al. 2008, Thornton et al. 2009, Zaehle and Friend 2010). Models
with both the C and N cycles have shown that N availability limits the capacity of
many terrestrial ecosystems to store C (Sokolov et al. 2008, Jain et al. 2009, Thornton
et al. 2009, Zaehle et al. 2010b, Zaehle and Dalmonech 2011).

The control of the land C cycle by N availability in model simulations reflects
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what has long been established in the ecosystem research community: C and N cycles
are tightly coupled in most terrestrial ecosystems. N limitation of primary
productivity is widespread (Vitousek and Howarth 1991, LeBauer and Treseder 2008).
In temperate and boreal regions, N enrichment from several different sources can
increase plant growth, including atmospheric N deposition (Magnani et al. 2007, de
Vries et al. 2009, Thomas et al. 2010), accelerated N mineralization by warming soil
(Melillo et al. 2011), and experimental N additions (LeBauer and Treseder 2008). N
limitation can also constrain net primary productivity responses to elevated
atmospheric CO; (Oren et al. 2001, Norby et al. 2010) due to progressive N limitation
(Luo et al. 2004). Therefore, predictions of climate change are sensitive to processes
that govern coupled C and N cycling (Thornton et al. 2009).

Recently developed global biogeochemical models with coupled C and N
cycles have produced a range of predictions describing how the N cycle impacts the C
cycle and climate (Sokolov et al. 2008, Jain et al. 2009, Thornton et al. 2009, Zaehle
et al. 2010b). Differing predictions of C-N feedbacks among models reflect their
divergent approaches to modeling C and N interactions (Zaehle and Dalmonech 2011).
Fundamental processes that govern C-N coupling vary among models, including the
incorporation of flexible C:N ratios in vegetation and soils, competition between
plants and microbes for mineral N, the process of N fixation, and controls on N export
(Jain et al. 2009, Thornton et al. 2009, Gerber et al. 2010, Zaehle et al. 2010b).
Furthermore, even processes that are generally similar among models use different
methods for simulating the processes, especially for decomposition of detritus and

plant uptake of N (Jain et al. 2009, Thornton et al. 2009, Gerber et al. 2010, Zaehle et
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al. 2010b). Given the range of approaches to modeling C and N interactions in global
biogeochemical cycles and the increasing number of global biogeochemical models
coupled to climate models, there is a need for a systematic data-model comparison,
such as the one we present here, that tests the strengths and weaknesses of each model
against globally distributed observational data.

The disparate approaches to modeling C-N interactions, described briefly
above, prevent the use of a common metric of N limitation to compare across models
from existing global simulations. Instead, we used perturbation simulations with N
additions to directly test N limitation in the models and compared the response of the
modeled productivity to a database of field studies. There is a wealth of field studies
examining N limitation and N cycling, especially in temperate and boreal ecosystems,
that allow for globally distributed assessment of model predictions of N limitation.
However, such assessments require not only N fertilization experiments to test plant
responses to increased N uptake, but also additional data to examine the mechanisms
governing N limitation (i.e., the fate of added N and processes that control N loss).

Here, we use a series of recent syntheses of N fertilization experiments, °N
tracer studies, and catchment N budgets, described in detail below, to benchmark
global biogeochemical models and diagnose differences in model responses to
perturbations to the N cycle. Specifically, we assessed model predictions of N
limitation using a series of global N fertilization simulations, designed to span a range
of N responses from small changes in N inputs associated with low-levels of
anthropogenic N deposition to large changes associated with field-based N

fertilization experiments. Our framework for model benchmarking provides an
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extension of previous data-model comparison (or benchmarking) that has focused on
the C cycle (e.g., Schimel et al. 1997, Randerson et al. 2009), but thus far has not
focused on the N cycle and C-N interactions. We present results from two global
biogeochemical models coupled to climate models: the Community Land Model —
CN (Thornton et al. 2007, 2009) and the O-CN (Zachle et al. 2010a, Zaehle and Friend
2010), models that have contrasting approaches to modeling C-N interactions. Based
on our data-model comparison, we aim to identify why and how they arrive at
contrasting responses to perturbation of the N cycle, highlight key areas for future
model improvements, offer suggestions for future field experiments that can improve
model evaluation, and provide insight into the mechanisms that control the simulated

responses to CO; fertilization and N deposition.

2. Methods
The sections below describe the two models used in this study (CLM-CN and O-CN),
the global N fertilization simulation protocol, the observational datasets, and data-

model comparison procedure.

2.1 CLM-CN model

The CLM-CN 4.0 model is the land surface model within the Community
Earth System Model (release 1.0) (Thornton and Rosenbloom 2005, Thornton et al.
2007, and Thornton et al. 2009). The model uses fully prognostic terrestrial C and N
cycles calculated on a 30-minute time step. N and C are cycled through the following

pools: 1) three litter pools, based on the chemical composition of the inputs (e.g.,
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labile, cellulose, lignin pools), with stoichiometry that varies with the stoichiometry of
litter inputs and different decomposition rates, 2) one coarse woody debris pool with
constant stoichiometry, 3) four soil organic matter pools with differing decomposition
rates and with C:N ratios that vary by pool but are constant over time, and 4) six
vegetation pools (leaves, live stem, dead stem, live coarse roots, dead coarse roots, and
fine roots) with time-invariant C:N ratios that differ by pool and among plant
functional types. All plant functional types within a grid cell share the same soil
environment. Plant uptake of N directly depends on the demand set by gross primary
productivity. Microbial uptake of N is a function of the decomposition rate, C use
efficiency, and the difference between the C:N ratio of the donor and receiving pool,
based on the Biome-BGC model (Thornton et al. 2002, Thornton and Rosenbloom
2005). When the demand for N by both the microbes and vegetation exceeds the
available inorganic N pool, both GPP and decomposition rates are reduced in
proportion to their N demand relative to total N demand so that total N demand
matches available N. All C and N uptake and competition occurs at the 30-minute
time step. Allocation of C and N among plant tissues is based on fixed allocation
ratios, with one exception: the ratio of stem allocation to leaf allocation increases with
NPP. Leaf area is determined through the balance between C allocation and turnover
through litter fall or fire. N inputs into the CLM-CN include N deposition and N
fixation. N fixation is calculated as a saturating relationship with annual NPP, based
on Cleveland et al. (1999) and varies over time and space. N outputs include
hydrologic N leaching, N gas production calculated as a proportion of net

mineralization, N gas production when N availability exceeds plant and microbial
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demand, N volatilization by fire, and N removal during harvesting. As a community
land model, the CLM-CN is continually undergoing model development. In this study
we use the most recently released version (v. 4.0) that corresponds to the version used
in published studies that report on C-N interactions (Thornton et al. 2009). It also
corresponds to the version that will be used in the Intergovernmental Panel on Climate
Change fifth assessment report. It does not include model modifications to how the
CLM-CN simulates the scaling of radiative transfer and leaf photosynthesis, as
described in Bonan et al. (2011, 2012), although the we discuss below the potential

implications of these modifications on the results described in this study.

2.2 O-CN model

Like the CLM-CN, O-CN has fully prognostic C and N cycles and is described
in more detail in Zaehle and Friend (2010), Zaehle et al. (2010a) and Zachle et al.
(2011). In the O-CN model, C and N cycle through the following pools: 1) four litter
pools (above- and below-ground metabolic and structural), 2) two coarse woody
debris pools, 3) four soil pools (surface, active, slow, and passive), and 4) nine
vegetation pools. The soil organic dynamics are based on the Century approach
(Parton et al. 1993). All pools have variable C-N ratios. The C-N ratio in the
vegetation depends on the balance of labile C to labile N, and all of the C:N ratios in
the vegetation pools vary in proportion to variation in foliar C:N ratios. Foliar C:N
ratios determine how GPP is influenced by N availability (i.e., increasing GPP with
increasing foliar N). N uptake by vegetation is a function of the availability of

inorganic N, root C, plant N demand, and the abiotic environment. As labile N builds
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up relative to labile C, root uptake of N is reduced. Each plant functional type within
a grid cell has a unique soil environment. Microbial uptake of N is based on the
Century model (Parton et al. 1993) and depends on the decomposition rate, C:N ratio
of the donor and receiving pools, and inorganic N availability. Soil organic matter has
a flexible stoichiometry that depends on inorganic N concentrations in the soil. When
plant and microbial demand for N exceeds inorganic N availability, N is first allocated
to microbes, and plants receive the remaining N in excess of microbial demand. The
allocation of C and N to plant tissues varies in the O-CN as a function of the labile C
and N ratios, with the allocation to fine roots increasing with N stress. The allocation
to leaves depends on the pipe-model theory (Shinozaki et al. 1964, Zaehle et al. 2006),
resulting in a theoretical maximum leaf area index (LAI) based on the light
environment. N inputs into the O-CN include N deposition and N fixation, with the
latter a prescribed input that varies over space but not time and is based on the
relationship between evapotranspiration and N fixation (Cleveland et al. 1999). N
export includes N leaching, gaseous emissions, and harvesting. Gaseous emissions are
based on the LPJ-DyN simplification of the DNDC model (Xu-Ri and Prentice 2008)
and depend on the availability of nitrate, soil organic C, and soil water (Zaehle et al.

2011).

2.3 Model simulations
We used a series of N fertilization simulations to predict the globally
distributed response of terrestrial ecosystems to increased N inputs and thereby to

assess the nature of N limitation and how NPP saturates with elevated N inputs in each
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model. Our control simulations build off the “Trendy” model inter-comparison
protocol (Sitch et al. 2008, Le Quere et al. 2009), where each model simulates trends
in ecosystem dynamics from an assumed steady-state using common climate drivers
(1901-2009, CRU-NCEPv4, http://dods.extra.cea.fr/data/p529viov/cruncep/) and with
transient land-use, N deposition, and atmospheric CO,. Branching off from this
control run, we performed five N addition simulations which added N to all global
land surfaces at different rates (0.5, 2.0, 4.0, 10.0, and 30.0 g N m™ yr', respectively)
for 25 years (1985-2009). Together, the 0.5 — 30.0 g N m™ yr”' created a response
function to N addition and tested where N saturation occurred. N was added to the N
deposition input field as 50% NH,4" and 50% NO;™ and was distributed evenly
throughout the year. The CLM-CN model was run at 0.5° x 0.5° resolution using half-
hourly climate inputs. The O-CN model was run at 2.5° x 3.75° resolution using
monthly climate inputs, disaggregated to half-hourly values using a weather generator
(Zaehle et al. 2010a). N deposition inputs included in CLM-CN were based on
Lamarque et al. (2005) and the inputs used in the O-CN were from TMS (Dentener et
al. 2006). Both models required initial conditions to start the 1860-2009 transient
simulations. We simulated the initial conditions by spinning up each model to
approximate steady-state in 1860, using 1860 N deposition rates, 1860 atmospheric
CO,, and repeatedly cycling through the climate data from 1901 to 1920 in lieu of

having 1860 climate data.
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2.4 Field observations and model comparison

The model simulations were compared to three sets of observations that
included N fertilization experiments, 5N tracer studies, and small catchment N
budgets. The observations represented 296 studies from 237 sites distributed globally.
The majority of the sites were in the Northeastern U.S. and Western Europe (Figure
1), both regions with a history of elevated N deposition, with few sites in the tropics.
Figure 1 shows the locations of the data used for the model-data comparison. Some
additional observations were available but were not used because they did not have a
corresponding grid-cell in both models (e.g., the coarse-resolution of the O-CN model
excludes the Hawaiian islands, where several N fertilization experiments have

occurred).

2.4.1 N Fertilization Experiments

We used observations of net primary production responses to N additions in
grasslands and in temperate and boreal forests. The N addition rates ranged from 2.5 -
572 gN m? yr'1 over 1-6 years in the grassland studies and from 0.9 — 15.0 g N m™
yr'1 over 2 - 30 years in the forest studies. The grassland data were obtained from the
meta-analysis by LeBauer and Treseder (2008) and included 39 N fertilization
experiments. The forest data were assembled through a literature review and included
only experiments with multiple years of N addition (> 2 years), had a fertilization
treatment that included N alone, and that reported a measure of production (NPP,
ANPP, volume production, or basal area increment). We included all fertilization

dosages at a single site if available, and excluded studies that only reported litterfall.
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Figure 1: A map of the nitrogen fertilization experiments (circles), °N tracer studies
(squares), and small catchment nitrogen budgets (triangles) used in the model-data

comparison.
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We also excluded studies if the N fertilization plots grew slower than the
control plots to avoid including harmful effects of soil acidification that can be
associated with fertilization studies (e.g., Magill et al. 2004); we discuss the
implications of excluding the studies with negative growth responses below. A total
of 32 experiments in forest ecosystems were used, all in temperate and boreal forests.
Data on primary production responses to N fertilization were limited in the tropics,
especially outside the Hawaiian Islands, and as a result, we excluded the few tropical
sites from this analysis. Information on the forest sites included in the analysis is in
Supplemental Information Table 1 and information on sites not included in the
analysis is in Supplemental Information Table 2.

To compare measured N responses to model simulations, we used the
percentage change of aboveground net primary productivity (ANPP) between the N
addition and control treatment. Within each model output, we located the grid cell
that contained the field observations and calculated the ANPP response for
corresponding plant functional type (i.e., grass, temperate deciduous broadleaf, or
needleleaf evergreen) and the simulation with the dosage that best corresponded to the
field experiment. The model NPP response was calculated for the same time duration
of the field observations. In the model, we began all fertilization experiments in 1985;
experimental initiation in the field ranged from 1971 to 2004. We describe the
responses of GPP, NPP, foliar C:N ratio, plant N content, and LAI responses to N

fertilization for temperate broadleaf and boreal needle leaf forests separately.
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2.4.2 PN Tracer Studies

The application and recovery of isotopically labeled N to ecosystems examines
the fate of N added to the ecosystem (Nadelhoffer et al. 1999, Templer et al. 2012). In
a typical experiment, a low dosage of N highly enriched in "°N is applied to the soil
surface. Ecosystem pools (i.e., soil, litter, wood, leaves, roots, etc.) are then sampled
following the N addition. When all pools are measured, the total amount of added '°N
that is recovered corresponds to the N retention in the ecosystem. Consequently, the
fate of the recovered "N in plant and soil pools can be used to infer the impact of
added N on C cycling (e.g., Nadelhoffer et al. 1999).

In this study, we used results from a recent meta-analysis of "N tracer studies
in temperate and boreal forests (Templer et al. 2012). The meta-analysis reported the
recovery of °N in soil (the sum of litter, organic soil, and mineral soil) and vegetation
(foliage, branches, stem, fine root, coarse roots, and total plant). Not all ecosystem
components were sampled in each study; the number of studies with data on '°N
recovery in vegetation, soil, and total ecosystem were 18, 17, and 16, respectively.
Here, we only use data for studies that report recovery between 3 months and 2 years
following '°N addition to test the initial fate of added N in the models. We only
included studies with ambient N inputs (e.g., no "°N tracer additions to N fertilization
studies).

Neither of the global models simulated redistribution of tracer >N or natural
N fractionation processes. In lieu of directly simulated '°N in the two models, we
used the ecosystem retention and fate of added N in the N fertilization simulations.

We used the 0.5 g N'm™ yr' simulation to represent ambient N deposition (non-
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fertilized) "N tracer studies. The fertilization effects within the first 2 years in the 0.5
g N m? yr' simulations were minimal, suggesting that it was appropriate to match
predictions from the 0.5 g N m™ yr”' simulations to data from the non-fertilized °N
field studies. The total ecosystem retention of added N and the recovery in soil and
vegetation were calculated for each grid cell that contained the plot locations of a °N
study. For sites where only a subset of the ecosystem components were measured or
ecosystem retention was measured but not divided into components, the model-data
comparison only included the measured components. Because different components
were measured at different sites, it is possible for the sum of the mean percent

recovery and retention to exceed 100%.

2.4.3 Small-catchment N budgets

In addition to "°N tracer studies, small catchment N input/output budgets can
be used as a measure of ecosystem N retention (Aber et al. 2003, MacDonald et al.
2002). We used data that described the percentage of N deposition lost through
leaching from a recent meta-analysis that included 209 sites across the northeastern
U.S., Western-Central Europe, and Scandinavia (see Aber et al. (2003), MacDonald et
al. (2002), and Goodale (personal communication) for more information on the N
budget data). The N budgets measured N deposition inputs into small catchments and
N exports through the leaching of dissolved inorganic and organic N. As most data on
N inputs and exports in forests were from upland (i.e., well-drained) ecosystems with
no symbiotic N-fixing species present, it is assumed that inputs through N fixation

were minimal. N losses through denitrification were recognized, but rarely if ever
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quantified at annual timescales or large spatial scales. The small catchment studies
were included because they describe the percentage of N deposition that is lost
through leaching and help elucidate the partitioning of N losses in models.

We used results from the control simulations (no N added other than N
deposition) to compare to the catchment observations. For each model grid cell that
contained a field observation, we calculated the ratio of N leaching to N deposition.
The mean ratio of leaching to deposition across all sites was compared to the
observations using a standard t-test. Based on the leaching loss results described
below, we also ran a simulation in the O-CN without transient N deposition (1860-
2009) to isolate the contribution of N deposition to the leaching losses. We used this
additional simulation to subtract the background leaching due to excess N fixation

from the total leaching losses.

3. Results and Discussion

The CLM-CN and the O-CN had the same mean global terrestrial NPP (1985-
2009) in the control simulation of 50 Pg C yr', but the models had key spatial
differences. In the tropical latitudes, NPP was higher in the CLM-CN than the O-CN
model (Figure 2ab). In contrast, the high latitudes and Western Europe had higher
NPP in the O-CN than the CLM-CN model (Figure 2ab).

The NPP response to N fertilization indicates that the CLM-CN model was
more N-limited than the O-CN model. Furthermore, the spatial patterns and

magnitude of the NPP response to N fertilization differed substantially between
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100 200 300 400 500

Figure 2: Geographically explicit NPP (1985-2009) in the CLM-CN (a,c,e) and O-CN
(b,d,f). The control experiments without nitrogen added (a,b), the 0.5 g N m™ yr’!

experiment (c,d), and the 30 g N m™ yr' (e.f) are shown. All values are g C m™ yr’'.
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In the N fertilization simulations, the most striking difference between the CLM-CN
and O-CN in the NPP response to N addition occurred in humid tropical regions,
where the two models predicted opposite responses to N fertilization. In the CLM-
CN, high potential GPP and low N availability in the control simulations led to strong
N limitation and a positive NPP response. In the O-CN, the control simulation was
light-limited, so N fertilization did not increase photosynthesis. Rather, the extra N
absorbed into plant tissue in the N fertilization simulations contributed to higher
respiration, decreasing the NPP response.

Unfortunately, the availability of N fertilization field experiments in mature
lowland tropical rainforest is limited, thus precluding our ability to systemically
compare model predictions to observations. For example, a meta-analysis describing
global patterns of nitrogen limitation only included three non-Hawaiian tropical
nitrogen fertilization studies and none specifically reporting NPP responses (LeBauer
and Treseder 2008). However, two recent N fertilization studies have found little
evidence of limitation by N alone in lowland tropical forests (Cusack et al. 2011;
Wright et al. 2011) with one of the two studies suggesting co-limitation with
potassium (Wright et al. 2011). Overall, understanding limitations on forest growth in
the humid tropics is critical, as N deposition is expected to increase in tropical regions
over the next century (Galloway et al. 2004), and tropical forests are predicted to be
large C sinks (Pan et al. 2011). Future research studying the limitations to lowland
tropical rainforest productivity is necessary, especially N fertilization studies with plot
sizes adequate to robustly measure NPP (see Wright et al. 2011) and total plant

respiration response to N addition.
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Figure 4: Aboveground net primary productivity response to nitrogen fertilization t in
grassland (n = 39) and temperate and boreal forests (n = 32). The observations are
from the set of nitrogen fertilization experiments and the model response is from the
grid cells that contain field experiments. The model fertilization matched the duration

and magnitude of nitrogen fertilization in the field experiment.
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The observed ANPP increase in N fertilization experiments for thirty-nine
grassland and thirty-two temperate/boreal forests sites was 60 + 13% and 28 + 7%,
respectively. The CLM-CN predicted larger increases in ANPP than observed in N
fertilization experiments, simulating 94 + 16% and 51 + 10% increases in ANPP at the
grassland and temperate/boreal forest sites, respectively. In contrast, the O-CN model
predicted lower ANPP response to N fertilization than observed in grassland (20 +
10%) and temperate/boreal forests (7+ 1%).

For the boreal and temperate forest sites with N fertilization experiments, both
models predicted an increase in gross primary productivity, net primary productivity,
and LAI that paralleled the increase in ANPP (Table 1). However, the GPP, NPP, and
ANPP in the control simulations were lower in broadleaf forests in the CLM-CN than
the O-CN (Table 1). In the O-CN, the N fertilization treatments had slightly lower
foliar C:N ratios than the control treatments, while the CLM-CN was not designed to
simulate dynamic foliar C:N ratios (Table 1). Total plant N increased with
fertilization in both models for both temperate and boreal forests (Table 1). However,

the CLM-CN had less total N in plant tissue than the O-CN (Table 1).

"#$%&'(%)$
The large NPP response to N fertilization in the CLM-CN may partially be due
to overly large partitioning of added N to plant tissues, as indicated by the comparison

to '°N tracer experiments (Figure 5). In eighteen N tracer studies, 16 + 4% of added

70



70 - B Observations
BCLM-CN
60 - 0o-CN

HH

50 -

40 -

30 -

20 1

% of nitrogen added to ecosystem

10 A

Vegetation Soil Not recovered

!
"#$%&'()1*+',+-&.['&0!1Z/B!<'4&CL4."- 1477 T'5# 85! -1 ,-#81-&$45#:104..' &

3'$".4.#-56145718-,19&-",," 1:&-0L+'1;-&',.I"-,  <,.'0=11>?,'&34.#-548174.414&"1;&
A@1.84:'&!,.%7# 1#51.'09'84.14571?7-&'48!;-&',.,+10-7'8! 348%'&'9&','5.1.+'1;4."
-I5#.&-$'5IH5! +'1:#&, IBI<4&,I-;).+'1D=(1$! @61<&I5#.&-$'5!;'&.#8HF 4.

#0%84 #-5=11*+'10-7'@48%"-&&',9-57!.-1.+'1$&#71:'88,145717%8&4 #-5!-; 2 @!
A&, YTH =]



#$%&'$()*+,)()-$./$,)0)1&1.+/$2+(134$&51)($12)$1(&*)($%& $&--)-$67$8+/18$9$"$4) & (
6,.0<()$=:>$$2/$12)$@ABC@#$'.8<3&1.+/'D$"=$ESFG$+5$&--)-$#$%8 $&**+</1)-$5+($./$
)0)1&1.+/$6;.0<()$=:>$$H+%),)(D$&/+12)($'1<-4$12&1$<")-$12)$@ABC@}1+$./,)'1.0&1
12)$8<31.C-)*&-&3$5&1)$+5$4#$-)1+'.1.+/$&1$8$"./03)$". 1)$5+ <HEBS S BHE-1)-$
#$1+$,)0)1&1.+/$8/-$8+()$1+$'+.3'$128/$%)$() | +(1$6J2+(/1+/$)1$&3>$"KKL:>$$M.55)()/1$
1.8)$"&3)'$6FCT$4)&('$./$12.'$'1<-4$&/-$-)*&-)'$./$I2+(/1+/$)1$83>$6 KKIZDABEA
12)$*+/1(8'1./0$()'<31'D$&'$12)$#$./.1.8334$1&0)/$<ISPAS$, PULISUR)L33$
+)($1.8)>$Q/-)('1&/- J0$%281$8)*2&/.'8'$0+,)(/$12)$I&(1.1.+/./0$+5$&-)-$#D$'<*2$
&'$+81)1.1.+/$P)1%))/$138/1'$&/-$8.*(+P) $5+($#$&/-$138/1$. /1 JFER&BS+5$4DS.'$
81+(1&/1$5+($5<(12)($-.&0/+' J0$12)$#RRS()'1+/)$1+$#$5)(1.3.5&1.+/>$$
J2)$38&(0)$'.8<3&1)-$#$5)(1.3.S&1.+/$()'1+/)$8&4$&3 +SP)BRUSE
)(+H)+<'34$2.0281(+-<*1.,.14$%2)/$#$.'$/+1$3.8.1./0>$$2/$12)$*&") $+ SHRB@ABC@
)'I)*.&334%./$8)".*$1)81)(&1)$8&/-$P+()&3$5+()'1'D$12)$/)N 1$8H/DB'S <(*)$&51)($
1.1(+0)/$.'$3.021>$$J2)()5+()D$&**<(&1)34$'.8<3&1./0$*&/+14$3-QPUBI$)55.
*(.1.*&3$5+($'.8<3&1.JOSHRRS()'I+/') $1+$/.1(+0)/$5)(1.3.S&1. +/> DREB) H$3
)55.% )/*4$&/-$12)$12+1+'4/12)1 *$(&1)$+5$'28-)-$3)&,)'$2&,)$O/+%6/SR$B)'$./$1
@ABC@#$T>K$8/-$12)()$.'$</*)(18./14$&" +*.81)-$%.12$12)$,&3<)'$<')<BH+($8&N.8
3)&5C3),)3$12+1+'4/12)1.*$*&I&*. 14$6U+/&/$)1$&3>$"KFFDS$"KF": >SSV HBLES. . +/
12+1+'4/12)1.*$1&(&8)1)(.S&1.+/$./$12)$@ABC@#$()-<*)-$03+PREH) ASERR$1+$
&3<)'$'<II+(1)-$PA$+P")(,&1.+/'$5(+8$)--4$53<NS$1+%) ($&/-$()-<*)-$12)$
12+1+'4/12)1.*$(&1)' $+5$'2&-)-$3)&, ) $6U+/&/$) 1$&3>$"KFFD$ " KF":>$$12)$.81&*1'$+5$12) ")

*2&/0)$+/$@CHS./1)(&*1.+/'$2&,)$/+1$4)1$P))/$./,)'1.081)-$P<1$&NEB(DI3B12)$



HP%&' () #*+)&%$,$-. %3 #+&)/0'#/)*12*3)4&).I$#(*# #56*, $7$%) 3*BRRDIHH(*%: )*
&)IOHI)*$H*+)8&%$,$-. Yo $ H* ST ;, YoP'#] <+

= *>2@5>6* ' %X #, 2% [* #7A)&.,,*, . &()*&)0H])* %" *6*+)&%$, $-. Yo W 06 *
SFAHYSH;) 300 2$), 3%/ 1/% . #%S., *688*&)/0'H)/*) A)#* %o*: $(:*+) SH S0 %/ *B" C*
(*6*7 “R2&F9*)G4)0%*$1+%: )*:: 7$3*%&'054/<**>'7 6 BB &*/%;3$)/9*%: ) *
0)&/$/%)#4)* +*6* $7$%.%$ H*) A)#* %6+ $(:*6*$#0;%/*7 . 2* 1 B, RYS-$R*6*, /) /<**
1$),3*'1/)&A. %$ #/*+& THE*%&.4)&*1%; 3$)/* 7)./, &) 3*1" J*&) %) #%$ #*'++6*3) 0"/ $% $ #9*
K:$,)*%:)*>2@5>69*3)/0$%)*1)$#(*/%& #(,2*65,$7$%)39*'#, 2*&) V6 83+ L HI*
3)0'/$%$H#*BIS(; &) HF<**=:)%:$(:*6* ') [*$#*%:)*>?@5>6*08&)A)#%)3*%: 71 1B E5;
$H#00:)*)4'[2/%) T* #3*T $#%.$#)3%0, #%*6*, $7$%. %P #<**>'70. & $H# (A BYHH*E*%
1;3()%/*+;8%6:)&*$H3$4.%)/*%: Yo +,%;&)*A) &I$ H/*'+*%: ) *>2@5>6*/: )X 8*$#4&)./
&)Y HUNS HO&' AN K:$,)*. I'* AL HY%SH(*+ &* *|%&'#() &>, I1*%0) & THY AL $%6:*
:238&','($4*0&'4)/)<**=:.%*$/9*:23&'", ($4*,).4:$H#(*. 7';#%) 3*LC*M*LI* +*6* 3 $ #*
7).1:8)3* %*DCN*%) 70)&.%)* #3*1'&).,*+'&)/%*4.%4: 7)#%/9* 1; S J*B)(1$.2/*
OC<DJIF*$#*%:)*>?@5>6*BI$(;&)*PF<**Q$%:";%*3.%.* #*K:' ) *+'&)/%*)4' H%) T*6*(.
119 $%*$/*35++$4;, %6* % %) %K) %:) &*%6:)*6*(./*,'I/*0&) 3P4 % S & W P@5
>6<HR'K)A)&O*SHAR)./SH(*%:)*: 238, ($4*6*, 11)[*$#*%:)*>?@5>6*&) S %)) B*
8)3;4%H#(*%0:)*6* (/*, 1) /¥ &*SHA&).ISH(*%:)*%' Y., *6*";,%0;%/9*K$%: "], 26%) &
). 3H(* %) A)#*(&).%)&*6*, $7$%. %S #*V0: #*4;&&)#%, 2*0&) 3K B YK )&/
%:.%*$#A&)./)*6*8) %) HUSH* T /%*1)*$#*0.&..,,), *K$S%:*$70&'A) 7 )18/ 18%6:y56*3) 4
0'%)#%$., *B##565,$7$%)3F*V88* % *0&)A)#0o* $(:* #3*:#&). SUBA* L)RIH) B0
K*6*$#0; %/ <*

*



N=1

o~ 836

:tt i

—

=

= 834

2

S 832

!ﬁ 187J&(/'13
i #5)87-%18#2(/;
—~ 237 #1%0(/&) 1#2%Hgq0%/1
~ #9%1./04
&

=, 234

;j_ <=>?7<@

X

S 233 GBGGG'

X =)87-%1842(;
& 234 l #19%60(/8)1#
s 3)./4%0%/1
= ) #9%1./04

9:1'$;+#"% (1 <=>?<! 9?<!

1
$96& (VH*+#,- ). (1.1(0%/ 1#/2#1%0(/&) 1#3)./4%0%/ 1#5/ 404#0-(/' &-#-63(/5/ &YAFH#5) 8 7-% 1 &#%

194)(:80%/14412#.5/0#1(#4;855#7807-;) 10#1%0(/&) 1#9'3&)04#% 1BHP/(|86}8
2/()404#813#0-)#7/(()4./13% 1 &H#E&(%63HT)5544% 1#0-)#<=>?< @H#B13HA?< @#;/3)5BH##>/3)5#
:85")A#8(J#2(/;#0-)#7/10(/5#4%; ' 580%/1#C%0-/'0#1%0(/&) 1#2) (0%5% DBPU/ 1 B##>/3)5#:8
2(/:#0-Y#A?< @#A%; 580%/ 1#C-) ()#1%0(/&) 1#3)./4%0%/ 1#C8A#-)53#7/1408 1 0#80#EF*GH5):
%od#A-/CLHOIHY%A/580)H0-)#5)87-%18H0-80#%4#3)HO/#)HT)44#1%0(/&) 1#2%H80%/ 1 B#

# #



I"#$%&'($

#3%&'B()*+(%('%(,-%,./,%o+-$+.(.0.(1%('%2%*33.(.'$+%.$%(,-%4567428%9).:*) 1%
9)'3;&(.0.(1%.5%(,-%<742%:'3-=%>*+%)-=*(.0-=1%:$)-+9'$+.0-%('%2%*33.( &% % @">-0-)
9)-0.":+%+(;3.-+%,*0-%6)-9')(-3%(, *(%(,-%4%+-A;-+()*(.'$%)-+9'$+-%('%$.() /*$%3-9'+.(.
$%(,-%<742%>*+%BC%D/%'E%4%+(")*f-8o90) 300 [$88*(:'+9,-).&%3-9'+.(.'$%
F)*$/-G%H%I1%!J%D/Ys1%BIMb2=-%*$3%N).-$3%HOKOL8%*%)-+9'$+-%(, *(%&':9%)-+%>-==
(%'P+-)0*('$+%F3-%Q).-+%-(%*=?%HO0IR%S:; (('$%-(%*=2%HOOTL?%%U, *(%&*$%-V9=
*90%)-$(%&'$()*3.&(.'$8%. 2-28%*%)-+9'$+-%6(' % 2% E-) (.= W*(.'$%(,* P4-)ObE'S+6 (,*$%"
P;(%/"3%&.))-+9'$3-$&-%('%'P+-)0*(.'$+%6(,*(%2%3-9'+.(.'$%.$&)-*+-+YA UK P64 ()
Y%-+.:9=-%-VO=*$*(.'$%.+%(,*(%(,-Y%o-&'+1+(-:%)-+9'$+-%('%, .+ (- £&*$%62%3-9
+:P+(*$(.*==1%)-3;&-3%2%=.:.(*(.'$%.$%(,-%<T742%3;).$/%(,- 986 BY6I@HR+
&-$())17%%A4'$+-A;-$(=18%-&'+1+(-1+%(,*(%>-)-%9)-0."+=1%27=... CBIB0%S'
=.1.(-3%P1%'(,-)%)-+";)&-+8%*$3%(,;+%,*0-%=. ((=-%&*9*&. (1% (‘% Y- = NGV PHIEH-)

%Z,-%+:*==02[[%)-+9'$+-% ('Y 2% E-)(.=.W*(.'$%.$%(,-%<742%*=+Yo+--:+%('%
&'$()*3.&(%-V&-==-$(%&"))-+9'$3-$&-%"E%2%)-(-$(.'$%P-(>--$%(,-%<742%*$3%
'P+-)0*(.'$*=%3*(*% E) 26 ()*&-) %o+ (;3.-+%FN./;)-%"L%*$3%8&*(&,:-$(%2%P; 3/-(+%FN./;)-%
CL?2%%Z,-%<742%:'3-=%9)-3.8&(-3%(,*(%!C%\%K]%'E%*33-3%2% 3*90BYA1-$)38/6* (% (-
(.-%+&*=-8%>.(, Y5(29()*&-) Yo E .-=3%+(;3.-+%:-*+:).$/%*%! BY%\%" %] %) -(-$(.'$%'E %*33-3%62¢
FN./;)-%"L?%%S.:.=*)=18%BO%\%C]%'E%2%3-9'+.(.'$%>*+%*&&"$(-3%%)%.$%, 13)'='/.&%
="++-+%E) : %HOJI%(-:9-)*(-%*$3%P")-*=% E")-+(%8&* (&, :-$(+%.$%(,-%<T428E% % _0%\% O
2%3-9"+.(.'$%*&&";$(-3%E")%.$%'P+-)0-3%2%P;3/-(+?%%%Z, . +%., ./, %2%)-(-$(.'$%.$%(,-%<
42%>",=3%,*0-%=-3%("'%/(,-%)-(-$(.'$%'E%, . +().&*=%2%3-9'+.(.'$%*$3%*%o+; P+ (*$(.*=%

)-3:&(.'$%'E%2%=.:.(*(.'$%.$%9)-0."+=10627=.:.(-3%-&'+ 1+(-:+ 298U, -YoEP).=.(1%'E%



#$%8&'()*)+,()-.$). $(/&$012#$(-$%3'(/8'$).4'&, 58$#66$788&. 755 (/&S5 K, OUS- %6 $*
<$(/&$.8=($:-5($):)().95'85-3'48$>) 282 @$*)9/($-'$A, (&' B?$$C & 7 BYPORHRIB(B.
“$A(&'$%)1)(,0-. $A-3*7$*)D&*<$).4'&, 5&$(/8&$4,8,4)(<$-%$(/&$01 24 G 6 BEB
%&'()*)+,()-. 2$$$$
E.-(/&'$:84/,.)5:$).$(/8&$012#%:-78*$(/,($4-.();3(&7$(-$(/&$*-ASE#66S
'8&58-.58$(-$#%$,77)()-.$A,55(/,($(/8$).4'&,58$).$(/1&%',()-$-%3,;-F&1$(-$;&*-A9"-3.7$2$
%-4,()-.$5).$'858-.58$(-$#$%&'()*)+,()-.$A 55 (—-$*-APSSES*,'9&'$5/) % ($6$#66$%
:&*-A9"-3.75(-$,;-F&9"-3.7$#66$A-3*7$/,F&$).4'&,58T$(/8&$' 8&58-.58F-%SE#66$(-$4#$
%&'()*)+,()-.$A) (-3($'&G3)).93$,.$,77)()-.,*$).4'&,5&$). $H66 2$$1/)5$:&4/,55:$)
5):)*,'$(-$-;5&'F,()-.5$%'-:$,$58($-%$#$%&'()*)+,()-. $&=8&") - ELEHIM*):, (&S
9',7)&.($).$3)4/)9,. @SKLE$>I,*/&*:$&($,*?$MNOOB@$A/)4/$%-3.7$(/, ($#$%&'()*) +,0-.$
).4'&,587SE#66@3;3($7)7$.-($).4'8,5&$*&,%1*&F&*$8/-(-5<.(/&5)5 BHTUN&FS$*(5
(/,(SU&SE#66$'&58-.58$A,5$8"):,)*<$73&$(-$,$'&,**-4,()-. $-%$#6 6 @H.H&
).4'&,5& T$HB662$$1/&$012#$:-78*$7-&5$).4*37&$:&4/,.)5:5(/'-39/$A/)4/$&*&F ,(&7$
5-)*$:).&' *$HE7&A' &, 585$(/8$,**-4,()-. $-%$#66$(-$3%).&$--(5@$,. 7$(/&IBEBEBOSEH
#66$7)7$5/-A$,$5:,**$).4'&,5&$).$(/&$5):3*, (&7 $#$%&'()*)+,()- S&LBR); #&SOB?$$S
P-A&F& @$(/8$:&4/,.)5:5%(/,($9-F&' . $7<.,))4$#66%$,**-4,()-.$). $(/&$012#$:- 78’ %$
8-, *<$(--$5(-.9%<$;3%%&'&7$,9,).5($4/,.985%). $#$,F,)*,;)*) (<2$BH*
8,',:&(&)+,()-.$,.75,88%)4,)%)(<$-%$(/&$:- 7&*$:,<$;&$5&((). 9$HH(-$(/8&$8*,5()4) (<$
-%$(/8$,**-4,()-.$'&58-.58&$(-$#$%&'()*)+,()-.?$
1/8&$012#$8,'()()-.5$:-5($-%$(/&S$, 778 7$#$(-$5-)*$-'9,.)4%:,((&'$>QR$S$OTUS
V)93'&$QB@$A/)4/$&=48& T5$(/&$-;5&'F,()-. 5EHS(SU&$5(37)&5$>WMSSSWTB2$$1/8$

'&(&.()-.$-%$#3$).$5-)*$-'9,.)4$:,((&'$) 5$73&$(-$8"-4&5585$,55-4), (&7 $BH)&S-:



"HSY&H () H(Yo+($,-#./14) (05% Yot (1(-+,-#, %' %S+, (+'(2$-'+3%5.0 (U BBR+BBIF &t
2+)#0()+#(,+%($,-0%)#(.,8(#9:03-$%(2#-&.,$/2(+;(.35+%$-(1($,-+":+'.%$+, (Yo+(/+$0(
+'<.,$-(2.9%%# ("=.>$)/+,(#%(.06(?@ @A56((B, (-+,%'./%C (%&#(DEF G ¢ (¥%%,/ (05%960#
NH)(L(S,(+S06((H #(:'$2.'8()$; ;#'#,-#($, (3#O+]<'+* ) (1(-8-0$,<(3#%I##, @#(DEFG
D1(.,)(HGD1(2+)#0($/(%&.%(%&#(DEFGD1(&./(-+,/%.,%(/+$0(+'<.,$-(2.9HB#(DI1(
|&S0#(%&H#(HGD1(2+)#0(&./(I+$0(+'<.,$-(2.%%# (DIL(". %$+/(%&. Y6 ) #IB 5% & (S
[+$0(1(.>.$0.3505%86((7&H()#-'#.15,<(I+$O(DIL(. %$+/($, (Y6 &H#(HGRLEZ3)#O(-.
))$%3$+,.0(1(1$%&+*%(H#K*$'S,<(.,($,-#.1#($, (I+ OO #-+2:+/$%S$+, (. %#/C(Yo&# #38(
Yit-'#.1%,<(%&H#(1(.>.$0.30#(;+'(:0.,%/6(

(

I"I"HS%& () *+(,- 1

L#HC(I#(/8&+1(%&.%(:. %%#' /(+;(1(0$52$%.%$+,(>.'8(15)#08(3#Y0HB (96 ]+(<
3+<#+-&#25/%'8(2+)#0/(%8&. % (& . >H#(-+,%' /%P, <(.::'+.-&#/(Yo+('#:'#/1,00$,<(DG
$,%%#.-%$+,/6((B, (:.'%3$-*0.'C(%&#(DEFGD1(1./(/*3/%.,%%$.00 82N 00%..,(%&H#(HG
D1(.,)(%&#(1(0$2$%.%$+,($,(<"./110.,)(.,) (Y6#2:# Yo#M3+#.0(;+ H%HIH2(;$
+3/#>.%$+,/(1./(3+*,)#) (38(%&H (%01 +(2+)HO(: H)$-%$+,/6 (7 &HIH()S: #'#,-#(($, (1
0$25%. %%+, (' +>S)H(. (—+,%H9%(;+'($, %6 #%$, <(Y&H#(:'+N#-YoS# HAYGS00BY (%
1(-8-0#1($,(Yo&#/#(2+)#0/6/(((

O$/%C (% &H#(1(0$2$%. YA EDMA. %S+, ($/(0SPHO8(%o++(/%'+,<($, (%&#(DEFGD1(
|&S0#(%8#(1(0$2$%. % $-+(#:0BB0$4.%$+,($/(Yo++(1#.P($,(%&#(HGD16((7&$/(:.'.00#0/(
CHSSH(1$2%0.%$+,/(%&. Yo(#:+ Vo) (Yol HXEHASA. %S+, (3H%I##,(QRS@(.,) (?Q@ @(1./(
'H)*-#)(38(ITU($,(%&H#(DEFGD1("7&+ ,%+,(#%(.06(?@ @!5(.,)(S@U($,(%&H#(HGD1("V.#&0#(

#%(.06(?@Q@35(1&%#,(1(0$2$%.%%$+,(1./($,-0%)#) ($,(Yo&H(/$2%0.%$+,/6(



#P%&'()*+,$*-$./0+.*1-&2*&/-* +/(3*40.&*./55$.+*+,4+*+ $*6*. $7/$.+-4+8&™*
-$.9&" . $*+&* *($9&.8+8&*'$H(. ¥ +&*;$*2&-$*%0&.$03*$<40/4+$(*8*+,$* 2 & (F@&**>"*+,$
6:)%+,8.%.+/(3*9-8&<8($.*8'.85,+*8'+&*9-$(8%+8&' *&1*%4-;&"* . $T7/$.+-&+G&¥ES.9
'8+-&55*($9&.8+8&'*8"*+, $* BB +/-3=**C.*(8.%/..$(*4,&<$)*+,$*%4-,&* . $7/$.+-4+8&'*
-$.98&'.$*+&*,8.+&-8%A0*EE/-3F*:*($9&.8+8& *%&294-$.*G$00*+&*&; . $-<4+8&'.=*
H&G$<$-)*+,$*.2400%-$.9&' $*+8&*1$-+80814+8&*8"*+ $*?@6:*($2&. .+ A+FEB™*+,8.
8'(8%4+%.%+,4+**($9&.8+88&*+&*(4+%$*,4.* . 4+/-4+ B (*+,$*%494%8+ 3*+ & €MD& ' (*+&*4((8+8
*($9&.8+8&*/'0$..*$'<8-&'2$'+40%%,4'5$*D$=5=)*8'%-$4'H({640+$-$(*04'(*/. $F*
8'(/%%$.*5-$4+$-**0828+4+8&'=**>"*%& +-4.+*+&*+ $*? @ 6:)*+,$*, 853& 1-$5- 08084
8"*+,$*6 JK@6:*%&/0(*82903*+,4+*+ $*'8+-&5$5*($9&.8+8&*-$.9&'.$*8.*+&&*,85,=**
H&G$<$-)*0&G*$%&.3.+$2*-$+$'+8& *&1*:*($9&.8+8&*8*+,$*6 IK @ 6:*$A&*+404'%
&<$-%&2%*+,$* . +-&'5*:*0828+4+8&*+&*38$0(*-$408.+8%*&-*$&S* D& EBF-$(8%+8
+&-45%*4++-8;/+4,0$*+&*:*($9&.8+8&'=**C'*4'403.8.*&1*;&+,*:*($9&.8+8&*4' (*:*
1$-+80814+8&™*-$.9&".$.#8*18<$*+$29%$-4+$*1&-$.+*.8+3.*/.8'5* Y B HISB-$.*
+,$*,85,%.9$'.8+8<8+3*+&*:*1$-+80814+8&*4'(*+,$*0&G*:*-$+$'+8& *8*+(H*40 (&) G,8
.,&G8'5*+ 4+*+ $*6 IJK@6:*8.*'&+*.$'.8+8<$*$'&/5,*+&*,8.+&-8%40*:*($9&.8+8& *8'*
+$29%$-4+$*1&-$.+.*D#$$*6,49+$-*LF=*
*
I"#$%&'()*+$,$-.&*),/' *$-.0$-&/&01$2.)1(3),/,$4.25,0'6.*6%

2<$-400)*+,$*%6&2;8'4+88&*&1**1$-+80814-+8& *SNAS+8290$.- Y +/(8$.)*4'(*
%4+%6,25+*%:/(5$+.* $09$(*8($'+813*2$%,4'8.2.*1&-*2&($0*829-&<$2$ &M E+*G
'&+*,4<$*,$$*9&..8;0$*G8+,*$4%, *(4+4.$+*8*8.&04+8&'=**O, $*:* 1 -+ BUABMHE & (

%&-'$-.+&'$*(4+4.$+*+,4+*.9$%818%4003*4..$..$(*+,$* 2 & ($AHRR *83¢$S$. +8'5*



HEY&! (M + - #I0)1/#2) ' $**323) 14"5)6HTH#.8' 284 /'), #.23+3;$23) 1"
H<O#.3(#12/").19%&'$1'#7$+0$23)1'3/'1)2'6328)92' % $ T#$2/4™

=1'28&4":34+*8'," #.23+3;$23) 1'%$1'%$O/H# /) 3+'$%3*3:3%$23) HB&B2' #+9%#/'0
0.)*9%23732>"2#4@48'5) @AH.@'#2'$+4'BCCD8 ES++$%6##2'$+4'BCCIF 738 (#%68$13/(/'1)2
31%+9*#*31' @+)A$+A3) @H) Y&H(3%S+ () -+ 2HA @ A8 AS/H % $2 3L HHHEI23) 1 F4"G&
06$923) 1'/&)9+* AH'O/H#* 6&H1 H<$(3131@'2&8# ' #/0) 1/#'2) #.23+3;$23)14"H).' 2&#'
YA 7$23)1/'9/#+31'28&3/'129*>8'/)3+'$%3*3:3%$23) 1 #::#9%02/ 64 HEIBSLAR13
312#123)1$++>H<Yo-+O ¥ ($1>',":#.23+3:$23) 1'/29*3#/'28:$2" #0). 2HHREA' QY- #
TH@#2$23)14"=:"6H# &S 31 %0+ O H* 2&H/H [20* 3H/8'28H ) AIH. TH* - #I0) 1I#'2)',
#.23+3:$23)1'6) 9+ &S TH AHHL'($++#.8' +H$+31@'2)'$'+$. @#.'(3/(SRURTE 328
13(9+$23)1/4"G&H#'NMJ,' #/0)1/#'6)9+* &S TH#'%)(0$ #+ A#22#.'6328& ) A/ THRPA92'
284'3(0.)TH* ()*#+'0.#*3%23) 1/'6) 9+ &S TH') 1+>' AL *O#'2)' 31%). #%62+>' #(@/#1231
D8H (HNESL3/(/'2852' @) TH.1#* 284 +)6' .- #/0)L/#4"HI29 #'":#.23+3'$23)
H<O#.3(H12/'$3(#*$2'&#+031@'3(0.) 7# @+)AS+A3) @H#)%&H#(3%S$+ (YIHHILID+
D&M H:HYO2I): ' #.23+3:$23)1":.) ('$%3*3:3%$23) 18'6& 3+ () #-) S0BH 996523
H6) @134 284 0)2#1 235+ $*TH./4#%6) LI#OH1Yo#"): #< Yo' $**323) 14"

E&3+#28&H' " #.23+3;$23) 1 #<0#.3(#12/'0/#*31'2&3/'129%>'0.) 73*#$AR)L(
Y1284 - #I0)L/#'2)','$**323) 18'6#'9/#* P2 $Ub#. [29*3#/'2) O1*#./2$ 1+ 68H2&H."
(3/($2%&H* ' #I0) L/#/'6# H+0#'2) #..).'31'28#'0$.2323) 131 @"):'$*#* ). #.).'31'
D&H'T$.38A3+32>"):'0+$12'23//9#' %) 1%#12. $ 25 MO CEAHS. +>#() 1/2.$ 24+ 28$2"
284 JIKLMJ, *)#/'1)2' #2$31'/9::3%3#12",'31'24(0#.$2# S 1+ A) HS$+ IBA{I4"
HO.2&#.().#8'%)(0$.31 @' ()*#+'0.#*3%23) 1/'632&./($++%$2%& (#122NQ) G+

28$52'2&# IKLMJ, 91 #/23($24/'&>* )+) @3%','+)/I#'$1* @ #$2 HIKB 2/ @$/"



#3%%&" ()*+,##-'./0%'1$2*#32,.,'4$15,+0%$6'2*1$6%. +,.*%'/$ 7' 1L8#.05#* 20, (B8 +4*
9*'8%*2'.$'0%%$#,.*'%5*40:04'+*,%'$:'1$2*#'015+$)*1*6.'06",#$9 ,##,6 2 PH B4 WE&."
<*.+0*2'.$'106010=>"/*"*::*4.%'$:'%5*40:04'%0.*4$620.0$6%'$6"./*' 1$2*#32,.,
43$15,+0%$6'9>'5$$#06;',%'1,6>*?5*+01*6.%',%'5$%%09#*'.$,;94$43,+06;'
,55+$5+0,.¥4$1906,.0$6%'$:'4#01,.*-'@'2*5$%0.0$6-',6 2'#*)*#%'$:", 2206 EH& @
AST*)*+-"[¥'+*0%5$6%*'$:",'5,+.048#,+*4$%>%.*1'70## #7,>9049*2'9>'0.%'060.0,#'
%.,.*,62'/0%.$+>-'+*B80+06;'#,+;*'%,15#*%0=*%".$'2*)*#3$5', #,6GRGAFE3H 3%4 #*'
862*+%.,6206;'$:'@'#010.,.0$6'./,.'0%'6*4*%%,+>".$'4$15,+*.$"#$9#' 1 $2*#
%018#,.056%&"C'%,15#*'%0=*'$:'DE".$+*%.'%0.*%'0%'86 #0 F* #*YB@*. B $>'+*5+
SE)F K FLER F 62'9%+ # +400556%*,. [ 90LH H#*) HH&  G/*+* 0% * %5+ 40, ##>'
%.+$6;'6**2":$+":8+./*+*?25*+01*6.%'06'862*+3%, 1 5#*2'+*;0$6%'H*&; &+ * 4S04 ¥
4#$%*';,5%'06"./*'$9%*+),.0$6,#'4$6%.+,06.%'$:' @'#010.,.0$6',62' @', 2B600PE&* %05
C220.0%$6 ##>-"+*1$.*'%*6%06;'$:'*),5%.+,6%50+,.0$6',62'5#,6.'5+$284.(MP 061
%4 ,#06;'@'#010.,.0$6":+$1'5#%.3%4 #* @":*+.0#0=,.0$6'%BR2054"$%0$6 ,#',62'
#$9,#' %4, #*%'HI0%/*+*." #&'E"KEI&™
J8.8+*@"*+.0#0=,.0$6*?5*+01*6.%'70##'9*'015%+.,6.":$+' 06501 0%, 62’
%8+:,4*1$2*#%'70./'L3@'06.*+,4.0$6%-"*%5*40 ,##>'%064* 207 **6A$ 2%’
7T*+*4#* +'70./06"./*.01*3%4 #*HMN'>* +%I'$:",". >504 ,#'YB8EBH#HEH. . #'
P6:$+1,.0$6'J0;8+*KI&"J*+.0#0=,.0$6'*?5*+01*6.%'70./",'+*#0.0) 220.0$6'+,.*'
1,>'5+$)02*,'1* %8+*'$:"./*'6$63@3#010.*2' @QQ-'7/0#**?5*+01*6.% "B&.Lb#*'
*+.0#0=,.0$6'2$%,,;*%'4,6":8+./*+'06:$+1"./*"%#$5*'$:"./* @3 @ QF+7/0856%
015%$+.,6.".$'2* *+106*"./*".+ R*4.$+>'$.",6*4$%>%.*1".$7,+2%' @ 'BHB&, ' A$7*)*+-'

1*1$%.'06:$+1,.0)**?5*+01*6.%'064#82*'1*,%8+*1*6.%"./,.'0%$#, . **#0/08'



#HE%&' () #+,&',+%-(,.)/0,$+,-+'(+-1*$.1$2+ 344+ .$*5-(*$+,-+6$.,)7)8',)-(9++:-.+
$,'#57$<+$;58.)#S(,*+*&-072+23,5.#)($+=&9,8$5.+5&-,->(,&3,)%+. $'BY(%+'+
$*07,+-6+3+22),)-(*9++2' 7T&$TH#+$,+ TO+@AB™C+5.-1) 25+ (+$; #57$+-6-H8-=+7$'6D7$1$7
5&-,-*>(,&$*)*+#$*0.$#$(,*+)(+3D6$.,) 7)8$2+57- *+*&-=+,&', +E344+FFEN(* 20+
-+.$77-%')-(+-6+/$7-=F.-0(2+G<+.",&$.+,&'(+'(+)(%.$*$+) (+5&-,-*>(,&$*)*9++
H;5$.)#$(,*+ &', +=-072+/$+#-* +&$75607+6-.+,&$+$1'70"))-(+-6+3+7)#)," )-(+)(+
$Yo-*>* SH+-2$TH+=-072+) (% T02$+(-,+-(7>++#$0.$+-6+ &F+.$*5-(*$+-6-+/-1$F.-0(2+
5.-20%,)1),>+,-+3+'22),)-(<+/0,+'+,&$+*'#$+, ) #$+5.-1)2$+) (6-.#',)-(+/-0, HRKI6& S+
- THST-=F.-0(2+G+'T77-%")-(+@$IFI<HI'(*$(*+$,+'79+AB"BCH(2+,8$+6', $+-6+,&$+'22$2+:
)(+,&$+$%-*>* $HI+
J$>-(2+0(2%.%,'(2)(F+=&%$,8%.+-.+0(2$.+=&)%&+%-(2),)-(*+K44+)(%.$"*$*+"*+'+
$*07,+-6+3+6%.,)7)8'",)-(<+*,02)$*+*&-072+%*,'/7)*&+=8&%,&$.+ G+O+&GB W) B (%%
$*07,+-6+6%.,)7)8',)-(9++E**$**)(F+G+0*$+$66) %) $(%0 >+ 5+ S GO THR)
.-5)%'T+6-.$% *+/$%'0*$+,&$+LDG3+5.$2)%, *+,&',+JHBF(IT IR $*+.$*5)." )-(+
#-.$+,&'(+K44<+=8&)7$+,&3+GMNDG3+5.$2)%,*+'+ 7' . F$+) (%.$*$+) (+ KAAR (2 +'+*#
)(%.$*$+) (+.$*5).",)-(9++47'(,+.$*5)."))-(+)*+'+60(%, ) -(+-6+,) **0$+3+Ye{ (X9,
#-* +7'(2+*0.6'%S+#-2$7*+ @/ *$2+-(+O>'(+"PP"CO++E%%0. , $7>+#-2$7) (F+,&$+
#%& () #*+,&',+%-(,.)/0,$+,-+3+6$.,)7)8",)-(+.$Q0).$*+0(2$.*,'(2) (F+=83$,8$3+
* -oR*+)(+1$F$,,)-(+)(%.$*$<+=8$,8%$.+.*5).")-(+) (%.$*$*+=) &BF S IBR*<+'(2+
=&$,&%.+,&$+.$7"))-(*&)5+/$,=$$(+,)*0$+3+%-(,$(,+'(2+.$*5).",)-($%&(+.$*07 ,+
-6+3+9$(.)%&H#$(,9+
N-* +#-287D2", +06-#5' )*-(*+,&' +& LS+*>% $# )W TT >+ $2+ &$+

5%.6- #'(%$+-6+,$..5%,.)' 7+/)-*5&$.$+#-2$7*+&'1$+6-%0*$2+-(+=",$.+ @HEHE@SIFI<+



HEYO&'()*(++,)-*/101%2,34(56 73%(++,)-+"88/9-**:(5(1*;(*<5(6 (3+*+%(*=7>34, +&73*=75*
T4()?4,+ *$7'<, 5&6736*+%0, +*&3@ (6+&A, +(*B?2C*&3+(5,$+& 736, SHATHEVS) &3A*&
E&TA(T$%(&S,)F TA()6-**F(*<5T<T6(*+%, +*7>5% <<57 $%*+7*74()?4,+ TEBL*5&6
068$Y%6*>6(6*+9%65((*48==(5(3+*6(+6*7=*(,6>5('(3+6*GC*=(5+EYHBBT3*(1<(5
+5,$(5%6+>4&(61* 34*$,+$%'(3+*C*E>AA(+691*<57 @&A(6* *37 @ ()*,34*5&ATBT>6*=5,'(; 75
66(66*+06(*' A3&+>4(*,34* ($%,386'6¥7=*C*)& &+, +&T3*&3*A)TE,*ERTA(7$%('&
'74()6-*L&@ (3*+%(*+&AY+*$T7><)&3A*T=*B2C*4D3,'&$6*,34*+06(*$73+57)*7=+C*73*B*
5(6<736(6*+7*$)&' ,+(1*$73+83>(4*6D6+(, +8$*(@,)>, +&736* 7=+ %gB +&BLRETH)&
@&+,))D*&'<T5+,3+* $5766*+%(*3(*A(3(5,+&73*7=*A) TE, ) *ERTRAMHB S,
HDB+("*74()6*+%,+*&3$)>4(*C*4D3,'&$6-**
.
I"#$9%& ()*+,-.,/,(01$

F(*;7>)4%) &K (*+7*+%,3K*B,D(),3*B,5(D1*N& 7+%D*0,%(D1* 34*C, +,)&(*P,%7;,)4*
=75%06()<=>)*$7" (3+6*73*+00(* 3>6$5&<+-**# *Q(@&6*<57 @ &4(4*,66&8+,35(*;&+%*+%o(
BQP?BC*6&'">),+&736-**C,+&73,)*#$&(3$(*07>34,+&73*GCHOO*,; 546*+ 7*BY%5&6+D*
L774,)(* 34*R(+(5%:(661*+%(*C#O*SLM2N*&3*B57662#$,) (* T& TA(TS¥('&6+5D
B)&',+(1*B753())*T&7A(7$%('&6+5D* 34*M3@&573'(3+,)* T&7$7'<) (18DB#*))
R57A5,'1* 34*+%(*C#O*SCNM20UBM*2(6(,5$%*B7754&3,+&73*C(+;75K*=&3,3$&.,))D
B><<T5+(A*+U(*<BTV($+-FF (% 7>)4% )6 T*)&K (*+7*+%, 3K*+%(*<, 5+ & SEEBH#E*+96, +*+06(*P,

"8..*SCNM20UBM* ((+&3A* +*B,<+&@,*S6),34*=75*=((4E, $K*73*<TRY@+*4(@ ()

*



"HEH" HY&H']

#$%&' () *(+*'(,*(-*(/1012%' (3*(4*(5226 78%& (396 (#*(<*(=18622' (=*(>*(=1&:6 7'(?*(
<122%::'(170()*(-*(3:/001&0*(@AA"*(BC(76:&/8%7(0%D/C6:6/7(12:%&678(:;%(76:&/8%7
IF(71&:;%1C:%&7 (F/&%C:CG(H6/316%71%(J"K"LIM"IN*(

HI717' (*(H*(O*(P*(52%C/7'(?*(#*(Q6C;%&'(.*(-LCC2/D'(170(=*(?%61;C: %6 7*(@AR @*(
2%I/7162678(2%1F(D;SC6/2/86112(:&16:C(170(117/DS(F2ET(01: 1Y((ATO6(/F(:;%(V?
Q-UXY>V(01:1$1C%C(67(:;%(,/99E76:S(-170(=/0%2(Z%&C6/7([(\,-=[]*().?M
H6/8%/C16%71%C(RRLK.A@AQ@"*(

HI7L7'(*(H*(_*(*(-1 &%71%'(O*(52%C/7'(3*(-%Z6C'(=*()E78'(=*(?%61;C:%6 7' (+*(=*(
-1°8%71%'(170(3*(,*(3'%7C/7*(@ARR*(BID&/Z678(117/DS(D&/1%CCY%C(67 (:;%(
J99ET76:S(-170(=/0%2(Z%&C6/7([(\,-=[|(EC678(82/$12(F2ET(F6%20CE69D6&61122
67F%&&%0(F&/9(Q-UXY>V(01:1*()/E&712(/F(.%/D;SC6112(?%C%1&!;(RR K. A@AR[*(

206Z%2170'(,* (#* (VI TC%70'(+*(3%(31:69%2'(<*(QB.C; %& ' (?*(</"1&:; (-*(5*(<%06 7'(3%(
_%&1a6C' (>*(-1::S'0)*(,*(Z/7(Q6CI;%& (#*(>2C%&/10' (1 70(=*(P1CC/7*(RNNN*(.2/$12(
D1::%&7C(/F(:%&&%C:&612($6/2/86113(F6BISBABY(71:E&12(%I/CSC:%9C*(
2/$12(H6/8%/1;%96112(,S12%C(R"K @ "MA[J*(

EC1Ia'(+*(Q*(P*(-*(362Z%& (=*(3*(V/&T'(LTO(P*(<*(=I+/"%22*(@ARA*(>FF%I:C(/F(
76:&/8%7(1006:6/7C(/7(1$/Z2%b(170($%2/"8&/E70(11&$/7(0S71961C(67(:*/(:&/D6112(
F/&%C:C*(H6/8%/1;%096C:&S(RAIK@A"M@ @ J*(

+1Z60C/7'(>*(#* (0*(,;/&/Z%&' (L TO(+*(H*(+ 1625 (@AA"™*(#(9%I; 176 CI(/F (1$6/:61(
699/$626¢1:6/7(/F(76:&1:%(67(F/&%C:(%Il/CSC:%9CK(:;%(FY%&BAERT 6 %2(;SD/:
2/1$12(,;178%(H6/2/8SK@ @!M@"*(

0%(4&6%C'(P*(3%(3/2$%&8' (=*(+/$$%8:6 7'(<*(3:%8&$1' (+*(-1ES$; 1;7'(=*(Z17(56d% 7', *(+*(



#$%8&'()*+),-&./10'/&()1+)203'(),+)4+)4+)4%5/67&8(),+)1+)9/7&.' ()%&.):+);+)
<-==3&+)>??@+)AB/)75C%D=)3E)&7=03F/&)./C3'7=73&)3&)D%0G3&)'/H-/'=0%=73&)GI
#-03C/%&)E30/'=")%&.)B/%=B6%&.'+)J30/'=)#D363FI);&.):%&%F/5/&=)>KILM!M"N
M!>0O+)
P/&5%&()2+(),+)Q0%"/-0();+)RB7.=B%7'3&F()*+)R7%7'()*+):+)R3S()9+)P7D87&'3&()P+)
T%-F6-'=%7&/()R+)T/7&U/()#+);+)T366%&.()P+)1%D3G()V+)W3B5%&&()<+)
9%5%DB%&.0%&()*+)./)<76$%)P7%'()<+)R+)43E'()%&.)X+)YB%&F+)>??Z+)R3-C67&F
Q/=[//&)RB%&F/')7&)=B/)R675%=/)<I'=/5)%&.)Q73F/3DB/57'=01+)*BAK )
R675%=/)RB%&F/)>??ZL)AB/)*BI'7D%6)<D7/&D/)Q%'7'+)R3&=07G-=73&)3E)43087&F)\
=B/)J3-0=B);"/"5/&=)9/C30=)3E)=B/)\&=/0F3%$/0&5/&=%6)*%&/6)3&)R675%=/)RB%&F/
P/&=/&/0()J+()1+)P0/$/=()1+]I+)W%5%0H-/()\+)Q/1()Q+)#7D8B3-=();+):+)J730/()P+)
T%-F6-'=%7&/()W+)4+)T303[7=U():+)2036()V+)R+)2-6'B0/'=B%():+)W%[0/&D/()R+)
,%61]W%D%-S()<+)9%'=()P+)A+)<B7&./66()P+)<=/$/&'3&()A+)$%&)"37_/()R+);=B/0=3&(
Q/66()P+)Q/0F5%&()A+)Q-=6/0()1+)R3E%6%()Q+)R3667&'()9+):+)P3B/0=I()2+)#667&F'/
" ),%663[%I1():+),%-"() +):3&=%&%03()1+)J+):-/66/0(),+)*7=%07()1+)93.07F-/U():+)
<%&./0'3&()J+)<3653&()<+)<=0%B%&():+)<DB-6=U()2+)<-.3()<+)<U3C%()%&.)a+)476.+
>??b+)"7=03F/&)%&.)'-6E-0)./C3'7=73&)3&)0/F73&%6)%&.)F63G%6)'D%6/'L);)5-6=753./
1$%6-%=73&+),63G%6)Q73F/3DB/57D%6)RID6/)>?L,Q"??0+)
J7'B/0()1+)Q+(),+)Q%.F6/1()%&.)#+)Q61=B+)>?M>+),63G%6)&-=07/&=)603%8)0=73&)7&)=/0!
$/IFI=%=73&+),63G%6)Q73F/3DB/57D%6)RID6/)>bL,Q0O??Z+)
JO7/.67&F'=/7&()*+()*+):+)R3S()9+);+)Q/=="()W+)Q3CC()4+) 3&)Q63B() +)Q03$87&()*+)
R%.-6/()<+)P3&/1():+)#GI()\+)J-&F(),+)Q%6%()1+)13B&()R+)13&/'()J+)133'()A+)2%=3()

+)296[%5719%()4+)2&300()2+)W7&. %I () T+)P+):%==B/[ )A+)9%..%=U()*+)9%I&/0(R+)



HE%& ()*+)#,$&'-$.()/+)0+) 1&2-%345%$. (J#+)1&2-6.()/+)13.78897--():+):+)<$7=$.()>+)
2,82%'7@7()7-A)B+)C$-D+)EFFG+)>5%973$H&7.1,-)&J&5$)KSSAI 7&5F3B) I8%8L)#$8
K.,9)32$)M>NOPQHNHR)9,A$5)%-3$.8,957.%8,-+);,6.-75) TK)>5%973$) UVLWWWXYW
Z.%$-A():+)[+)EFFU+)N,A$55%-D)&7-KB6W8L) 7.$)]1% DH5$7K")8%9S5%K %&73%,-8)
_683%K%$A)05,175)*&,5,DJ)7-A)a%,D$,D.7S2J)UFLGFWYGUV+)
0755,@7J();+)B+()Z+)[$-3%-$.)[+)>7S,-$()*+)<+)a,I$.(#+)<+)b,@7.32() 1 +)P+)
1$%34%-D$.()0+)P+):8-$.()>+)>5$=$57-A()P+)0.$$-()*+):+)b,557-A()[+)/7.5():+)
N%&27$58():+)P,.3%.():+)#+)c, @-8$-A()7-A)>+);+)d,.,897.3]J+)EFFR+)B%3.,D$-)
&J&5$8L)S783()S.$8$-3()7-A)K636.$+)a%, D$,&2$9%83.J)XFLU"WYEEG+)
0$.1$.()1+()e+) T+H)b$SA%-(IN+)TSS$-2$%9$. () 1+)<+)P7&757()7-A)*+)12$=5%7',=7+)EFUF+)
B%3.,D$-)&J&5%-D)7-A)K$SAI7&'8)%-)7)D5,175)AJ-79%8&)57-A)9,A$5+)05,175)
a%,D$,&2$9%&75)>J&5$8)ERLOaUFFU)
b,DI$.D()P+()b+)Z7-()N+)f6%83()[+)a%-'5$J()7-A)>+)c799+)EFFG+)C.$$)D., @32)7-A)8,%5)
7&%A%KY%&T3%,-)%-).$8S,-8$)3,)WF)J$7.8),K)$\S$.969$-375)-%3.,985)5, 7A%-D),-)|,
K,.$83+)05,175)>27-D$)a%,5,DI)UELRIVYRVV+)
b6-D73%()a+();+)1+)[6'S8()N+)#+)127@()?+)e6,()7-A)>+)a+)Z%$5A+)EFFW+)B%3.,D$-) 7-A)
85%973$)&27-D$+)1&%3$-&$)WFELU"UEYU"UW+)
bd=,-$-()#+()c+)P$.88,-()1+):-A$.88,-()a+) T588,-()0+)O+):D.$-()7-A) 1+)e%-A$.+)EFF!+)
09S7&3),K)5,-DH3$.9)-%3.,D$-) 7AA%3%,-),-)&7.1,-)83,&'8)%-)3.$$8) 7-A)8,%58)%-)
-,.32$.-)*6.,S$+)a%, D$,&2$9%83.J)VLUEUYUWX+)
:7%-():+)/+()g+)?7-D()b+)/2$82D%():+)[+)N&06%.$()<+)N+)P,83() 7-A)[+)<+)/%&'5%D23$.+)
EFFV+)B%3.,D$-)733$-673%,-),K)3$..$83.%75)&7.1,-)&J&5$).$8S,-8$)3,)D5,175)

$-=%.,-9$-375)K7&3,.8+)05,175)a%,D$,&2$9%&75)>I&5$8) EWL0aRFE!+)



H$Y&E& V& ()*+),+()-+)./'0'1$%()2+)3458&8$'67()#+8,+)249:'();+)<'=>&T'1%() SAFXN0'1$
@+)?/$/&(),+)#+).A01$%()#+)B6$="()B+);$77'4==/().+) @$C$0'()2+)3+) @/$A()D+).+)
2=>40E' ()#+)F$%G()$%H)I+)D+)3$J+)KLML+)<'H4=7/A%)AN)NAG'&7)&A/0)6'&C/6$7/A%
6'&CA%E&)7A)%/76AG'%)H'CA&ITIAY%+)0$746')B'A&=/"%=")PQPMRSPKK-+)

T400()U+()$%H)1+)T640/7+)MVV!+)3'$N)C>ATA&S%7>'7/=)0/G>7)6'&CA%E ' D)$)1'=>$%/&7,
NAB)&=$0/%G)C>A7A&5%7>'&/&) 7TA)0'SW'&)$%H)=$%AC/'&+)X4%=7/A%$0)D=A0AG5)
YYY+)

3$1$6Z4' (J#+8X+()#+)T/>0()B+)16$8&'46()F+)1470'6() @+)?$1'6A%821/7>()-HPA00/%&()-+)#
2A00/%&()?2+)B6$%/'6().+)[$4G04&T$/%' () @+)B+)[&&()D+),+)[A00$%H()3+)-+)[A6AJ/ TE
+)3$J6'0%6="().+);=T'%%$() @+):'6/0"&(): +) @B$7>'6()@+)<$&=>().+)<AT1$%().+)F+)
25/%H'00()$%H) @+)D+)F>A6%7A%+)KLLR+),8&'&&/%G)NA746')%/76AG'%)H' CALI /A
=$69A%)=5=0"N"H9$=:)4&/%G)$)1407/1AH'0)$CCHA$=>Q),%$058/&)AN)%/76AG %)
H'CA&/7IAY%+)#A46%$0)UN)B'AC>58/=$0)<'&'$6=>8,71A&C>'6'&)MMLQ.MVPLP+)

3NA'6'()2+();+)<+)<$ACS=>()#+)B+) 2$%$H'00()B+):$60$%H()3+)IACC() @+) 2/$/& () F+)#+)
2A%J$5()2+)?+).A%'5()<+),+)X"05()@+)XA&T'6()@+) X6/'HO/%G&7'/%() T+)B46%'5()<+),
[AAG>TA%(#+)*+)[A4E'()2+)[4%7/%GNAGH()@+)D+)3'W5();+)<+)3AL$&(#+):$]:47()O+)
"TEQ(#+)@+)ULTTA()B+)@+)@'7'68()*+)?+) @6'%7/="(J#+)F+)<$Y%H'6&AY () 2+)-+)<4%
#+)3+)2$6 1/ % TA()+)2=>487'6()2+)2/7=>()F+)F$:$>$&>/()O+)_/AWS5()B+)<+)W$%)H'6)
“BN()$%H)X+)*+)-AAHI$S6H+)KLLV+)F6'%HE&)/%) 7> &A46="8)$%H)&/%:&)AN)=$69A%)
H/IA H'+)0$746')B'A&=/'%="YKQ!PMS!P"+)

31$4'6().+)2+()$%H) T+) T+)F6'&'H'6+)KLL!+)O/76AG'%)0/1/7$7/A%)AN)%'7)C6/1$65)
CBAHA=7/W/75)/%)7'66'&76/$0)'=A&5&7'1&)/&)GOAIS005 MESNSIQPHIISDYAD)

34A()a+()1+)24()-+) 2466/ (#+)2+).4:&(), +) 24) XI%E/ ) M)[$6 7IIG()1+),+)[4%G$T'()<+)



McMurtrie, R. Oren, W. J. Parton, D. E. Pataki, M. R. Shaw, D. R. Zak, and C. B.
Field. 2004. Progressive nitrogen limitation of ecosystem responses to rising
atmospheric carbon dioxide. BioScience 54:731-739.

MacDonald, J. A., N. B. Dise, E. Matzner, M. Armbruster, P. Gundersen, and M.
Forsius. 2002. Nitrogen input together with ecosystem enrichment predict nitrate
leaching from European forests. Global Change Biology 8:1028—-1033.

Magill, A. H., J. D. Aber, W. Currie, K. J. Nadelhoffer, M. E. Martin, W. H.
McDowell, J. M. Melillo, and P. Steudler. 2004. Ecosystem response to 15 years
of chronic nitrogen additions at the Harvard Forest LTER, Massachusetts, USA.
Forest Ecology And Management 196:7-28.

Magnani, F., M. Mencuccini, M. Borghetti, P. Berbigier, F. Berninger, S. Delzon, A.
Grelle, P. Hari, P. G. Jarvis, P. Kolari, A. S. Kowalski, H. Lankreijer, B. E. Law,
A. Lindroth, D. Loustau, G. Manca, J. B. Moncrieff, M. Rayment, V. Tedeschi, R.
Valentini, and J. Grace. 2007. The human footprint in the carbon cycle of
temperate and boreal forests. Nature 447:848—850.

Melillo, J. M., S. Butler, J. Johnson, J. Mohan, P. Steudler, H. Lux, E. Burrows, R.
Smith, L. Scott, C. Vario, T. Hill, A. Burton, Y.-M. Zhou, and J. Tang. 2011. Soil
warming, carbon—nitrogen interactions, and forest carbon budgets. Proceeding of
the National Academy of Science 108:9508-9512.

Nadelhoffer, K. J., B. A. Emmett, P. Gundersen, O. J. Kjonaas, C. Koopmans, P.
Schleppi, A. Tietema, and R. F. Wright. 1999. Nitrogen deposition makes a minor
contribution to carbon sequestration in temperate forests. Nature 398:145-148.

Norby, R. J., J. Warren, C. Iversen, B. Medlyn, and R. McMurtrie. 2010. CO,

87



8, %8 1#6-)+)($") 9% (1*#965): &%/ 3)*+):&1"#&"-)<=>?<@ABIC<@A>A7)
D551#6" E);7)F7E): 7)G7)H1&$%.,/-#E)I7)J7)1%, (1#E)G7)K7)L*551#6",E):7)J7)M,*5SN 1#6E)8]
H"1&$E)P7)Q7)85*0,/"E)R7)R7)S%(05E)T7)U7)I0#6", E)H7)D,"#E)I17)P7):'1($4E)S7)V7)87

WE)87)F7)0*5-(%/E)07)G7)Q*NE)I7)Q7)G%3E)V7):7)1%, (1H#E)HT7)ST7) I*#-*#E)%#/)L7)8"

4% "o5)+* "~ (-2) MOH&(1*#%5), "5%(1*#-)%6#]). * ("#(1%5) &5 1'% (") +& T4 YE&N - 7)8,
D+)V$")9%(1*#%65):&%/"3) D+); &1 "#&"-) D+)VE")WHL("/): (%("-) DE:Ya)
<=Y?<@AABC<@AZ<7)

D,"#E)H7E)G7)J55-[*,($E)S7) T*$#-"#E)97)8$1551.-E)O7)J[",-E)Q7)I%1" E)S7);&$%+", E)L7)
18Q%,($3E)R7)L"#/,"3E):7)R7)I&905(3E)%#/)R7)S%(057)X==<7):*15)+",(151(3)51'1(-)
&%,4%#)-"\0"-(,%(1*#)43)+*,"-()"&*-3-(""-) 1#)%)PB 1&$"/)%("*-.$","7)9%(0,")
Z<<?ZB@CZ>X7)

8%#E)K7E)H7):7)01,/-"3E) T7)M%H#6E)H7)L*06$(*#E)87)I7)S%0..1E)U7):7)S0,"E)D7)P7)
8$1551.-E):7);$21/"#N*E);7)P7)P"[1-E) T7)R7)Q%#%/"55E)87)Q1%1-E)H7)O7) T%&N-*#E
8%&Y5%E):7)G7)I&R01,"E): 7)P7)81%*E): 7)H%0(1%1#"#E): 7); 1(&$E)%#/) G 7)L%3"-7) X
P%,6")%¢#/)8",-1-("#()Q%, 4*#); 1#N) 1#)($")U* 5/_-)M* "-(-7);&1"#&")AAA?@!IC@ @AT)

8%, (*#E)U7E)T7):&0,5*&NE)G7)D  1'%E)V7)R15'%#*2E)H7);&$*5"#-E)G7);7):&$1"5E)V7)
S1,&$#" E)T71Q7)I"#%0(E)V7);"%-("/(E)I7)R7)I*3%-E):7)S%'#%5,0(E)%#/) T7)
S1#3%'%,1*7)<@ @AT)DA-", 2%(1*#-)%#/) *["5 1#6)*+) 41*%o--)%#/)-*15)*,6%#1&) %((",)
I3#%'18&-)+* )($")6,%--5%#/)41%")[* 5/[1/"7)R5*4%5) O 1*6"&$" 1 &36E)C)
>?>IYCl=@7)

HYo#/" -+H#E)TT)VTE)MT)I7)L*++%#E)87)I7)VS* #(*HE)97)17)1%$*[%5/E)S7)PL#-%3E)K7]L7)



H$$%0&! (&)(&*$+,-./%&0(&'(&)./$1%E&2(&3(&3./14/%&5(&06.$789,%& (&' +$1%&0(&: (&
5://,1<%&4/=8>(&?(& @;/<(&ABB"(&01-6$C46,7&4--$--C$/6&. DE&ESEES-6E,49&
F,.<$.7G$C,-6E1&,/&7.;H9$=&79,C46$I74EF./&C.=$9-(8&29.F49&'G4/<$&3,.9.<1&
JKLAMNAOAMIM(&
5$,7G%&P(&3(%&Q(&:496$E-%E&4/=&)(&R99-S.E6G (&) T(&@E.C&6E.H,7-&6.86;/=E4L&2!
7 1+SE<$/7$&,/1&HI4/6&D;/76,./,I<(&PE.7$$=,/<-&UD&VG$&*46,./4988N74=$C1&UD
07,$/7$-&UD&VGS$&X/,6$=8&0646%$-& UD&WCSE, 74&"MLIYTYBOJIYTYM(&
5;-64=%&H#(&R(%&Z(&H(& 4CHF$99%&2(&QA4E, ./%&5(&Z (&*. EF 1%&Q(8&Z(&Q,67G$I9%EW
'(&'.E/$9,--$/%84/=87 (&2;E$+,67TG(&ABBJI(&W&CS6414/491- -& D&BEGS&LES-H./-$&.D&-.,
E$-H,E46,./%&/$68/,6E.<$/&C /SEA9,\46,./%84/=8&AF +$<E.;/=&HI4/6&<E.S6G&6.&
$]H$E,C$/649&$7.-1-6$C&SAEC, /<(&U$7.9.<,4&JANLKMYOKNA(&
514/%8Q(&2(8&J" J(&W&-,CHI$&C$6G.=&D.E&$-6,C46,/<&<E.--&TAEF./&F;=<$6-&D.E&
+$<$646,./8,/&D.E$-68$7.-1-6$C-(&VE$S&PG1-,.9.<1&"LAKKOANN(&
07G,C$9%&)(&0(%&:(&RCA/;:$9%&3(&5,\\.%&V (&0C,6G%E&@ (&>(&:.. =SAE=%&[(&@,-GSEX
5(8Q77$.S/%&V/(&P4,/63E%&*(&W(&5.-$/F9..C%&)(&U_,C4%&:(&Z(&PAE6.1%&)(&: (&
A 789, <GBSE%EW(&)(8&Q72;, E$%8Z(&Q(8&Q$9,99.%82(&P4/%&W (&[4]3@6,/$%6&> (&' (&F
0,67G%&N&[, FFAE=%&5(&5(&*$CA/, % &H#(&P $E7$%E&O0(&:(&5://,/<%&Z (&3.E7GSE-%&Z
'G4I$1%E&5(&*$,9-./%&4/=8&3(&[(&3EA-S$I9(8I" T (&' /6,/$/649&-T49$&+A4E 4F 9,61&,/&
$7.-1-6$C&HE.7$--$-L&Q.=$9-%8&=464%8&4/=&6GS&E.9$&.D&=,-6& FA4/T$(&R7.9.<,749
Q./.<E4HG-&NTLAKJOATI(&
0G,/.\48,%8&N(%&N&?.=4%&N&[.\;C,%&4/=&"N &V (&JI"NM(&WE& ;:4/6,646,+$84/491-,-& D&6G
H94/6&D.EC&I&6GSE&H, H$&C.=$986GS$.E1(&Z4HA/$-$&Z.:E/49&.D&R7.9.<1&IYL"IOJBI

0,67G%&0(%& (&];/6,/<D.E=%&*(&2$=/$1%&P (&R (&H#$+1%8Q(&#.C4-%E&0(&H#(&P,4.%85(&



H$%& () YoHSYo+$%&, -*%#$%./'012'34)50'3*%&$%6$%7,30)*%8$%&$%#/035'90* %6 (31%
1,1 (/1$%<""=$%>? (2@ (5',3%,A%5B0%50//0)5/'(2%9(/C,3%9D9I20*%A@5@/0%E 2(35%
40,4/(EBD%(31%92'F(50G9(/C,3%9D920%A001C(9H)% @)'34%4B(20866D3(F'9%I2,
J0405(5',3%+,102)%K61J+)L$%I2,C(2%&B(340%M',2,4AD%NOP<"NQR<"S!$%

T,H,2,2*%U$%#$*%6$%: $%V'9H2'4B50/+%7$%+$%+02'22, *%M$% T $%.02W0/*%E&$% U$%
:$%&/,3'3$%<""=$%&,3)0Y @0390)%,A%9,3)'10/'34%9(/C,3G3'5/,403%'350/(95',3)%,3%
5B0%A001C(9H)%C05;003%92'F(50%(31%5B0%50//0)5/' (2% W67 3%BRIABEY7 , @/3(
<NPS[\RS[\$%

T@55,3*%+$%U$*%6$%T'FE),3*%#$%>$%]0? D*%"\$%8$% T F'5B*% T$%"0")*%+$%?(3%Z"
JI'0)$%<""=$% 390/5('35'0)%'3%5B0%/02(5',3)B'E%C05;003%(5F,)EBO/'9%3'5/,403%
10E,)'5',3%(31%A,/0)5%9(/C,3%)0Y @0)5/(5',3$%I12,C(2%&B(340%M',2,4D%NOP<"Q[R
<"\S$%

X(2BO2F*%U$%.$*06V$% T $%#/04'5WO0/*%(31%U$%7$%M@/5,3$%<"NN$%a, %0?'10390%
3'5/,403%(11'5',3)%'39/0()0%EB,5,) D35B0))%'3%F (5 @/0%) @ 4(/%F(E20%A,/0)5)$%
>9,2,4'9(2%UEE2'9(5',3)%<NP<ONSR<0<0$%

XOFE20/*%#$%b$*%+$%&$%+(9H*%.$% T$%&B(E'3%888*%]$%+$%&B/")503),3*%7 $%>$9
&1,,H*%:$% T$%&@//'0*%8&$%7$%E&@/5')*%6$%M$%6('2*%8&$%+$%6cU35,3, *%M$%U
>E)50'3*%6&$%]$%I,,1(20*%#$%I| @310/)03*%T$%>$%b, CC'0*%V$%b,22(31*%6$% $%!
U$%b@34(50*%T$%)](F,35(430*%V$%7$%a(102B,AA0/*%&$%Z)03C0/4*% T$Y%e#0/ (H')*
TIB20EE"*%7$%T9IB'F02*%8$%V$% TIBF'15*%+$%T,FFO/H,/3*%7$%TE,02)5/(*%U$%
:0))02*%(31%6$%"$%d(H$%<"N<$%T'3H)%A.,/%3'5/,403%'3E@5)%'3%50//0)5/'(2%09,)
FO5(G(3(2D)") %' A%5/(90/%A'021%)5@1'0)$%>9,2,4D%!SPN=N\RN=<!$%

XB,F()*%"%e*%6&$%6$%8& (3B (F*%6V$%&$%:0(5B0/)*%(31%&$%]$%I,,1(20$%<"N"$%839/0



HS%&'()*+%$,-).0%-*/"(*-)+)(.+%' -(00-/'*.+.().()+1-)234)5$+6%-) 7-"*#.- (#-)
89"8:":4)

<1'%(+'(=)>4)?4=)$(0)54) @4)A™*-(&B"C4)DEEF4) 2#*G*+-C)C'0-B)*/.(H6/9) 2*+.C$+.(,)
*+-$0G)*+$+-)#'(0.+.'(%). )$)#'6/B-0) +-%6%-*+%.$B)#$%& () $(0) (.+%',- ) #G#B-)C'0-B
24#'B', #$B)I'0-BB.(,)"JI9DF:KJ4)

<1'%(+'(=)>4)?4=)L4)?4)M$N=)04)71'BP=)14)<4)Q'(0.+=)?4)R$B,-=)S4)?BB*N'%+1=) @4)
7'B*+-.(=)A4)T4)I'(*(=)S4)U4)0'BB. (,-%=)14)R$BV=)W4)Q1-(=)$(0)W4)>4)3/$%V*4) DEEL
'0-B..(,)$(0)C-$*6%.(,)+1-)-XX-#+*)'X)0.*+6%&$(#-) 1. +'%G)$(0)#B. C$8() (#$%
$(0)N$+-%6)&60,-+%).()-Y-%,%--()(--0B-B-$X) X'%-*+*4) @,%.#6B+6%HB) @ (0)R'%-*
I-+-'%'B',G)""89"JF:DDD4)

<1'%(+'(=)>4)?4=)WAHR4)M$C$%Z6-=)54) @4)A™*-(&B"C=)$(0)54)14)1$1'N$SBO4)DEE;4)
[(XB6-(#-) X)#$%& (H(.+%' ,-()#G#B-)#'6/B.(,)'()B$(0)C'0-B)%-*/'(*-)+3Q\
X-%+.B.P$+.'()$(0)#B.C$+-) Y$%.$&.B.+G4)7B'&$B) L. - # BC)BEBJQIGH"J4)

<L'%(+(=)>4)?4=)34)Q4)S'(-G=)T4)M.(0*$G=)W4) T4)I"%-=)54)14)I$1'N$SBO=)W4)<4)
A$(0-%* (=)[4)U4)R6(,=)WAHR4)MSC$%Z6-=)W4)W4)R-00-C$=)$(0)U4)04)M--4)DEE!4)
Q$%&. (H(.+%',-(). (+-%6$#+.'(*)%-,6BS+-)#B. CH+-HHS%6&, (| HOH D)o BRHH)
X%'C)$()$+C*/1-%-H'#-$(),-(-%$B)#.%#6BS+.'()C'0-B4)L.,-"#.-(#-*)]9DE!
D"DE4)

A +'6%-V=)>4)14=)$(0)04)R$%%. (,+'(4)"11;4)56+%.-(+)B.C.+$+. ()$(0)*'.B)0-Y-B'/C-(+9)
?_/-%.C-(+$B)+-*+)’X)$)&.",-#1-C #$B)+1-%G4)L. - #1-C.*+%G)BH)]8

A +'6%-V/=)>4)14=)$(0)A4) O'NSY%+14)"11"4)5.+%' -()B.C.+$+.'() () BS(0)$(0). 0 +1-)*-$9)
O'N)#$().+) ##6%")L.,-#1-C.*+%G)"89J;:""F4)

a$BB$#-=)b4)>4=)74)14)M'Y -++=)W4)24)0$%+=)$(0)L4) I$#1' ($4) DEE;4) 2XX-#+*)'X) (.+%',-()



#P%E&'$%()*+)*+%',,+-").%/+$*0+0,$%/+(*+$+1(2,03)$4+5)" #%6+7)' #%+89):)-;+<*0+
=$*$-,1,*%+">?@"ABC"AD6+
E'(-/%F+G6+HBF+H6+16+J3K (%0%F+L6+E&'MN& -, F+16+06+P&"* 'F+86+Q6+H6+P$**,'F+86
06+G6+G$*%($-)F+=6+R$#SS' (F+O6+T6+U,0(*F+R6+86+US 1#F+=6+L6+V$'I($F+$*0+
X)",6+"BAAG+Y)%S#H#(&LF+S/#S/)' &#F+)'+%(%")-, *+:(1(%+"))%+$::)9$% () *F+%',,+-").%/F+
)'+:(%%, +S")089%()*+(*+$+:).:$*0+%") S(9$:+5)' #9%66+89):)-+!"@AZAZCAZ"[6+
\&3](+M+Y',*96(9,F+_6+X6+"BBD6+P," #%0'($:+*(%")-,*+9;9:,+#(1&:$% (BH Do/ +$+0;*
NS +K,-,%$%()*+1)0,:6+V:)NS:+X/$*-,+1()))- +A>@+A >[CA Z>+
a3,/ F+G6F+<6+W6+7'(,*OF+Y6+7'(,0:(*-#%,(*F+76+W,*%,* 'F+Y6+Y,;:(*F+$*0+=6+G9/&:M6
"BAB$6+X$'N)*+$*0+*(%")-,*+9;9:,+0;*$L(9#+(*+%/,+ TIXL+:$*0+#&'5$9,+1)0,.@+"6+
1):,+)5+%/,+*(%")-,*+9;9:,+(*+%/,+/(#%)'(9%:+%," #%'($:+9%'N)*+NBI$*0,6+V:
1()-,)9/,1(9%:+X;9: #+">@VIABBZ6+
a$,/:, F+GBF+$*0+<6+W6+7'(,*06+"BABG+X$SN)*+$*0+%(%)-,*+9;9:,+0;*$1(9#+(*+%/,+ T3XL+
:$*0+#&'5$9,+1)0,:@+A6+=)0,:+0,#9'(S%()*F+#(%,3#9%:,+,K$:&$% () *"F+$*0+#,*#(%(K (%;
S$'$1,%,'+,#%(1%5%,#6+V:)NS:+1()-,)9/,1(9%:+X;9: #+">@VIABB[C6+
as$,/:,F+G6F+$*0+W6+W$:1)*,9/6+"BAAG+XS$ N)*C*(%")-,*+(*%, $9%()*#+)*+:$*0+$%+-)NS$: +
#9$: H#@+98&" *%+&*0, #%$*0(*-+(*+1)0,:: (*-+9:(1$%, +NO#S/,' ,+5HOKEE B+
TS +(*+8*K(")*1,*%%$:+G&#%S(*SN(:(%;+?@?AAC?"B6+
a$,/;,F+GBF+Y6+X($(HF+<6+W6+7'(,*OF+$*0+Q6+Y'(,&'6+"BAAG+XSN)*+N,*,5(%o#+)5+
$*%/")S)-,*(9+',$9%(K,+*(%")-,*+)55#,%+N;+*(%") &#+) 2(0,+,1 (##() #6+L$%&'
V,)#9(,*9,+>@ZBACZB[6+
a$,/;,F+GBF+Y6+7'(,0:(*-#%, (*F+$*0+<6+W6+7'(,*06+"BABN6+P," #%' ($94(E4) -, *+5, 0N

1$;+3$99,:,'$%,+5&%&",+9:(1$%,+9/$*-,6+V,)S/;#(9%:+],#,$'%+8:P @ OBA>BAG+



HEY6&'Y6()*+()*+)*,-. &()/+)0+)12%3-,.%()4+)5,67,()8+)02$9%2(): +):2&$2<()=+)>,.7'%2()$3<) 2+
+0,-&+) @AAB+)=8%),9CD2-$3.%)DE)$F%G2%'$-%<)<%.',3%),3)ED2%6-)H11)ED2)9D<

2%F,D3$').$21D3)1$'$3.966+);.D'DF,.$)JCC',.$-,D36)KBLKMMMNKMOP+)



HE%%&'()*+&,-) JO(+*-]),

i"#"$"%&"'(#)$(#)$“'*(%+*$),"%(#"$*+-+./*+)%("01"$+2"%*'(

i23456789,':,+:9,;:,<:,O:,5:,;2>32?@79,-:,A4:4>29,0:,.4BC:4>:579,%:,(7CD48@79,.:,-6@4E
(:,576,#28D769,<:,EC=>>=>79,F:,F2?4G9,285,0:,*: #2H2:,13J":,)4D>7B=8,285,
K@76K@7>C6,?74L4D2D478,7G,H471L.266,B>7TMD@,48,2,D>7K4AN2Z[BANDE52>0,G7>=¢
+KK?4N2D4786,P"Q#PRJIS#PTU:,

1=Vv2?7=9,1:,0:9,<:,);,FTN@=85=>G=>9,(:,W:,+52L69,E:,V:,(4??=>9,.. #: E4??42L9,.:,
V7759 ,#: #:,/5=8M2?5X,;?=L=869,285,V:," #@2>K=:,13JT:,A=B=D2D478,285,
+N454G4N2D478:,%2B=6,PUYSPZZ,48,(:,W:,+52L69,1:,0:,1=V2??=9,285,<:,&:,[7L9,
=54D7>6:,*@=,.=>87M,V2D=>6@=5,+N454G4N2D478,#DC50: #K>48B=>9,&78578:,

'LL=DD9,W:,+:9,#:,W>4DD2489,#: [CB@=69,<:,E7>>=69,A:,F=88=509,1:,) M:469,0:,02G2>
0=0877569,285,%:,#D=3=86:,13J":,)4D>7B=8,2554D4786,\)2)/U,285,)[")/U],2D,
+H=>,G7>=6D9,V2?7=6Q,-:,0=6K786=,7G,D@>7CB@G2??,285,6.74Z62D=>N@=L46D>
'N7?7B0O,+85,(282B=L=8D,YPQ"RSR!:,

'?234>9,<:9,E:,V4=>6129,+: V@4D=9,285,-:,<:,.=>8285=":,1JJU:,'GG=ND6,7G,N@>784N,
2LL784CL,6C?G2D=,D>=2DL=8D,78,H262?,2>=2,48N>=L=8D,48,>=5,6 K>CN=,285,6CB;
L2K?=,2D,D@=,W=2>W>77_,V2D=>6@=5,48,(248=:,;,2825428,<7C>82?,/G,.7>=6D,
0=6=2>N@X0=3C=,;28254=88=,1=,0=N@=>N@=,.7>=6D4=>=,UUQZTISZT!:,

4879 +:,;:,1331:,1=N25=6,7G,2DL76K@=>4N,5=K764D478,@23=,87D,>=6C7?D=5,48,M45=¢€
K@76K@7>C6,?4L4D2D478,7>,62DC>2D478,7G,D>==,5=1285,G7>,84D>7B=8,48,67CI
'‘8B7285:,W47B=7N@=L46D>0O,!IQIPYSII!:,

E24B=9,9,",+:,123456789,1:,:,[7??48B=>9,-:,<:,.=>8285="9,[:,#4=3=>48B9,+:,V@4D=9,

285,V:,[2?D=L28:,13JY:,;@28B=6,48,N287KO,K>7N=66=6,G7??7M48B,M@77?=XG7>=6L



#3%&'()%*+,&-.%)/.,+*0*1$+*&%)&/)$)2$+3,.)4",3#.56.20&#7)/&, 42B)P#&A4 (4
<u==>17@8)
A3%B.,4.%C)D8):'E8)9//.#+4)&/). %6$%#.B)%*+,&-.%) B.' &4*+*8%)*%)$) 4", 3#.)/&, .4+)$+)
F0&4+.,6.B.C)G.%2$,7C).H$2*%.B)I()2&B.,$+.)IK?IL=)$BB*+*&%8)M&, .4+)9#&0&-()
N%B)O$%%$-.2.%+):;:<P":>PQES)
K&-1.,-C)D8C)K8)M$%C)O8)R3*4+C)G8)S*%70.(C)$%B) T8)U$228)P;:Q8)U,..)-,&V+6)$%B)4
S B/ HS+*890)*%),.4'&%4.)+&)=)(.$,4)&/).H'.,*2.%+$0)%*+,&-.%) 0&BB*%%6-) &%) | &
1&,.4+8)A0&I$0) T6$%-.)S*&08&-():P<?E!>?118)
K&30.C)G8C)$%B)W85G8)0&&:,.8)P;;E8)X&*0)4&03+*&%C)/&0*$, ) H&Yot. Yo+, $+*&%4)$%B)
A'8%4.)+8&)=5(.$,)&/)$228%6*325%*+,$+.)$BB*+*&%6)*%)+V&)1&,.$0)/&#E}4)&/)R3.|
T$%$B$8)M&,.4+)9#&0&-()N%6B)0$%$-.2.%+)P"'<P;?1>P;Q;8)
K(Y&%.%C)Z8C)U8)D.,44&%C)X8)N%B.,44&%C)S8)L044&%C)A8)[8)N-,.%C)$%B)X8)\*%B
[2'$#+)&/08%-5+.,2)%*+,&-.%) $BB*+*8%6)&%0)#$, 1890)4+&HT74)*%) +,..4)$%B)4&*04)*%)
%&,+6.,%)93,&".8)S*&-.&#6.2*4+,()E!<:P:>:=@8)
F302$+*47*C)N8C)F8)N8)]&-+C)G8)W8)]&-+C)D8)08)"$,-&C)W8)D8)U*00.(C)UB)A8) X *##$2
X*-3,B$,B&++*,C)$%B)G8)\3BV*-8)P;: @8)J*+,&-.%)$%B)#$0#*32)$BB*+*&%4)*%#,.$4.)
1&,.4+)-,&V+6)*%)%&,+6.$4+.,%) XN)4',3#.5/*,)/&,.4+48) T$%$B*$%)WE3,%$0)L/)M&,
Z.4.$,#652.Y3.)T$%$B*.%%.)G.)Z.#6.,#6.)M&,.4+*., )=@<"@?>:"E"8)
0$-*00C)N8)K8C)W8)G8)NI.,C)"8)T3,,*.C)F8)W8)J$B.06&//.,C)08)98)0$, +*%C)"8)K8)
O#G&V.00C)W8)08)0.0*00&C)$%B)D8)X+.3B0.,8)P;;28)9#&4(4+.2),.4'8%4.)+&):")(.$,4)
&I)#6, 8% #)Yo*+ &-. %) $BB*+*&%4)$+)+6.)K$,Y$,B)M&,.4+)\U9ZC) O%N8$#634.++4C)
M&,.4+)9#&0&-()N%B)0$%S$-.2.%+):!Q<@>PES)

0$-*00C)N8)K8C)08)Z8)G&\V%4C)F8)W8)JI$B.06&//.,C)Z8)N8)KS00.++C)$%B)WS)G8)NI.,8)



#$%&'()&*$'+(&,)%8&'-$.'&)($)/$0%) +&1%)$/)*2%$.3*).3(%1(&)1.4) BHY(E) 1443(
6&1%)6%$$7')81(8%0'28&49):13.89);<=>)#$%& () ?*$5$@+)=.4):1.1@&,&.()ABCD!E
FG>)

+HO5(+9)<>)1>9)J>)6$@ @'9)J>)K>)=L&%9)M>)N0'(149)1.4)=>)0>):1@355>)DPPQ>)N&4) -
&*$'+(&,)5&R&5)*21.@&)/$55$S3. @) TB)+&1%")$/)*2%$. 3 By EHHE U1 (3
2*$5$@+)=.4):1.1@&,&.()DT!CDG!ED!T>)

:$541.9)#>9)V>)J>)WX$.11'9)=>)V>)<(01.&'9)1.4)N>)#>)8%3@2(>)DPP">)Y.*%&1'&4).3(%$
3.)%0.$//)1.4)'$35)/$55$S3.@) TF)+&1%")$/) &Z-&%3,&.(155+)3.4%8&1'&4).3(%$@&.)
48-$'3(3%.)($)1)*$.3/8&%$0'[$%&'(&4)*1(*2,&.()1()11%4'X$.9)<S&4&.>)?.R3%$.,&.(15)
\$550(3$.)TBBC"TPE"DP>)

H35'€.9)\>9)1.4)1>)=L%121,'&.>)DPPF>)<*$(')-3.&)1.4)H$%S 1+)'-%0*&)'(1.4')%&'-$.'&)
($)1..015)H9)\)1.4): @)/&%(353U1(3$.>)#$%&' () ?*$5$@+)=.4):1.1@&,&.() TGBCDDTE
DFD>)

\%&@3(U&%69)W>)<>9)=>)J>)60%($.9)K>)N>)]179)1.4)=>)#>)"152&5,>)DPPA>)<3,051(&4)
3(%$@&.48&-$'3(3$.)3.%8&1'&)*1%LS$.) ($%1@&)3.)H$%(2&%. ) &) BBHII8) /$%&
_21.@&)63$53@+)TBCTBDETQF>)

<*25&--39)\>9)H>):0558%9) O0>)#&+8&.9)=>)\1-%3(U9)J>)60*2&%9)1.4) 0>)#53325&%>)DPP
H3(%$@&.)L04@&(")$/)(S$)',155)&Z-&%3,&.(15)/$%& ' (&4)*1(*2-ELE9)()=
<S3(U&%51.4>)#$%& ()?*$5$@+)=.4):1.1@&,& () TPTCTGGETAQ>)

<37'(%$,9);>)DPPD>)?//&*()$/)53,3.@)1.4)/&%(353U1(3$.) H9)\Wa)$.) (&,) @%$S(29)*%$S.)
(%1."-1%&.*+9)1.4).&8458)&5&,&.()*$.*&.(%1(3$.)$/)\3*&1)1L.3&")'(1.4)3.)
'$0(2S&'(&%.)<S&4&.>)_1.1431.)3$0%.15)V/)#$%&' (N&'&1%*2[N&RO&)_1.143&..&)

K&)NE&*28%6*28&)#$%& (3&%&)FDCTGTGETGDG>)



HE%%$& ()*+),+()-+).+)/01'22()3+)4+)5$62()$78)9+). $8&:07$+);<<"+)4=="82>)0=) 72260@'7)
>$2A6$2707)07)26") @60B2:)$78)8'$2:)?7)$)C?D'SE0S$F)=06'">2+)G06'>2)4&0%0@H)| 78

$7$@'C'72);IKL:M<N:MO+)



*().0=(T" )%/l ‘N ‘INSA IS \.Giv  [V'INSWNA 9.V ‘ATC®+'%'80.£8IN
‘(,080.<, ‘IINSSdH
«().0=(T")$%/l ‘W ‘INSS 1S \\.Giv | 'V'IWNSINA “+ LY ‘AT1C79+'%.'80.£8IN
‘(,.080.<. ‘IA/I0Y - 0+EESNH
‘9gv® I I ‘A ‘N'LSrL | ‘V'CiISSN C+RRLY LTI+ TALTH)R$Z
‘(,.080.<. ‘LLIM'8THH
‘9gv® I I ‘A ‘NiGNL | ‘V'.SS C+RLY LTIC D+ ) TALTH)R$Z
“x+0.%0).x | TA=8).6>¢=.E>A+XH
‘9gv® I ‘OF i ‘N‘'SSS1 V'CN “+.9.4/0d i170'T6(19
“xt0,90) |16+ M B%+) 0+8$#H
‘9gv® I ‘OF ‘c ‘N‘'SSS1 ‘V'CN “+.9.4/0d i7170'T6(19
‘5 +0,90) ‘INGOdH
‘9gv® ‘W ‘ASO ‘S ‘NYS.A | ViSWIN “+.9:4/0d ‘Aiiv' 9+ B9T8+N
‘5 +0,90) 1OSC dH
‘9gv® ‘° ‘Ose ‘S ‘NYS.A | ViSWN “+.79:4/0d ‘Aiiv' 2+ 99T8+N
“x+0,%0).x 19« T#H
‘99v© ‘W ‘S I ‘NCSA. | ‘'V'LGSI “+24/0d | LTI09+%'0.6T418.09
“x+0,90).x 13 TH#H
‘9av® ‘W ‘S I ‘nN.s0O. |'VINSIAIN 4240 | LTI+ '0.6T418.09
“x+0,90).x 19" «T#H
‘9av® ‘W ‘S I ‘NiGNL. | ‘'V'ASONW “+7+/0d | L 1109+'%0.6T«18.09
“x+0,%0).x 1@ «T#H
‘9av® ‘W ‘S I ‘N'iGu | V' LGAN 240 | WTI09+%'0,6T418.09
“x+0,90).x ‘10%d"//O:0+NH
‘9gv® I ‘OF ‘AY ‘nN'cerL | 'v'INSSIN CHRA0Y | INTICTR+ L BRT8HN
“x+0,90) 10d"//0'0+NH
‘9gv O ‘W ‘O ‘Ay ‘nN'cerL | ‘v'INSSIN CHRA0Y | INTICTR+ L BRTEHN
00%)'V8H | 'L0d’.) V' 8H

“().0$2+) “m<d ‘“®.<d | ‘120+.aH

1002 | (TS TH (T++6TRT0.9([T++0$D  |'$+T8(/4  |'$xT++d  |'.%A2'xL.0/9 (JTx++T3

“AxT<T+=%:/0%

‘A0+)T0%" . (*:($/08.</c@ ' DFAVD YEREIT L R.\/) ox' (T4 LS L5$% (T (To+6T®T0. ex'fx L0, .0 R.< R (IT«+9$) T#
“SUILTO+%)/="+5+>8.: ) (T'.2$ L« () TOHT x+6 T9T 0. (.8/0+T('x2.0/9" St RE+Z (IT++)0/ (-2 +x() 9% % S$H#



)-((++(«( )i%G)#)(2¢,+0H.,

)T-(@(+a18)z(+r)ezIzy )4%S )i%S )> 0)3%>3 | )8Iv%i® | ):z(e(e6((8 |)1951)(+<<d)6-2)(€i<

)-((++(«( ).S%$)#)+V M.,

)T-(@(+g1S)z(+0)ezIzy )® )S%$ )> O)WY%93  8)>)%I® | ):z(e(e6((8 |)1551)(+<<d)6-2)(Ei<

)-((++(x( ) LY%9) )+ M.,

)T-(@(+grs)z(+r)ezizy % ).%9 )> O)r%93  |)8)>%3% | ):z(e(e6((8 |)155Y)(+<<d)6-2)(Ei<

)-((++(x( ).3%1)(TVH.

)T-(@(+g-v)(@¢e<= )% % )® ))9%>9 | )8)v%$d | ):z(e(es((8 )7SSY)@<+TITVH

)-((++(x( )$31) (TVH.

)T-(@(+g-V)(@¢e<= )14 % )% ))9%>9 | )8)>%%d | ):z(e(e6((8 )7SSY)@<+TITVH

)-((++(x( )38%)(TVH.

)T-(@(+a-v)(@ie<= % % )E ))i%v9 | )8).%$d VHNVAMQQM )7SSY)@<+TITVH
-((+ +(x

)T-(@(+9-V)(@¢e<= e )4%> )>9 045%19  |)8)3s%wid)iz(e(e6((8 )$55¥)%E2)T()-26€<d

)-((++(«( )i#)(9¢+0OH.)>557

)T{@(+g-V)(@¢e<= )59 )i )i ))6%$%.  )8)49%9% | ):2(e(e6((8)(I@2INZ+0r)6-2)-(IEV8

)-((++(«( )>#)(8¢+0OH.)>S5Y

)1-(@(+g-v)(@¢e<= )® )> )i ))G$%.  )8)49%9% | ):z(e(e6((8)(I@®2ZINZ+0r)6-2)-(IEV8

)-((++(«( )i)#)(-VN.)>SG1

)T-(@(+g-V)(@¢e<= )59 )i ) ))34%. | )8)ivesd | ):z(e(es((8)r(1@znz+0r)6-2)-(1Evs

)-((+'+(«( ).>)#)(-¥N.)>GGt

)T-(@(+g-V)(@¢e<= )® )> )® ))34%. | )8)ivesd | ):z(e(es((8)r(1@zWez+0r)6-2)-(1Evs

)-((++(«( )-(6VEZ1ZEN.

)T-(@(+89-Vv)-<0+29 )59 ). )49 ))4%%i9  )8)9r%$9 |  ):z(e(es((8 | )2957)%E2)T()-(-<O°

)-((++(«( ).26(1 C.

)T-(@(+9-v)-<0+29 )® )% )39 I®%H9  )8)59%3d VHNVA.M,%Q% tmmsgmsﬁo-mﬁo.

-((+ +(x ZIC.

)T-(@(+9-v)-<0+29 )® )8%$ )29 )D43%®9  )8)>9%3d | ):z(e(e6((8 | )2557)%E2)TO-(-<O°

)-((++(x( )2l Z+TH.

)T-(@(+9-V)-<0+29 )® )8%> > D)IrS%$9  |)8)rinss | ):z(e(es((8 | )1SS1)%E2)T(-(-<«O

)-((++G( ).90)-(6VE++<8.,

)T-(®(+9-V)-<0+29 )® )$%> )i9 D43%i9  |)8)>%%$ | ):2(e(e6((8 | )1S51)%eZ)T()-(-<xO°

)-((++(x( ).L%GO#,.,

)T-(@(+g-v)(@¢e<= )S9 ).%G9 )S> )).%i9  |)8)n%®s | ):z(e(es((8 )$557)e2)TO) +(0'/

)-((++(( ) B%S$H.,




)3

»A-€:0)(-9)2(V(©

)S

)S

)é)<=G<

)L)=>!

)xumi-6.
)8( B3+,

)9S)1).£%-2T0
Vo )=$$)+x0).99%$#




UT$®/L.0' <R +S) TL /(' TL' A TD ' 9%,=""TOV

‘SANI‘(.L0.-($V

1%0/%.0" +x+:'‘AxD/08'/<

‘Nu'G®+'%'0THRO

“(1®=.'a.D/0V

NV ' G8+'% T%% RA=#

‘(T%®=.:'a+0/0V

‘NIE+8/L#T1'Suul G+ % ((HIY

“x0/%.0 +x+:'AxD/08' 9. H. 2> (+2.0t%®=.""axD/0V

‘NL()x+.0x BB+ T MoV G+ 5 52)) O

(T%%.:'a«0/0V

‘NLx()x .05 B8+T dunV G+ 5 [xB$<=C

‘1« TR+«0/) ‘gD Lt®=.""a«0/0V

N+ (TNT NP G+ 5. BBT8+C

COIBHT=$/0% 8 H.®" (+xL'/<

.o::.v.muwn_u.*_..u%.swn_um._ﬂ_

L(T®=,-'axD/0V

.m::.v.mu%+.*.._”+.~%u%+m

1%0/%.0" +x+:'‘AxD/08'/<

‘i G+ 8V

‘(TL$m="'0/"(/L+.©

‘(ITx+xTé

Gl L TR/ LOF BH=T%/0x (T' Lx()T0.96:. U T++6TBTA0. " (8/0+T<"S(LTO+%)/="+x+:
>9.1)'(T.L8 '/ (5$E T Tul T Le() TOE+6TBT+0, ' (8/0+T(4L.0/9"' GV BE+T (ITx+)0/ (- 8+x() %% $#



Y % % % % % % % % % % *%

+-)N01$.%20*34/$15300%657,4)%!8%%69::4%/)$0%<==064)>-30>) @ SULSS)) EIAB
$0(%F: @<%C&D(D*E%*3104a%TSM& E DYo!" 588 #xTD (E%$0 (%G “Bhi4%TC) D*E %
7.38$.9051437)0%*)415.5H$1530%>5/,.$1530>8%

! !u#



%&'()*+1$ |
!
* 1 YOLI-)*+0')/ K1 ((+2'%&*31) 21425+-/011)*++*3) +/ N
061'05101/0)*+'%)/203!.3/011263*+,')/2031271*062383)*4!
+¥3(203*31)210/)+21*0!5*(23/)/201'0519(*+/4*0) -!

7%+)/-1:)/20 'l

"#$9685(
/:1<=:>1?@ABCD!BE@C>CDB<CF!;GDA@HB:!10JIKBL@CGDGE@=CRIG BAB=CG:H!
E=AP@;IKG@QGKB!=:KIABKNEG;HIERG<=DBIS=A<G;HI?A@<!? @ EBBRSBBR!B<GCCC
~EENA=DBR>!<@KBRG:HIM@S!?@ABCD!E=AP@;!1%J/CBUNBCD/BB@EEGBCL@:KC!T
EAGDGE=RI?@AIN;KBACD=:KG;HIM@S!?NDNAB!EM=;HBC!GROER/ERB<PGRBD>ISGRI
&BABFISBINCBI@PCBAV=DG@:C!@?'M@S!?@ABCD!%!ABCL@:KBK!D@!P@DM!0!?BAI
BQLBAG<B;DC!=:KI0!KBL@CGDG @;!HA=KGB;DC!D@!DBCD!=;K! GHaAmVRI=IHR@P=R!
<@KBR!1%-4X%0!Y THIT!IZBI?@ENC!@:!UN=;DG?>G:HIM@S!<@KBRILABKGEDG@:C!@
ABCL@:CB!D@!0!G;LNDC!KG??BAC!=EA@CC!DMABBILAG<=A¥%@GRBEEDG@;C!DE
DM=DI"JIABKNEBI0I?GQ=DG @:!=;K!0!H=CIR@CCF![JIPN??BAILR=;D!0!NLD=0B!=;KIC@
~V=GR=PGRGD>?@AILR=DC!=;KI<GEA@PG=RILA @HBECEERB2HSIBROBAIDMB
"I''VBACG@;!@?'DMGCIEM=LDBAIGC!G;|LABL=A=DG@:!?@AICNP<GCCG@;'D@!DMBN
"HSY6H& "6 PRM@<=CF I+ TINFI1TIBTI6@;=:1=:KI%T!-TI1@ @K=RBT*V=RN=DG;H!=RDBA:
-LLA@=EMBC!D@!<@KBRG;HIDBAABCDAG=R!%!=:K!0!G;DBA=BDG @:C!NCG;H!@PCB.

BE@C>CDB<!ABCL@;CB!D@!;GDA@HB;'KBL@CGDG@;!=;KIBQLBAG<B;D=R!?BADGRC

! "#$



%&'()*+(&,)-).11/01))12-3,1(,4%,15(,12'1,)(!)-(,)6!(&.!),(1"214'7-2-0 5(-'+)!-4%1'3,7!
(8,10'11,)%'+7,+0,18,(9,,+14'7,:1%1,7-0(-'+)15+7!'8),135(-'+5:175(5!8*1+01,5)-+;!
(&1<N)('15;,1-+11,)%'+),1(18-)('1-05:1=17,9%")-(- +I>"? @#ABH##SCI5+717,01,5)-+;(&,!
1,)%+),1(1=12,1(--D5(-"+!,E%, 1-4,+().IF&,1-+01,5), 714'7,:1),+)-(-34(1=!
7,%")-(-+195)1%1-451-#15((1-8G(58:,I(;1,5(, 111, (,+(-"+1"21=17 %) +!5))'0-5(, 7!
9-(&!4'7-2-05(-+)!(&5(17,01,5),7)('(5:!=1-+%G ()15+7'G(%G()!>-.,.615!:,) }£H8!, C!
5+71-+01,5),7!(&,18G22,1-+;1"21%:5+(1=IG%(5H, .1 +10+(15)(6!(&,!7,0%)8{34I("
=12,1(-:-D5(-'"+195)15((1-8G(58:,!(1-+01,5),7!:-&(1:-4-(5(-'+!21'41487-2-05(-'+) (!
05+'06*1%&'()*+(&,)-)15+71(&,18G22,1,71=1%:5+(1=1G%(5H,.11JG1(&, 144 BL&T!
47,:0)&9,715L:1,5(, 111", 1'21)*+ 1418 (9, +1=17,96')-(-+15+711-)+:15(4  ")%&,1-0!
<K g/5)!514,0&5+-)41;'3, 1+-+:1(&,10&5+:,1-+1(,4%,15(,12'1,)(1%1-45 1 *IFGEO(-'+!
'3,11(&,!B#40,+(G1*.1IL5), 7'+'G111,)G:()6!9,!)G;;,) ((&5(1=!1, (, +(-+5+71(&,!
)L+ (821 &(1:-4-(5(-+1'21%:5+()151,1-4%' 1 (5+(15((1-8G (,))@&B(718,1-+3,)(-;5(, 7!
-+1;785:18-";,'08,4-05:14'7 :1-+(,1A0'4%51-)'+).IL*)-4G:5(-+;1<!  )('15;,!
),+)-(-3-(*1('1'8),135(-'+5:175(5121'418'(&!I=17,%')-(-'+1;157-,+()!5+71=121(-:-D5(-'+!
[E%,1-4,+()619,)&'QN(&5(I1+'+A:-+,51-(-,)1-+1,0)¥)(,411,)%'+),I(1=I577-(-+1: 71!
7-22,1,+(15)),))4,+()1'21),4)-(-3-(*I(1=1-+%6G () 1-+1(&,1(&,),1(9'1(*% .y 2!'8),135(-"+).!
F&,1,2'1,61()(-+:14'7,:)19-(&!8'(&!(&,!1,)%'+),!(1;157G5:1-+01,5),) -+=1+%G()!'3, 1!
7,057,)1>=17,9%)-(-+CI5+71=14G:), I577-(-+)I'21=1'3,114G:(-%:, 1*, 51) 541
2,1(-:-D5(-+CI5::'9)12'11;1,5(,11G+7,1) (5+7-+;1'21(&,14,0&5+-)4)!;'3, 1 <A=!
0'GY%:-+1.

!



I"HS%& ()*+&, (%
%&'()*+&!,)-./&,101213-.413.55*6137&6!(.4875)*. I O1'/-*(76) 7-'6!'(B*)*&5!

* 367&,(&5!/6.8'6!(6*4)&!8:I'6)&-* /1')4.5:<&*(1(<&A4*5)-:*&-.5.65="" 91/-&&,<.75&!

I'51(.,(&,)-)*.,510>7))&-8'(<?>'<6!8)'6 @ A#""'=1B* 9&-1&)!'6 @!A#'A2@!IC.D&+&-=1)<&!

9*-&()*.,1.31)<&(6*4")&1*4;'()).31-8'()*+&!1!:-*4'-*6:198:&,95!.,1)<&!86',(&!.3!

5.5% [~ (&55&5E!;. 5*)*+&1-'9%)*+&13.-(*,/13-.4184*55*. 51.311 F=!'/-8&,<.75&!

['5=1",91,&/)*+&1-'9F)*+&13.-(*,/13-.41'6)&-&II')4.5;<&-*(1(<&4*5) -:I' 91(-8.,!

9% G*O&I0HR!5).-/&!*,1173&-)*6*189!3.-&5)510J-, &)<!&)!'6 @ A#"#=1B* 0&-1&)'6 @ A#'A2@!!

0%&'()*+&!119&;.5%)&9!.,13.-85)1&(.5:5)&45!(',I* (-&'5&L-+4"-:1;-.97 ()*.,1*31)<&/!

3.-&5)1*51176%4%)89101'9&6<.33&-1&)!'6 @!"KKK=IL',' *1&)!'6 @ A#H#M=IN<.4'5!8)'6 @ A#"#2=!

D<*(<!-&576)5!* 168551 F<&!)4.5;<&-&!",91(.,5807&.,)6:1-&97(&9!(6*4)&!

D'-4* |@19%8(&,)|&5)*4')8515<.DI)<")1)<*51-&97()*.,I*, |(6*4') &I D"-4H£ 51" 5+4+6'-

41,%)79&'5!)<&!* (-&'5&1* ID'-4% 13- 411 AFI&A*55*, 5=1* 9%()* )<)1)<&!3.-&5)!

5% P1L3IHRI<'E!' 1¥4;.-)' )I-.6&!*,1/6.8'6! (6*4)&0Q'&<6&1&)!'6 @ AH"'=1>7))&-8'(<?

>'<B1&)!I'6@!A#"=IB* 9&-18)'6 @ A#"A2@!!!

! J((7-)86:1:-&9*()* /1<.DI(-8.,10H2!5).-/&!* 13.-&5)1&(.5:5)&45 D*66!

-&5;.,91).1)<&!(<",/* 198 .5*)*.,1.31-&' (J*+&I LI*5I(-*)*('6!3.-198+86..:*, /| (6*4')&!

(<',/&1)'-1&)513.-1-897(* '&4*55*. 51 O1'-1: 667)*.,@!IR6.8'618*./&.(<&4*('6!

4.9&65!(.7;6&91).1(6*4)&"",91')4.5;<&-*(1(<&4*5)-:14.9865!"-&!;. D&-3761)65!3.!

&G:6.-* N <*51(-8.,2,%)-./&, 2(6*4")&!*,)&-3'(&I0S.P.6.+18)'6 @ A#H#T=IN<.- ) '65D)!

AH#K=IU' /18)!'6 @ A#HK=1Q'&<6&",9IV-*& QI A#"#2=187)1¥)1*51"-'4.7,)1).187*60!

(.,3*9&,(&!*,1:-&9%()*.,51.31<.DIHI7;)' P&, 915).-/&!1-&5:., 9N I(<", [+, 111* :7)5@ I

! "#$



! 068 ()*+(,- /1+10+'1,(1&21&34,'0+(1&*+-14+¥51 67,18 *(+-15+(+!+' 1+3-, |(&!
(,4(1+*5!1187'&0,1(9,!4,*41(101(.\&2!:-&3+-131&:,8:9,81; +-18&5, -4 (& AE*1<!
5,7&A1(1&*1+*51(9, 1" 4)-(1%:1=14,>), 4(+(1&* 2N @()51,419+0, I * '+-- 149& A1 (9+(!

- 0+(BI<IT*7)(41&2(,H11%; +4,17-+*(1' &A(QIH+*514& 1-1=14,>) A(+(1&*HBE11, (1+-7!
DHHE/IF.0&* *1,(1+-?\DH#G/S, IH'1, 41, (1+- 21 DH##I/N\J+*44 %41 (1+-?IDH#"#/IK9&SB+4!,(1+-?!
D#"#L/1+-(98):914&8,!,;84.4(,8419+0,13, *19+'8,5!3.1;9'&*1;,-,0+(,5!<!1*7)(4 1(9+(!

- 51(&14&1-1+;15121; +(1&*+*514+()+(1&*IBM3, 1, (1+-21"IG/IF&:3, 1, (1+- 2 DHHYIN+--+;
(1+-2IDHHEL 21K, 1) *(1++:, 1821, A(18+(,41>)+%(12.1%:1(9, 1+551 (1&*+- =14, 5K
7,1*1(1&2!1<!+55,51BO:I=17,10:1<P1&15=Q5<L11413'&+5/11*17+'(15),|(&! (St HAL!
+77'&+,9,41)4,51(&!>)+*(12.15=Q5<?11K9,4,1+77'&+;9,411%:-)5,1<12, (1- 1IR3 &4

BF.0&* *1,(1+-?ID##G/IS1)1+*5IT' +0, IDH##IL/IAY, 1+ 11%7)(41&21<!+' 1455 51(&!

28" 4(41&0,1498/(1(18,14;+-,4/1+*51<15 7&A41(1&*1:'+51,*(14()51,41BC+ = PUDHHE/!
5,1H'1,41,(1+-?ID##I/IKO&S+A41 (1+-2IDH"HL/IAY, 14T +(1+-10+'1+(1&*11¥1<15, 7841 (1&*+*5!
28" A(1"&A(91+',1)4,51(&! 4(18+(,1(9,!187+:(1&21:+5)+-11%:" +4, A1<IB&AT (1&*1&*I=!
4(&'+:,1&0,'18)-(17-,15,;+5,4?11%)'(9,'8&" /1(9,",1;+*13,10+'1+(1&*1+8&*:14()51,4! 1*!
(9,!=17&8&-413,1%:18 +4)' 5/1+414&8,14()51,41;+-})-+(,1(9,!5=Q5<!&21+3&0, '&)*5BI(
=IB5,IH'1, 41, (1+- 2| DH#/IKO&SB+41, (1+- 21 DH"#L/N A& 1-1&"+*1;18+((, "BI+*44 *41 (1+- 21 DH"#L/!
&'1* (1,:8&4.4(,817'&5);(1&*IBKUVPIC+:*++11 (1+- 21 DHHE/N @) ((&*!, (1+-?\ DH#HGL 1% 1 *+-- /!
(9,1&34, 0+(1&* 4147+ :1&*4IA1(910, 15122, *(1914(&'1;+-1<!5, 7841 (1&BIL+FH9, !
W2@7";&87+ 5!(&IN,4(,*IU)&7,L21N@);;,442)-- 1)41%:1(9,1+0+1-+3-, 15+ (4{{816!
187'&0,1:-8&3+-131&:,8:9,81;+-18&5,-41" >) 1" 4151" ;(- 1+::&)*(1*: 12&8'1(9,10+'1+(1&*!

1*18+:*1()5,!1+*5!(18,X4;+-,1&2!<!+551(1&*4!1*1(9,!&34,'0+(1&*+-1+*5!,6 7, 4-8&H¥(+?!

! "#$



! %8 (I)*++,-,.1&//-0&12,312&84,15, '163,)!.0!70),819,(//-01,33,31*'+86, 1*!
18)I<I1(18,1*'.,-&1.%0'31*'1. - 3.-*&8!,103(3.,731=>&,28,1&)178870', 12| @#""AB!!!!
CO-!,D&7/8,E!<!+*D&.*0'12&3!5,'170),8,)!1&31&1+6'1.*0'10+!",.1/-*7&-(1/3B1.*0'!
=<FFA!=G20-'.0',.|&8B! @##$AE!,48/0.-&'3/*-&.*0''=H&"],.| &8B! @##IE!>&,28,1&')IC-*,")!
@#"#AI0-1<!),7&)1=J,-5,-1,.1&8BI @#"#AB!IK*7*8&-8(E!<!6/.89,12&3!5, '}, J*&33!
&1)*-,1.146'1.%0'10+1/20.03(.2,3*31&")1:L<!13.0¥12*07,.-*1110'3.-&*'.310'|56*8)*
/8&'.1.*336,1=G20-'.0'1,.1&8B! @##@E! @##$A!0-1583,)10'1&8801&.*0'10+11&-50'1.01/8&".1-00.3!
=J,-5,-1,.|1&8BI@#"#E!>&,28,1&)IC-* ") @#"#AB!IK0*81&)1/8& 156 ++,-*:10+1. BII1(1
.01)&*8(1.01&"6&8!128&":, 31*'1<184&*8&5*8*.(1&830!)*++,-31&70":170),83!,11 &8B!
@#'HE!>&,28,1&)IC-*) | @#"#AB!?,3/*.,1.2,3,)*++ - '1,3E!:805&8!5*0:, 0 12,8¥
70),831/-,)*1.1-,&30'&58,!8,4,8310+!:805&8!<FF!=G20-'.0'1,.1&8B! @##$EI&BB,
@#"HE!>&,28,!,.18&8BI@# #&AE!36::,3.%:1.2&.1.2,I- /-3, .&.*0'10-1/&-&7 ., 0'ND&! *
0',1/-01,3317&(1107/,'3&.,1+0-1.2,1- /-3, & *0'10-!/&-&7,.,-*M& .*0'10+1&'0.2,-B!!
N'),-3.&)*:12001.2,))*++,-,".170),8!3.-61.6-,310-/&-&7,.,-*M&.*0'3! *'+86,'1,.2,!
/-)¥1.¥0'10+1200!,103(3.,73!-,3/0)1.0I<!) /03* *0'l- P6*- 31*308&.*19,(1/-0 1,33,3!
28.1:04,-1;1&)1<!I*. -&1 *0'3BIIN'+0-.6'&.,8(E!*".,-Q70),81107/&-*30'311&'15,!
8+7*.)15(15-08&)1)*++,-,'1,31*170),8!3.-61.6-,1.2&.1789, * .1)*++*1681¥3084&..,!
/&-*168&-1/-01,33,3!.2&.1)*++,-1&70':170),83B!IR",1&//-0&12!.0!.2* BB 1*31.0!
107/&-))*++,-,"1- /-, 3, . &.*0'310+!/&- *168&-1;1&")!<!1(18,1/-01,3 3,310*.2%1.2|
3&7,!:,,-&8170),8E!.2,- 5(105.8&**1&15,..,-16"),-3.8)*:10+102*12!/-  01,33,3!
*¥186,'1,1/-)*1.%0'310+12001. --,3.-*&81;13.0-&:,1&')118*7&.,1-,3/0").01 12&"*"I<!

&4&*8&5*8*.(B!!!

! "#$



! %68 ' &(1)&I&*+,-'&.1/08&1123,48258&1-316,/&'26/178&16++'-650&81/-19-.&, 11162
12/8'65/1-281-21/0&!8&281/171/=1-31;18/-'6:&!/-1<112+4/8112!/8.9+& 8B BE5ILI8>!!
2-118- 6/&1/0&16,/8'26/17&16++'-6508&8(1)&!19+,&9&2/&.194,/1+ &/ RI'26
68849+/1-2816@-4/!;162.1<15=5,12:1)1/012!6!812: &!:,-@6,!@1-:&-508D156 3E5&!
9-.&,A;BCD;<IE>#F>!1G&!3-548&..1-21/0'&&!H&=168849+/1-2816 @-4/!/0&!<!5=5,&112!/0&!
'BCD;<!E>#II"FI/0&1&*/&2/1/-)01501/0&!<15=5 &118!-+&2(|@684&.!-2!<2F126A4/8!
62.1<!,-88&8!'&,6/17&1/-112/8&'26,1<15=5,12:(\JF!/0& @433& '12:1QUD&IBK]+-- !
62.1@433&'12:1-310-)!+,62/81/6H&!4+1<(162.IKF!/0&!562-+=1856,12:1-31+0§1B=210&
L,/&'26/17&19-.&,18/'45/4'&8!-31/0&!:BCD;<!)&'&!5-9+6'&.1/-I- @8& 76/11283-'&8/!
I'€8+-28&1121<13&'/1,1M6/1-21&*+&'1982/8162.165'-88!<!.&+-81/1ABB.1&
8+8&513156,,=18194,6/12:1.133&'&25&8!12!/0&196:21/4.&162.!/1 380 85E;285!
69-2:1/0&!-@8&'76/1-26,18/4.1&8>!

| |

I"H#$%& ()*+$

$

" $-.+8/018$2)*&/$*&+3405'0)1$

I IG&1488&.1/0&!;BCD;<!E>#168!/08! @68&,12&19-.&,1A?0-'2/-2162.IN-8&2@,--9!
JHHO(120-'2/-218/16,>1J##P (| JH#Q(IR-262162.1B&7181J#"#F1121-4'18/4.=1A0& &63/& (!
'83&"&.1/-168!/0&!S5,9E52T19-.&,F>1120&!5,9E52!1816!:,-@6,!@1-B6968952.!
84'365&19-.&,15-4+,&.1121/0&1:-99421/=1U6'/0IV=8/8&9!C-.&,|AW&2/1&/16,>1J#""F>IIL!
5-9+,8/&19-.&,!.885'1+/1-21562! @&!3-42.1&,8&)08& & A?0-'2/-21&/16,>1J##J(120-'2/-2!
62.IN-8&2@,--9IJ#H#O(170-'2/-21&/16,>| JH#P (1 I##QF (1)01,&16!.&85'1+/1-21-31/0&IH&=!

+'-5&88&8!/06/!'&,6/&!/-12&)!19-.&,19-.13156/1-28!6'&!.&85'1@&.! @ &,-)>!!

! "#$



06&1'()1*+,-*&1, .[)+0'() 112&/131¥4*+)5126)1*. 78+)/1'(6.79(1+:")612&/15.: +!
(692&:*1 2")BI/)*.,8.5:"1.&128&/1'(6.79(18+2&1/4&2,*5;11<()!186:,2641112  &/!3!
* 78+:&9! 7651 &1'()I=#>,:&7')",)I5¥2+)012518+2&'51*.,8))12.6131@: (!, :*6.A: 2+
. A+:B2'.&1:&15.:+1.692&:%1,2")60! @()6)!3!*.,)5!26.,1219)&)6: *I5.:+1:&.692&:*!
318..+1C:;);013D!I2&/13E 126)1*. A:&)/F:11G+2&'131/),2&/1:51A25)/1.&!'()131&))/)/!
L1L2%(1(0)Y),2&/15) 1A41&.&>31+:,:)/18(. . 54&()5:512&/18+2&1:557) I 1H3!
5% (.,) 64 1%. &5'62:&'5; 1119621 ()1, A:&)/131/), 2&/1)1%))/51'()12]2:+2A+  )I3018+28&!
78'2K)12&/1,%6.A:2+1:, . A:+:B2".&126)16)/7%)/1:&186.8.6':.&1".I'()12J2:+ 2A+)1312&/!
'):616)+2".3)!/),2&/5;1
! L.76%)51.21&)@!31:&".I'()1*+,-*&1, /) +1:&*+7/)1317:12":.&12&/131/)8.5:":.&: 1
31+.55)51:&*+7/)1/)&:'6:2:*2":.&01+)2*(:&9017:6)012&/1(26J)5';11312:12': \GRH@2": &9)!
278&*:.81.213GGIA25)/1.&11+)J)+28&/1)12+:IC"$$SF; IM:12".&12&/1/)8.5:".&126)IA. (!
[:BY¥+A12/N)/1 I ()15.:+1:8&.6928: 41318, +;11<()*+ -*&1, /) +1:&*+T/)5IA. (!
1)&:'6:2:%2":.&128&/1+)2*(:89!86.%)55)5N!(.@)J)60"()1J25'1,20.6:'4!.?18¢:5'125131925!
&1, 5'1)* 545" 51:&1'()!,./)+ICL788+),)&'2+1%&7?.6,2":. &I<2A+)!=;L%: PF;()6)?.6)0!
')I'@.1+.55!82'(@245!2.6131925)51:&1'()*+,-+&1, ./)+126)1)64!:,8.6'2& HI"E!
* &5'2&'1"Q1.21&)" :&)62+:B2".&1:5!+.5'12513192512&/IPFI()15.:+1,:&)62+131'(2
)1%))/518+28&'178'2K)12&/1:,, A:+:B2'":.&1:51/)&:'6:2:)/12'12162')!. 2IR#QB)61/24;
|
IS8 () &H &) &) - [0 Vo L ##
! <()1.0)62++1, /) +],./:7:%2":.&51C6)?)66)/1.125!S*+ -, [TFIAT:+/1.&16)%)&!
:,86.),)&'5! . '()F24*7+2":. &5!.?1%2&.8418(.'. 54&'()5:51:&1'()1*+,-*&ICU.&28&1)'T 2+;!

P#"0!P#"'PFIA412//:&9!86.%)55)5!'(2'IA7?7?)6)/!"()! 11*4*+)!*.78+:&9!".131282A:+:'40!

! "#$



$%&!"(&)*+%,1-14+96.)/01/11*($/(1$%!-1*2*3(14+/51314('1-1+%.)/01$%&! 1) (BS/+6(1/1!
+9%/('%$3!-1*2*3+%, 1 7+8(89!$!3(00! 1. (%!-1*2*3(:1+%!:$/)'(1/ ($CH&!<1'($3!=1'(0/08!
>5+013(00!1.(%!-1*2*3(1+%!/5(1*3;2; 1&!" (=3(*/01/5(") %&('0/$%&+%, /5$1182! <+
=+@$/+1%!+013141+%!:$/)' (/(;.($/(1$%&!<1'($3!=1'(0/0!7A'(40!"BBBt8I%1O!
*1%/'$0/1/5(1*3;?7*%!/5$/1+%*3)&(0!<1/5!02;<+1/+*1$%&!="((C3+6+R4$B3('+$! +
(*1020/(;08!1D)'/5(";1'(9/5(); L&+=+*$/+1%014+/5+%!1/5(1*3:2+0%!' (=3 (*/@<EY
<(14((%/5(1*3;7*%1$%&1 1/5(1,31<$31<+1,(1*5(;+*$31:1&(309!0. (*+$33 BALS/!
5$6(!,($/(1<)==("+%,!1=1/5(1-1*2*3(1/5$%!/5(1*3; 7*%! 7TECA-FIEHKI$%&! D'+(%&!
H#"#:1$%&!3(00!-1=+@$/+1%!+%!/(;.($/(1$%&!<1'($3!=1'(0/0/5$%!/5(1*BiZEY6! 71J
M('<(!(/'$38!H#"#:8!INO!&(0*'+<(&!<(3149!/5(10(2!; 1&+=+*$/+1%0!+%*3)&(&!.3$%/!-
)./$O(91+%/('%$3!-1*2*3+%,91-131009!$%& ! <+131,+*$3!-1=+@ $/+1H0B18i+) B0
;1&+=+*$/+1%0!+0!=1)%&!+%!/5(10)..3(;(%/$3!+%=1";$/+1%8!

!

I"1"H$%8& ) &*+$,$-.-+/&0$S

! P3$%/1-1Q./$0(1+%!/5(1*3;2;1&!: 1&(3!+01<$0(&! 1%! J+*5$(3+0RI(%/ (%! O+%(/+*09!
A5((1/5(1'$/(11=1-1)./$O(1&(.(%&0!1%!$!:$@+;);)./$O("$/(1.(1,'$;  11=I=+%(1'11/!
A91$0!4(331$0!/5(1*1%*(%/'$/+1%! 1=101+3!;+% ('S 31$H#al-K!. 1 130! 70((!
T)..3((%/$3!U%=1"$/+1%!=1"&(/$+3(&!+%=1"$/+1SHES E!. 113014 (" (| $&&(&!+%!
/5(;1&+=+(&!;1&(3:8!!P3$%/!)./$O(1+%*'($0(0!4+/5!01+3!/(;.('$/)' (1$% L EBIBK0$3!
3$%/1.11311=1-1&(*($0(01'(3$/+6(1/1!$!; $@+;); 1+%/ (‘% $3!.1138!1>5(1=1) 841 =!-!
)./$O(1+010+;+3$'1/11/5$/1)0(&!+%!1/5('!,31<$31<+1,(1*5(;+*$3!; 1&(3Q {NK3S!
H#"#91G$(53(1$%8&! D'+ (%6 &IHA" #:1$%8&1&+==('01="1;1/5(1*3;2*01<21$3314+%,/5(1-1)./$O(!

J11<(1&(*1).3(&!="1;1.51/102%/5(0+0!$/1051'/\/+;(10*$3(0! 7+8(89!0(*1 % & T3 18SZ0



HEY&! 1()H+$1, - $./*#10* 121431 1$*% 24196 $&*-521 (6#-&*#$6 1 FERHER1FB8S2-2. !
98$1&*:-&(&!-5#$%5*6!)6*5#1')3361-21%; (*61#3135$! 1$+06!3<16-=$!) 6HBHHEBIEH %!
>$067$%!I$#1%6.| @A AL B5IH#E$! 768 CE&30!18&30$6/HESI&*:-&(&! (#*+$106*#BI1-21%22 (&S0
2$1$;(*61<3%I'Q*50I'E £#21-&)6$&S5H$0!-513#85%!830$62!,>$%2$%!$#1*6.| @A"A/IG*$86$!
*501H%-$50! @A"A4. I ()#*+$1377(%21*511#-&$10(%-511#8$!1%3J-5112$+235! - $./1J8$5!
6$*=$21J$%$!)%$2$5#! 351#8$!)6*5#4/1%*#8$%!#8+51356 110(%-511#8HEB1LGH8-51#83!|
2$*235/1*21-&)6$8$54#$0!-5!4#8%$!76&C75!=$%2-35.1IK6*5#1 ()#*+$1-21¥22(&$01#3! 7$16$22!
738)$H-#-=$1<3%!'1#8*5123-61-8&&3?-6-L*#-35!3<!"/I-51#8#) 6*5#! () 62 B7FY6! 23-6!
&-7%37?-*61-&837-6-L*#-3510$&*5021%6$!&$#.1198$!768C&30!-576(0$246YBF5416
)3361#8*#1-21(2$01#312(<<$%H8$I0$&*501<3%!'1<063&!)83#3215#8$2-21<V6BRH#8S! ()#++$!3<
2119633#2.1198$12(<<$%-511377(%2!211*663J-51!356 1! @ M! 3<#8$!#6+296$!)336
*=%.6*26$1<306173&?-5-511-#81)83#3215#8%$2-L$0IN!#312(-60!)6*5#1#-22($.1198$! @M
2(<<$%-5117*)*7-#116$*021#31*I#I300* L 1#(%53=$%#-8$! 3<| FOBEFHEGFS!
03$2153#1-576(0$!2(<<$%-5113<16*2-6$1)6*5#1'/1*64#83(181%$7$5#!8.30$6HR)IBB=$8$
#83$176&C75!-576(0$!*12(<<$%$0!6*?-6$!')336!,983%5435!$#1%6.1)$% 2B 3388 (5-

|

"I HSHY 8" (‘1

! 98$!768C&30!830$6!-5#9630(7$2!415-#06-<-T*#-351*613%-#8&/I*5 *6H#$%5*#-=$!
0$5-#%-<-7*#-35!*613%-#8&/1*50!*12-8&)6$!*613%-#8&!10$27%- ?-5114#850%630(7#-35!
810%3631-7!6322!3<10-2236=$0!3%I*5-718&*##%$%/!-576(0-510-2236=$0!3%41*5-7!'|, PE'4

' #0b-<-T*#-351-21¥1<(57#-35!3<1231ABEB H$8) $%6*#(%6$/1 23-61I*#$%%/1*5015$#!
&-5$%*6-L*#-3517*2$0135!K*%#351$#1%6.1, @AA"41]-#8! @M!3<!5-#%- gl *#-35!63241+2!"

JK*%#351$#1*6! @AA"4 1P $5-#%-<-7*#-35!-21*I<(57#-3B23<R 3B/ *50!23-6!



$96890'(&' ()$++!,+&*-*&.1/,0011(2!3',1/4' 1%8&!,56173',1/4' 1%&!,56!"88BH52.56!
==8>6112(1/4@ @%'|&$%! - *5,/*5+&.1(@!0(*5!A*2%' 51B,211,))'(C*A, &6 BH( R &%'
%C+$,2<%!)'(+%00%0:!"=D!(@!& (&, SHOBBE /5%! @ (T*AA(/*5*G,&*(2:1)5,2&!
£)8, HY%:12*&*@*+,&*(2:1,2115%,+$*2<1719%'/96'1%&), 56 #="=>:1 21IF2HBIBJ
A(*5%!1*210(*50:1"==D!(@YBD!,004A%1I&(!/%! - *5,/5%!@(10(*5:1)5,2&:1,2115(00!
)'(+%00%06!IK*00(5-%1!('<,2*+1A,&&%'1*01) (14+%1!,&!,1+(20&,2&!)'() (B@ ' BD0!
(<, 2%+A &&I6'1&', 20@ %"/ %&L %%6218$%!05(LI5*8&%'T) (57 31LBANAOY% L *2<!
O(*51('<,2*+1A,&&%')((5!7/,0%11(2!19%'/%'1%&! 56 1#="=>6!13(&$! 1*00(5-%1!('<,2*+IN! 21!
B1,'%615(0&!*21) ()(‘&*(2!&(1$.1'(5(<*+19%C)(‘'&:10*A*5, 1&(15%, +$*2<!5 (AU @IBI*2!
&$%INSAF+2IA(1%56!12$%!+5AF+211(%012(&1*2+541%10%),,&%!+(20411241,&*(2)(@!BJ
BE (l+.+5*2<:12('11(%01*&!1*2+541%!KIN!,21!1KIB!5(00%06!!
|
"I"H#$%$&! () +$
! O21+5*AF+A(LIBI@*C,&*(21*01,| @42+&*(2/(@!, +&4,51%-)(&' 2 0P RIER2:
&$%!1+9%628",5!'%5,8*(20$%)1*218&$%!IN5%-%65,211%&!,56!7"888>(@-*%L!(@!B! @*C,&*
A%,04'%A%28&0:!" &$%'1&$,2!,| @42+&*(21(@!BPP:!,01*A)5%A%2&%11*21+5AF+261102!,11*&
0.A/(&*+1,2112(2MO.AM(&*+0(4'+%0!(@'B!@*C,&*(2!,'%!0%),', & HESHBIA/
@*C,&*(21*0!,004A%11&(1/%!G %' (I*2| A1 MI&(!5,&%6MO4-++%002 (2 /BYR THDY BN
7*6%6:1L$%2!15%, @!,'%,1*21%CI 7RSO>ITI">! 2112(2M0.AM(&*+!BI @FTI&KR*2+%,0%
+8&4,51%- )(&',20)* &*(2!70%%!Q4))5%A%2&,5!02@ ('A,&*(2! QORIERHB(B(&S$!0
@*C,&*(2!,'%!,004A%1I&(!(++4'*21<',005,210!,211&'()*+,5! @ ('%0&06&HSH0!B! @*C

'(4&*2%'%14+%01&$%!(-%', 55!B1*2)4&01&(IA*1MI&(15,&%MO48XY0BH(@,6%ERR!, M

! Illl#



$Y&&! ()*&IH+,-+"1./0112&!13(456178&!/.192(54&!65!:1.6;(16/5<+!1=1>(12P(@!./0!
&O16*6A(16/5!2(%!(*%/!(88&8!1/!.(96*61(1&!12&1%637*(16/A6/5 &ORDEBE51%+!
|
I"I"H$%& () <) +(,(-*' +.-I-$
! B65(**@C!12&!19*3D3/8!3/8&*1659*788%!92(548%!1/112&!9(5/>@!%9(*654!/.!
>2/1/%@5128&%6%C!3(;6373!>2/1/%@5128&169!0(1&%C!0(86(18HIAAGY2 &UBYET! !>
(581%1/3(1(*19/58791(59&!(%!88%906)&8!65!F/5(5!& 1! (*+!$GH""<!(58I$GH"G<+1F/5(5!&1!
(+I$GH"G<!6510/879&8!(137*161*(@&0!9(5/> @!%9(*654! (>>0/(92! 1 294 BFIR&SHEAL
120/742/71112819(5/>@!0(12&0!12(5!7%6541(122/*&19(5/>@'$1?2/1%108&(36/6+40/;63(
'2813/88*17>8(18%!65!F/5(5!&1!(*+I$GH™" CIGH"G<!8&90&(%&8!IKK!(58!&..&916E&* @!
08&879&8!12&!1>2/1/%@512&169!>/1&516(*!/.1%2(8&81*&(E&Y%C!) 71! DABIREA(91!/.112&!19
/5IL1:1651&0(916/5%!2(%!5/11)&&5165E8%164(188+!1'2&19*3D3/813/8&*!(*%6/1659*78&%!
%>896.69!E(*78%!/.13(;63731>2/1/%@512&169!0(1&!./01&(92!>*(5 M FBIDERH(*! 1
%@5128%66%!/.1(1>*(51110(61!8(1()(%&!$M(114&!&1!(*+IGHHN<C!6: 120881128 @!/5*@!8
%*6421*@!.0/3112&!E(*78%!65!12&19*3D95!3/8&*!./0!12&!1&3>&O0((ERUIDES X .| >*
79%&8!65!126%1%178@!$9*3D95C!OGP!9*3D3/SIiRERIR3/*13
| |
1"0$1/234&.,/(-$

'2&19*3D95!(58!9*3D3/8!3/88*%6!2&0&! 7%&8!1/1%637*(1&!./08%1!
)6/48/92836%10@!(1!.6E&!1%618%!65!:/012!=3&069(5!)0/(8 B QRIBEBTEIYA!
108&%1%+11'2&).6E&1%618%!?&08&!92/%8&5!) (%&8!/5!12&1>08% & BBEAIH/5411&03)./
>0/87916E61@!3&(%70&3851%!$"HS! @&(0%<C!*/5411&03HRA6 BEBIR1E/HIR!

@&(0%<C!(58!(0&19/51(65&8!761265!12&14&/40(>269")/758(06 &Il ARG @%6

! Illl#



$%&'%()*+!,-(-!.+1/0)1-2!'(1-34!567"789!:0$;0!'2($1-(',10):!<)*'2(!=12()*->'10 -2!
*22)%,",10!@!,'?)2$($)%!-;*)221(0'1%)*(0"-2("*%! A4B4152"1 '3):8411C-23;!
2:%$72($)%2!1)<!1(0'12$('2!-*'1$%:;3D,",1$%!/-.3'1"41E) D*1)<!(0'1<$&'12$("2!: *'1$%!
F$:0$>-%9!ABGO!:$(0!"-;012$('1*';'$&$%o>1-IH!I> @ 1'12$1'06(-31-,,$($)%!)<! @!
)& (‘%! +'-*215K*>$(L™*1'(1-341677MN"OOPIS 77P84!1/0') (0™*12$('1:-2!-(1Q-*&HAE)
$%IF-22-;,0D2'((29!ABG!5F->$33!'(1-341677#81-%,1$%;3D,", I(:)!, $<<"*' % (I"#1+'-*1
<*($3$L-($)%!-,,$($)%2!5P!-%,!"PI31@ INI"OMMI67768411G33! -(-ID2',1$%!(0$2!12(D, +!
<)*(0'1<$&"12$('21-%, 12531 @'<"*($3$L-($)%0!"I?"*$1'%6(21;-%).'1<) D%, B3 B4 $3
5677#81-%,IK*>$(L"*I'(1-3415677M84!!!
R'12$1D3-(',1";)2+2('11*2?)%2'1()!(*-%2$'%(!@!,'?)2$($)%!-%,! @' <PUKS) %!
-(I;01)<1(0'1<$&'12$('2!1D2$%>1(0'1;31#;9%!1-9%, 1;:31#1),11),'32411/0'12$1 D3-($) %2!
$%&)3&",1*D%%$%>1"-;011),'31<*) 11"MP71() 167 7#1-(1'-;01)<!(0'1<$&'1 2$("21:$(0!, $<<"*%(!
)1.$%-($)%2!1)<!<)*;$%>!,-(-41/0'1.-2'3$%'12$1D3-($)%!D2",!(*-%2$ % ('§$) P2
5@Q-%,!@SNIT-1-*UD'I'(1-341677P89!-(1)220'*$;1583-%,!D2'15.-2',1)%!2(-%, I->'l
-(1(0"1<$&12$('289!-%,!;331-('41@!,'?) 2$($)%0!-%,!-(1)220* $IB=8<)*;$%>! - (-1<)*!
(0'1'9%($*'12$1D3-(3)%!5"MP7I16774#841IGIPVI+-*11'()*)3)>$;-3!,-(-2'(!:-2!-&-$§)!3'
<)*'1(0'11),'315"O#MIB 7 7T#NIWS-%!'(1-3416 77X84!IR'1272-($-33+1$%(*?) 3-(,|(X'1>3).-3
>*G, (101 -(12$('13'&311'()*)3)>$;-3!,-(-4!IIRID2"1(0')-(-I<*  )11"O#MI
"OV6!I<)*I(0'1"MP71"OV6!2$1D3-($)%!+-*291-%, 1(0'"OVHI6 77#11'()*)3)>$;-3!,-(-2'(!
:-21D2',1<)*I(0'1"OVHIB 77#12$1D3-($)%!+-*2411Y-;012$1D3-($)%!%"," 1$%$($-3!
)%,$($)%2!(0-(1:*1-((-$%",1.+1*D%%$%>1(0'11),'3!()'UD$3%$.*$D1!D2$%>1"MP7!&-3D'2!
Q*@!,'2)2%($)%!-%,!-(1)220*$;!=8-%,!(0'"O#MI"OV6E!($1'12*$' 2! <)*!

1'()%)3)>$:-3!,-(-411G331:$3,<$*1:-21'J:3D, ', 1$%!(0'127$%ID?!1-%, ) (0*1T53-($) %2!



$%&! (1%)*&+',-)'-&.1%.-)/I'0&)."'-."-* 112-+&!I3($&1!,"1,1.-)/1&!4(-) 11 (2()5!!
6-3%1,"-().1%.&$!.- &7 .4&*-2-*1.(-11'&8'%+&!19:,/-111&'l, 15!;<<=X@B&&'! 15!;<<AB5!
C&!-.(1,&$"'0&!-)21%&)*&!(2!'+,).-&)'IDI$&A(.--()1 )| E!*F*1-)/1,1&,*0!.- B5 F!
+8&4&,"-)'0&!G,.&1-)&!.-3%1,"-()!$&.*+-G&$!, G (H&!&8*&4"12(+10(BY(D"-()!, !
"A#<5IIC&!,1.("'&.'&$!10& O&+IEI*F*1&!.&).--H-"FII,.1$-22&+&)"12(+!11, 4%+ 1(R!D!
$&4(.--()!'0,)!-)*1%$&$!-)!'0&!G,.&1-)&!.-3%1,"-()5!1J0&!0-/0!DI$&A(.-'-()!.-3%1,'-()!
%.&$!,IDI$&A(.--()'+,K&* (+FI-'01"LL#IM!;<<=13&,)1$&4(.--()11&H&1.!,''0&!2-H&!
~'&1(21;5;1/1D13 TIFF 1+ ,'0&+'0,)!'0&-+!,¥' %, 1IDI$&A(.-'-()1+,'&.I'0,'1+,)/&$!2+(3!
<5NAIM!"5"Al/IDIBF£ 511!
0&*,%.&!"0&!D??1+&.4().&!"(1+-.-)/1,'3(.40&+-*IER-.1*().'+,-) &$!GF!

)-+(/1&),H,-1,G-1-F>11&1'8.'&$!10&'0&+!'0&!.&).--H-'FI (21D 2?1 ('3 (.40&+-*!

48+2(+3&$!'1(1,$$--(),11.-3%1,-().], 1'0&!2-H&! -'&.1%.-)/I'0&!*13=)!)$!*13=F$Q!!
1.-3%1,"-()!'0,"10&1$!G ('0!D!I$&A(.-'-()!,)$!,'3(.40&+-*IEP . 1%()." )|, I"A#<I1&H&1.!
)$L1-3%1,-()I'0, T0&1SIEP . 1%().", )1, I"A#<I1&H&1.1G%'1-)*1 % $&$!"A#<T;<<=ID!
$&4(.--()11&H&1.5!
R-),11F>11&!.-3%1,'&$!'0&!.-8!D12&+-1-@, - ()| &84&+-3&) . O REA&N "SR, .
-'01()&1&84&+-3&)'1&,*01 )$1()&!.-'&!I-'0!'l (1&84&+-3&)".BIGF! $3$-)/IDI2&+1-@, -()!
'('0&IG,.&1-)&!.-3%1,-()'(|G&.",44+(8-3,'&0&!2-&1$!&84&+-TRY. U&*-2F-)/I'0&!
! HIF&,+>1$%+,-()>13,/)-'%$&!,)$1-)'+,7,))%, 11$-.'+-G%'-()|(21D!, 44 1()5!
|



I"HBUSE )+, )*./$-/10$0'L.2%)*./$-/-+32*2$-/0$.42'(5-)*.12$

$%6&'()&*1+(',-./O(112(/(30&.4-2/(10!5(+608&)!(117889!1&2!8+(0:028.
.(06+2/4/2:1;7<8=91-1)1-116-*1-3(4&>.(61)11&21?1/1+.&'&12!; @?A=!/1!,*-1206B&+
296&08&!B&.&!2%8&!4-./-3*&0'&-06.8)/112%&1 715&.2/*/C-2/(1 R+ £AD 2%6&1 7!
)&,(0/2/(11>.-)/&120E1$%&!"()&*1.&0,(10&!2(1715&.2/*/C-2/(1!B-0!-00&008&)!3
+(,-J1>1'&-11-116-*1-3(4&>.(61)!788!; @788=1/11296&1+(12.(*I-1)| TF5&.2/*T&
0/'6*-2/(1012(1@7881)-2-15.(12%&!+(..&0, (1)/1>1+(12.(*1-1)!5&.2/*/C&)!2.81 2@/1!
296&15/&*)1)-2-ENAL13(2%!2%&!"()&*0!-1)!(30&.4-2/(109!@788!+(..&0,(1)&)!2(12%&106'I(5!
'&-11*&-51-1)102&1,.()6+2/4/2:1(4&.12%8&1+(6.0&! (5!2%&!(30&.4-2/(1EMCE!-*0(!
&,(.21@?AI5(.12%&!5&.2/*/C-2/(11&D,&./'&1201;2%8&1+%-1>&!(5!-3(4&>H61)! 7102
382B&&1!:&-.0=E!l@7?Al)/55&.0!5.('1788!-1)! @788!/112%-2! @ ?Al)(&0 1 (6B *6)&!12
.(06+2/(11-1)126.1(4&.1(5'B(()!(."*&-4&0!B/2%/11-1:&-.12%-2!-.&!/1+*6)&)!/1! 788!
'8-06.8&'&120E!!1(B&4&.9!@?A!/1+*6)&0129%&!*(00&0! (5!215.('1'(.2-*/2:1 23421
/1+*6)&)!/11788!'&-06.8'&120E!1G&!.&,(.212%&! @?A!.&0,(10&!2(158 PBIC-2/(
)AN)1>13:12%8&171-))8)1:)? @2A)7 s8.241C-27E!

G&I+(,-.8)12%&!" ()&*1.&0,(10&12(171)&, (0/2/(112(!(30&.4-2/(10!5.('12%&/!
*/28.-26.&ENG&I+-*+6*-28)1-48.->& @ ?AI3&2B&&1!"KKL!-1)IMNNL!/1129%&!066*-2/(10!B/2
-1)1B/29%6(62!12.-10/&12171)&,(0/2/(1!;3(2%!/1+*6)/1>12.-10/&AE I D6&! @ ?A!.&0, (10&!
2(171)&,(0/2/(1!B-01&D,.&008&)!-012%&! @ ?Al)/55&.& 1+&!)/4/)&)!3:12%E8WABE&-&11 +
71)&,(0/2/(11(4&.12%8&10-'&12/'&),&.10))? @2A) 7 )e.0210=E!G&!-*0(1.&, (.212%&!
)/55&.&1+&/117<81)/41)&)!3:12%&!)/558. &1 +&!/1171)&, (02434 8. 0210 =E'G&!
+(',-.8)129&!1-3(4&'&2./+01(5!71)&, (0/2/(1.&0,(10&12(12%&!+(..&0, (1)/1>1&D!

&,(.2&)!/11-1-*:0&0!*/02&)!/1!$-3*&!ME!

! Illl#



iHOO.i-9%6)di)=0iZ i+v' TO+iZT®-%'iS2%:i)<iS
iZT'0%0°/)-11.%Y22%iZ%)>iM
i)-70%-)/9)0i.%22%i2%)>i L

idMI idMI idMMI idXMI iHI

L%i0)i-\0'<)-A | H6i0)i-N0'<)-A 12.9%i0)i-N\0'<)-A | H6i0)i-\0°<)-N.1%i0)i. <%> iZT'0%0'V

i954i9idi<3

2T 0+T/)S

idula il WO idINL id i2)<T-0'd4

i954i9idi<3

1)0%-i2T 0%\".'0-)€

i i i i iNWiliN i2)<T-0'd

i02)9"-)/1)

iHMMIONOO.. iHMMIONOO. iHM¥MIONOO. IHYMIONOO.. iIMMIDddO. i€Ti+-%)Z
i£9%).G%T-% i£9%).G%T-% i£96).G%T-% | i€%).S%T-® | i£%)S%T-®
i+¥T¥S)S i+¥T¥S)S i+¥T¥S)S i+¥T¥S)S i+¥T¥S)S

)0%-)/9)0 )0%-)/9)0 )0%-)/9)0 )0%-)/9)0 | i)0%-)/9)0 )/40i2T 0%0)<)A

i ERVi<IicT®- %'

IMNHXH., iMMIXN. iIMNLXH., IIHHEXH., i#ONIN iISZYT-<):T®¢

il.d iddd iftd iC#d Ml i9993,, Aé>

iINL# iOLN iMLIN i#/H e iovN3a, $¢>

iNO io i i#0 iID+-%)d3i)<éi52%08

iTOWd iTINNd i1.Nilid i1CNidd iOi I i903i)Sr0°'<ZTd

iTHICH iICIHH iTCCNH i TINAH idi T i i943i)570°0%A

ix0g> ivOog> i©09> ic0g> i'6 STV
ixi02)'G%-< iVi0Z)'S%-< | i@i02)'G%< | iti02)'G%< i0+)-T-

i2%<'="> i2%<'="> i2%<'="> i2%<'="> i5-%:-%6 )0'8

|
iL+2T°0%.79 +1,)GT9iZ i) +Vi+)0 +ETi+2T 0/ - +)xi (i) ®%$

IIII#



iE/iE' 2/ *1)-I€)8 ' V2/ENZ%O/N V" %i' TiN gBii8i(x(\i€%)0Ii ®@HH(E@ L 1.1

iiix -9 YAEN %6V T 1LiV)L8ILI)6E) V) -N)i)S%LiZ%.LZi S /8)Y
i€ 12 )-iciv)L8/Li-) Ti'E 2%, 10/ i)~ 0i) ) L$iO

iiiixE'/2%0t 9L/ 0
i7'9iIN(.HGI%i2)iv)-S/AD)28 12/ )-IE)8' VZ/Si-) YT %)OETiv ' 9iZET '66%:i ' ZiCl9uit 26%9i%i:Ri-)-/S/-i' %li¢-A<-i.WNi-) 2t i) L$iO

i#HH(ix%i2)i?)>2/8)V A i'2€)0Iv)-N) i€'/26T-'v-

iXOHH(ix.%i2)i./8%+ iHailiuf | i@xLIGCC | itt(LeM( | i€ 12%>1/27)N i0)27:76)ig)e, |EferHeIos -qade <-
i2€)-%b8 i€'/26T-'v-

i#HH(ix%i2)i€'22TO IMMZHY  i©OkO L@ | Ml MO ( i€'12/" ) ixdxd i0)27:76)i2)e | i £ -Ad <-
i2€)-%18 i€'/26T-'v-

i i9%2%-1'C  iMusttlx @M | i#xHxHC i€121")-ixDxd i0)27:7°6)ig)e | i £ e -qAd <-
i#HH(ix%i2)i?)>2/8)V A i i'2E)0/)-N) i2E)0)VBE/E ®Y%6

iX@HH(ix.%i2)i./8%+ iM(I®  PIOINxH. | iCxalMsH. | i€'72%>1/27)N i-ET'V8)G'®D | E{e%>H2v)9; - <0 <-
i2€)/-%V8 {2E)0)V6E/iE DY %6

iLHH(x%i2)i)/rS)Y iHOGM., | iN«(GAC | itteH i€'/2/")-ixdxd i-ET'¥8)S 0 | i 8 -FO<-
i2€)/-%18 i2E)0)V6E/iE 9V %6

%R0 LS INNNG.@TiIHM  [iHxCIGOC | jwxlHx®@. | Q€72 ") ixDsd i-T'¥8)G'RD | i FVe-F0<-
i'€'12% i)-0 i)-'0 iZ€)0)VT %)0

i€ 12%e/< | dSh)®VY | i-'0@06 | i€6@0.6 iZT-€/iE)8've/C i€ ®Y%<  i6/72)0i) €)=

|
ixE'12%>1./2¥)9i-E%iE' 12/ )-i€)8' v 2/E
i'2i) € )YiZe) BT %6i0)2 " 6)i-E%iIE /2%2)8)Si) L 2i9' 'S [2%SY) R i-€%i €' 12%. TO/ i.)- +iix(i) 9%$

IIII#



$%!&'()!&((%((%*!+,%!-).+/012+0).1)314!/%+%.+0).!+)!+,%!4!*%5)(0+0).1/%(5). (%!
0.14+,%!-'67-.1&.*!-'676)*16)*%'(8!!9,%!+)+&'14!*%5)(0+0).!/%+&0.%*!11%+:%%.!"#;<!
& *1=<<71& *11%+:%%.1=<<<I& *1=<<71: & (!-&'-2'&+%*1+) *%+9%/60.%!+,%!") . >?1& *I(,)/+?
+%/6!/%+%.+0).1)3!41*%5)(0+0). @!/%(5%-+0A%'B8! CA%/!%&-, ! +QB 2686 6) * @ ! : %!
+)+&'1*%5)(0+0).1/%+&0.%*10.!1+,%!%- ) (B(+%6!&.*1+,%!3&+%!) 3!4!*%5)(0+&)04.+)!()0') />
6&++%/!D0.-'2*0.>'"0++%/1&.*1-)&/(%!:))*B!*%1/0(E! & *!A%>%+&+0).8!

F.1&**0+0).@!:%!&((%((%0*!+,%!/%'&+0A%!-).+/01 2\ 8P 5B'CEE&+0).!+)!,):!
4111/%(5).*(1+)!41*%5)(0+0).!13)/1%&-,! (0+%!2(0.>!+,%!6%+,)*1*%A%") 5%*!1B!G,2/J0.&!
%+!1&'8ID=<<#E!&.*IK&%,'%!%+!&'8!D=<"<1E8!19,&+!0(@!':%!0()' &+ %0} N (28 @ %5) (0+
41%%5)(0+0).1%.,&.-%6%.+!:0+,)2+!&.10.4+%/&-+0).!:03BZ+0'0H&+0) . E@!+,%162/%!GC
3%/+0'0H&+0). @!&.*1+,%!(B.%/>0(+0- 1%+ BHEZ0) .| &.*141*%65) (0+0).!).1411!
1B!-&'-2'&+0.>!+,%!6%&.1411'D"##7?=<<7E!0.1+,%!(062'&+0).(!:0+,!"E!4!*%5)(0+0).! &.*!
&+6)(5,%/0-1GC&+!5/%7?0.*2(+/0&"%A%'(@!=E!).'B!+/&.(0%.+!4!*%5)(0+0). @!LE!).'B!
+/&.(0%.+!G@!& ¥ 7E!1)+,1+/&.(0%.+!4!*%5)(0+0). | &IDC&H8@!-).+/)'1(062'&+0).!
*00(-/01%*1&1)A%ES!!9,%!52/%!4!*9%45)(0+0).!/%(5).(%!: &(!1+,%!*033%I486 %% %l||
(062'&+0).(1"1&.*I=@!:,0'%!+,%!52/%"886/+0'0H&+0).!/%(5).(%": &(!1+,%!*033%/%.-%!
1%+:%%.!"1&.*1L8!19,%!&**0+0).&"14111.%%*%*1+)1/%&-,!+,%!*033%/%.-%!1%+:%%.!"1& . *17!
:&(1+,%!(B.%/>B!1%+:%%.!41*%5)(0+0).!&*B%+0'0H&+0).8!!
!
2.5 Sensitivity Analysis to model structure

9)!11%++%/'0()'&+%!+,%!>%.%/&'16%-,&.0(6(1+,&+!-).+/012+%* !+ (b 033%/%
*GmaN*4ops)0+0)&. *IM4A111/%(5).(%!+)!1413%/+0'0H&+0).11%+:%%.!+,%!-'67-.1&.*!

676)*16)*%'(@":%!-1%8+%*18(%+1)310.+%/6%6*0&+%616)*%'(1+,&+10()' &+%* J%B!

IIII#



mechanisms (Table 3). The intermediate models represented a series of cumulative
changes to the clm4cn that first isolated the canopy photosynthesis changes in Bonan
et al. (2012; Model B); second, the soil buffering of mineral N (Model C); third, an N
cycle with reduced N fixation and N losses relative to internal N cycling (i.e., a less
open N cycle; Model D); fourth, changes to plant N uptake, nitrification, and
denitrification (Model E); and finally, plant buffering of labile N (the full clm4mod
model). Table 3 describes the isolated mechanisms and the Supplemental Information
describes the model changes and parameterizations for each of the intermediate
models. To test the sensitivity of dCaci/dNgeposition, We repeated the simulations for
each intermediate model with and without transient N deposition at a single site
(Harvard Forest) to test the sensitivity of dCaci/dNgeposition t0 the alternative
approaches to modeling N cycling. To test the sensitivity of the ANPP response to N
fertilization, we simulated the 5 g N m™ yr'' N fertilization experiment at Harvard

Forest in each intermediate model.

"#$%&'()*'$

I"+$,-.&)$/&'0-1'&$*-$2$3&/*4)456*4-1$& 70&/48&1*'$S

The clm4mod model better predicted the mean ANPP for the control
simulations (i.e., no N additional fertilization added) than the clm4cn model. The
mean observed ANPP across the five sites was 464 + 36 g C m™ yr' (1 S.E. across
sites), while the mean in the clm4mod and clm4cn model was 411 £28 and 352 +50 g

Cm? y1r'1 (1 S.E.), respectively (Table 4). Both models predicted lower ANPP than
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Table 4. Annual net primary productivity in the six nitrogen fertilization
experiments at five temperate broadleaf deciduous forests. The field
observations are compared to simulations from the clm4cn model, and

clm4mod model.

Observations |clm4cn  |clm4mod
Control ANPP (n=15) 464 + 36 352+£50 |411+28
Fertilized ANPP (n = 6) 504 + 40 420+ 41 474+ 8
A ANPP (n=6) " 55+ 8 91+19 [57+18
Non-nitrogen limited ANPP (n =6) [Not measured [742+ 10 [474+8

"The mean fertilization responses for the observations and model

simulations were different than the difference between the mean control and
mean fertilization ANPP because two experiments at Harvard Forest shared

the same control treatment
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leaf pine forest (Oren et al. 2001) and a 28% synergistic effect reported by a global

modeling analysis using BIOME-BGC model (Churkina et al. 2009).

4.2 Response to N fertilization

Overall, the clm4mod either improved or had no impact on the comparison to
observations from N fertilization experiment, depending on the metric used in the
model evaluation. In this study, we used three metrics to compare model predictions
from clm4cn and clm4mod to N fertilization experiments, with each metric testing
different aspects of model representation of N limitation. The first metric, the increase
of ANPP in response to N fertilization, tested the productivity response, particularly
wood and leaf production, to N fertilization. The ANPP response metric showed that,
on average, the clm4mod corresponded better to observations than the clm4cn, with
particular improvements at the Harvard Forest site. The improved correspondence at
the Harvard Forest site was attributable to both a decrease in potential ANPP when N
was not limiting (see discussion below) and an increase in the ANPP of the control
treatment when buffered kinetic-based plant N uptake (along with the associated
modifications to nitrification and denitrification) and soil buffering was included.

However, the ANPP increase metric did not include changes in mortality that
were included in the second metric, dCcr/dNertilization (1-€., the change in standing
stock of aboveground C between years). The model modifications did not have an
impact on the mean dCc1/dNferilization T€SpONse to N fertilization and both the
clm4mod and clm4cn predicted larger dCac1/dNgerilization than observed. The two key

differences between the ANPP responses and dC sc1/dNeritization to fertilization were:
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one, increased mortality from N fertilization in the field studies may not decrease
ANPP but will decrease dC/dN, and two, increased foliar production in the models
increases ANPP without directly increasing dC/dN. It is likely that both of these
mechanisms contributed to why the ANPP response in the clm4mod compared better
to observations than the dC/dN response. Neither model included mechanisms
through which elevated N inputs could increase tree mortality and tissue turnover, and
both models predicted an increase in foliar productivity not found in the fertilization
experiments (Magill et al. 2004, Pregitzer et al. 2008).

The productivity of the N fertilized treatment alone is the third metric
describing how productivity responded to N fertilization. The ANPP in the field
fertilized plots can be viewed as an approximation of the N unlimited productivity,
assuming the fertilization level was high enough to meet plant demand and low
enough to prevent negative effects of soil acidification. If so, the measure of N
unlimited productivity is a metric that does not test the model response to N per se;
rather, it tests the representation of the next most limiting resource in the models.
Averaged across all six fertilization experiments, the clm4mod model did improve
predictions of ANPP in the fertilized treatment. Higher ANPP in the fertilization
treatments in the clm4mod model than the clm4cn model was surprising because the
clm4mod model included changes to the CLM-CN 4.0, described in Bonan et al.
(2012), that decreased canopy level photosynthesis. Therefore, including the
modifications that lowered photosynthesis should have decreased the simulated
productivity when N limitation was relieved. However, a key difference between the

clm4cn and clm4mod models was that the simulated N fertilization experiments
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relieved N limitation in the clm4mod simulations while it did not in the clm4cn
simulations, potentially due to the high ecosystem retention of N in the clm4mod.
Table 2 shows that the N unlimited ANPP in the clm4mod did not differ from the
ANPP in the fertilization simulations, while the N unlimited ANPP in the clm4cn was
77% greater than the ANPP in the fertilization simulations. In contrast, the low
ecosystem retention of N in the clm4cn maintained N limitation even at fertilization

levels over double net N mineralization rates.

"#$%&'()*+,)-./$

The set of model simulations presented in this study also provide insight into
the observational data. The reported dC/dN is lower for the fertilization experiments
than for the dC/dN from N deposition gradients (Table 2). Furthermore, there is a
lower reported dC/dN in gradient studies in Europe than in the U.S (Table 2). Despite
these disparities, we show that the reported dC/dN data are largely consistent with
each other, if the differences in the magnitude and time-scale of N additions are taken
into account. The clm4mod model simulations overlapped or were near the
uncertainty bounds in the observations across the different times scales and
magnitudes of N additions. The N deposition gradient studies measured the response
to lower N inputs over a longer period of time (decades to a century), while the N
fertilization experiments measured the response to higher inputs over a shorter time
scale (years to decades). This indicates that the differences in N use efficiencies
reported for different fertilization studies and N deposition gradients can be explained

by differences in the magnitude and time scale of N addition.
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Overall, the substantial increase in C storage response to N deposition that
occurred as a result of modifications to the CLM-CN 4.0 model resulted in a better
comparison to observations of forest growth across N deposition gradients and to N
fertilization experiments. The improved sensitivity to N inputs was driven primarily
by the introduction of a less open N cycle through reduced rates of N fixation and N
gas loss and greater buffering of plant N uptake over time. At the global scale, the
modifications to CLM-CN presented are likely to improve the model correspondence
to the globally distributed set of nitrogen fertilization experiments, "°N tracer studies,
and small catchment N budgets that have been previously used to benchmark global
biogeochemical models (see Chapter 2). Furthermore, we show that due to non-
linearity in ecosystem response to N addition, testing models with both the response to
gradual increases in N inputs over decades (N deposition) and N pulse additions of N
over multiple years (nitrogen fertilization) allows for greater understanding of the

mechanisms governing C-N coupling.
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fine roots, and live wood), the maximum uptake capacity decreases. The down

regulation function is based on Aber et al. (1997).

’ Niapit
f (Nigpize) = |1 — (;l =

The temperature function f{T), is the same function governing soil decomposition,

nitrification (see below), and denitrification (see below). NHy »y + NOs3 4y are the
concentrations of ammonium and nitrate that are available for plant uptake (see
below). Vimax 1s the maximum uptake capacity at 25°C when N demand was large (i.e.
S(Niabite) = 1). Kuin 1s the half saturation constant for plant uptake.

The availability of N within the plant for growth is buffered so that a

proportion (2%) of the labile N pool is available to build plant tissue.

S1.1.2 Fine root turnover

In the clm4cn model, the turnover of fine root C is linked to the turnover of leaf C. In
the clm4mod version, the root turnover is an explicit parameter and is decoupled from
leaf turnover. Root turnover occurrs throughout the year, rather than only when leaves
senesce. Root turnover is maintained at the same rate as the clm4cn model for all
species (1.0 yr'"), except boreal and temperate needleleaf species, which has a turnover
of 0.3 yr'' based on White et al. (2000). Decoupling fine root turnover from leaf
turnover allows fine roots to be present throughout the year and permits a fast

response of plant N uptake in the spring.
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S1.1.3 Soil N dynamics

The clm4mod version of the model includes soil inorganic pools of NH4 and NO3,
rather than a single inorganic mineral N pool, as implemented in the clm4cn model.
The NH4 pool is buffered to represent an exchangeable pool and a pool in solution that

is available for plants, immobilization, nitrification, and leaching.

" usws (yu I

where bypg 1s assumed to be 10% of total soil NHy4 (Gerber et al. 2010). Constant
buffering capacity is a first approximation for a more complex process of
resorption/desorption. Future model development could parameterize non-linearity
into the buffering capacity that is a function of the total soil organic matter and the
bulk density of the soil. NOs is assumed to have no buffering capacity in the soil

therefore NO; 5= NOs.

S1.1.4 Internal N cycling

The clm4mod model assumes that microbes have priority for soil mineral N to
meet the immobilization demand. Plant uptake and immobilization of N is divided
between NH4 and NOs in proportion to the availability of each N species (NHy ay;
NO34,). The conversion of NH, to NOs (nitrification) is represented as function of net

N mineralization, NH, availability, temperature, and water availability based on Parton
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et al. (2001). Nitrifiers are assumed to be less competitive for NH4 than plants and

immobilization into soil organic matter

Dsgon& ' gl ywopr rsns |1 vasnedl +23vgd 0 74587

where the NHy aynitr 1S the NHy4 available for nitrification

11 g3403wso 'l 93421 <=03>+'¢ 1 <=932.4,

Kaitr1, Kaitr2, f(T), and f(W) are the proportion of net mineralization that is nitrified,
maximum nitrification rate (sec'l) based on available NHy ,y nitr, temperature modifier,
and water availability modifier, respectively. f(T) and f(W) are the same temperature
and water functions that modified decomposition and plant N uptake (Thornton et al.
2007, 2009). The clm4mod model ignores the effect of pH on nitrification (Parton et
al. 1996). A proportion (0.02) of the nitrification is lost to N,O and not converted to

NOj; (Parton et al. 2001)

S1.1.5 Inorganic N loss

In the clm4mod model, the leaching of NHy is a function of the soil water
drainage and NHj ,y, minus the NH,4 uptake by plants, immobilization, and nitrifiers
during the model time step. Likewise, the leaching of NOs is a function of the soil
water drainage and NOs minus the NOj; taken up by plants and immobilization during

the model time step.
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The loss of NO; through denitrification is modeled as a function of the
available nitrate NOs ,, (minus nitrate uptake by plants, immobilization, and leaching),
the ratio of soil water to saturated soil water, and total respiration from soil organic
matter decomposition (a proxy for microbial activity and oxygen composition;
COyi1)- The representation is described in Bradbury et al. (1993) and Yang et al.

(2010).
N =DCO NO
denit 2,50il 3,av Ws

where D is the denitrification rate per g of CO; respiration of soil organic matter, the
W is soil water in the top five soil layers and Wi is water holding capacity at

saturation.

S81.1.6 Biological N fixation

The biological N fixation in temperate and boreal forests is modified to better
represent observations that N fixing tree species are largely absent from mid- to late-
successional forests, but can be present in earlier successional forests (Crews 1999).
Based on biome specific data on N fixation and evapotranspiration in Cleveland et al.
(1999), annual non-symbiotic fixation is a function of annual evapotranspiration and
occurs in all ecosystems:

Nfixnonsym = 0-0006AAET + 0.0117
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where AAET is annual evapotranspiration of the previous year. Non-symbiotic N
fixation is added to the soil NH4 pool.

Symbiotic N fixation is function of the plant functional type, proportion of grid
cell occupied by the plant function type, leaf area index, and annual
evapotranspiration. Symbolic N fixed is determined by subtracting the non-symbiotic
relationship described above from the relationship between total N fixation and
evapotranspiration in Cleveland et al. (1999: central relationship; Figure 3.S1.1). In
grasslands and tropical ecosystems, symbolic N fixation is added to the plant labile N
pool. In temperate and boreal forests with leaf area index < 1, symbiotic N fixation is
also added to the plant labile N pool, as they are assumed to be early successional and
contain some N fixing plants. No symbiotic N fixation is added to the plant labile N
pool in temperate and boreal forest with leaf area index > 1. The overall relationship

describing symbiotic N fixation is

Wy (0.00184AET — 0.289) temperate or boreal trees and LAI < 1
0 temperate or boreal trees and LAl > 1
Wy rt(0.00184AET — 0.0289) all other pfts

N fix,sym =

where wpy 1s the proportion of the grid cell occupied by the plant functional type. N

fixation is constrained to be >0 g N m™ yr'

"H#$H%&'())*+,-.&*/012(3&4155-/&.6214(3)&
Dissolved organic N losses can be important for maintaining N limitation

(Menge 2011, especially in ecosystems with low anthropogenic N inputs (Hedin et al.
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