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Abstract. In many forest ecosystems, nitrogen (N) deposi- response to gradual increases in N inputs over decades (N de-
tion enhances plant uptake of carbon dioxide, thus reducingposition) and N pulse additions of N over multiple years (N
climate warming from fossil fuel emissions. Therefore, ac- fertilization) allows for greater understanding of the mecha-
curately modeling how forest carbon (C) sequestration re-nisms governing C—N coupling.
sponds to N deposition is critical for understanding how fu-
ture changes in N availability will influence climate. Here,
we use observations of forest C response to N inputs along
N deposition gradients and at five temperate forest sites witiL  Introduction
fertilization experiments to test and improve a global biogeo-
chemical model (CLM-CN 4.0). We show that the CLM-CN Reactive nitrogen (N) from fossil fuel combustion and agri-
plant C growth response to N deposition was smaller tharcultural activities influences global climate by altering at-
observed and the modeled response to N fertilization wagnospheric chemistry, aerosols, and greenhouse gas concen-
larger than observed. A set of modifications to the CLM- trations (Butterbach-Bahl et al., 2011; Pinder et al., 2012).
CN improved the correspondence between model predictionslowever, the direction of the climate impact of reactive N
and observational data (1) by increasing the aboveground @rimarily depends on the balance of opposing processes: pos-
storage in response to historical N deposition (1850-2004jtive radiative forcing from emissions of 40, a greenhouse
from 14 to 34 kg C per additional kg N added through deposi-gas, and negative radiative forcing from altered atmospheric
tion and (2) by decreasing the aboveground net primary prochemistry and carbon dioxide (GDstorage in N-fertilized
ductivity response to N fertilization experiments from 91 to forests (Arneth et al., 2010; Pinder et al., 2012). Reactive
57gCnr2yr-1. Modeled growth response to N deposition N deposited on forest ecosystems can increase primary pro-
was most sensitive to altering the processes that control plarduction if the forest is N limited (Nadelhoffer et al., 1999;
N uptake and the pathways of N loss. The response to N deMagnani et al., 2007; Thomas et al., 2010), which results in
position also increased with a more closed N cycle (reducedess CQ in the atmosphere and consequently reduced cli-
N fixation and N gas loss) and decreased when prioritizingmate warming. Recent estimates show that this Gftake
microbial over plant uptake of soil inorganic N. The net effect broadly offsets warming from pD emissions, indicating that
of all the modifications to the CLM-CN resulted in greater re- the N-induced forest sink of COhas an important role in
tention of N deposition and a greater role of synergy betweerglobal climate (Zaehle et al., 2011; Butterbach-Bahl et al.,
N deposition and rising atmospheric €@s a mechanism 2011; Pinder et al., 2012).
governing increases in temperate forest primary production Accurately predicting how carbon (C) storage in forest
over the 20th century. Overall, testing models with both theecosystems will respond to the changing deposition of re-
active N is critical for developing climate change targets
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for reducing emissions and air pollution. Global biogeo- ton et al., 2007; Gerber et al., 2010; Zaehle et al., 2010a),
chemical models coupled to climate and atmospheric chemsuggesting that the representation or parameterization of one
istry models are powerful tools for exploring this carbon— C—N process may compensate for the representation or pa-
nitrogen—climate interface (Sokolov et al., 2008; Thornton etrameterization of another. Understanding how the different
al., 2009; Yang et al., 2009; Zaehle and Friend, 2010), butmodel structures or parameterizations influence the predic-
it is paramount to build confidence in predictions of how C tion of how ecosystems respond to N deposition requires iso-
uptake and storage respond to changing N inputs. lating key processes that govern C and N interactions. Un-
Fortunately, a variety of observational and experimentalfortunately, intermodel comparisons can be limited by broad
data are available to test and improve the sensitivity of globaldifferences in model structure that make it difficult to iso-
biogeochemical models to changes in N deposition and théate particular processes that differ among models. One ap-
resulting C sequestration. Studies have generally shown thagiroach to this problem is to compare different representa-
elevated N inputs often increase plant growth and soil C setions of particular C and N cycle processes within the same
questration (Magnani et al., 2007; Hyvonen et al., 2008; degeneral model, thereby obtaining a better understanding of
Vries et al., 2009; Janssens et al., 2010; Thomas et al., 2010yvhich processes influence predictions of how terrestrial C
although some ecosystems can be harmed by chronic elestorage and climate respond to changing N availability.
vated N inputs that lead to soil acidification and N satura- Here, we explored the influence of alternative approaches
tion (Aber et al., 1998; Hogberg et al., 2006; Wallace et al.,to modeling C and N interactions on the sensitivity of C stor-
2007). The current range of estimates quantifying the addiage to N inputs in temperate forest ecosystems. To isolate
tional C sequestered per unit of N added (kg C per kg N, orthe alternative approaches, we implemented multiple alter-
dC/dN) is broad, in part due to the myriad of approaches usedative assumptions about C and N cycling within a single
to quantify dC/dN. These approaches include N fertilization global biogeochemical land surface model (CLM-CN 4.0).
studies (Hyvonen et al., 2008; Liu and Greaver, 2009), wheraNe focused on five key assumptions about the N cycle in the
large inputs of N are added to forests over short timescalesSCLM-CN 4.0: (1) the extent to which the N cycle is open,
and N deposition gradient studies (Magnani et al., 2007; débased on N fixation inputs and N losses relative to internal
Vries et al., 2009; Thomas et al., 2010), where spatial vari-N cycling, (2) the buffering of the soil inorganic N pool and
ation in N deposition and forest growth are used to estimateplant N pool, (3) the representation of plant N uptake, (4) the
the impact of gradual increases in N deposition on C storagg@athways of N loss, and (5) the canopy scaling of photosyn-
over multiple decades. Furthermore, there can be variatiothesis. These alternative assumptions are combined to create
among studies in the C pools being measured, as some stud-modified version of the CLM-CN 4.0 that is compared to
ies calculate the dC/dN of aboveground stem C (de Vries ebbserved ecosystem response to experimental N fertilization
al., 2009; Thomas et al., 2010), soil organic matter (Janssenand to elevated N inputs across N deposition gradients.
et al., 2010), or net ecosystem production (NEP; Magnani
et al., 2007; Sutton et al., 2008). Finally, the observations
span regions with very different historical N deposition loads2 Methods
(i.e., the US compared to Western Europe). Successfully us-
ing the available data to test and improve global biogeochem2.1  Baseline model description
ical models requires directly accounting for the variation in
magnitude and timescale of N additions in the observationalWe used the CLM-CN 4.0 as the baseline model (Lawrence
and experimental data. etal., 2011, 2012). The CLM-CN 4.0 is the global land sur-
Many different approaches have been used to model keyace model in the Community Earth System Model (Gent et
processes influencing C and N cycle interactions in terresal., 2011) and includes both terrestrial biogeophysical and
trial ecosystems (Zaehle and Dalmonech, 2011). For exambiogeochemical processes. Our model simulations include
ple, N fixation has been modeled as a function of net primaryboth the biogeophysical and biogeochemical components of
production (NPP) (Thornton et al., 2007), evapotranspirationthe CLM-CN, but we focus our model evaluation and im-
(Felzer, 2012; Tian et al., 2011; Yang et al., 2009; Zaehleprovement on the biogeochemical component (hereafter, re-
and Friend, 2010) or N demand (Gerber et al., 2010). Simiferred to as the “clm4cn” model). A description of the key
larly, N uptake has been represented as a direct function oprocesses that relate to new model modifications are de-
photosynthesis and C : N stoichiometric constraints on build-scribed below, while a more thorough description of the bio-
ing plant tissue (Thornton et al., 2002, 2007) or based ongeochemical component can be found elsewhere (Thornton
allocation of C to plant roots (Gerber et al., 2010; Raich etet al., 2002, 2007, 2009; Thornton and Rosenbloom, 2005).
al., 1991; Zaehle and Friend, 2010). Soil and plant bufferingln the cIm4cn model, the C and N cycles are coupled through
of the C cycle to daily to annual changes in N availability litter and soil organic matter decomposition and through
also differs among models (Gerber et al., 2010; Zaehle anglant dynamics. The primary C and N coupling occurs on
Friend, 2010). Despite these differences, global biogeochemthe 30 min timescale, as plants compete for N with microbial
ical models predict reasonable levels of global NPP (Thornimmobilization in soil organic matter, where N comes from a
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generic soil inorganic N pool (i.e., I\[Hand NG are com-  year of live plant tissue N turnover (Gerber et al., 2010). In
bined). Plant N demand is based on the N needed to matcthe cim4mod model, the maximum uptake rate is assumed to
the demand set by non-N-limited photosynthesis and planbe equal for Nlj[ and NG, as implemented in other models
tissue C: N stoichiometric constraints. If the combined N de-(Gerber et al., 2010; Zaehle and Friend, 2010). N uptake oc-
mand exceeds the available N in soil and retranslocated froncurs any time during the growing season (i.e., when leaves
senescent plant tissue, plant uptake and microbial immobiare present on the plant), rather than only during the day
lization are reduced in proportion to the available N and theirwithin the growing season, as implemented in the clm4cn
relative demands. Sources of new N into the cim4cn modeimodel. Plant uptake is assumed to be less competitive for
include N fixation and N deposition. N losses include den-N than soil immobilization of N, in that plant uptake oc-
itrification, leaching, fire, and harvest. N fixation is a satu- curs after soil microbial immobilization demands are met;
rating function of NPP derived from Cleveland et al. (1999). in the clm4cn, neither plant uptake nor soil immobilization
Fixation and deposition are both directly added to the soilof N had first access to soil inorganic N, rather they com-
inorganic N pool. The clm4cn model includes both denitri- pete based on their demand for N. The clm4mod includes a
fication and leaching processes; however, the vast majoritplant labile N (short/medium-term storage) pool that is used
of N is lost as N gas in most ecosystems in the model (Ta-to buffer the demand for N from photosynthesis from the up-
ble A2). Therefore, the two loss pathways for N gases in thetake of N by roots. The buffering occurs by allowing only
clm4cn model are very important: (1) a constant 1 % of net2 % of the plant labile N pool to be available for combining
mineralization is lost as N gas and (2) the soil inorganic N with new photosynthate to build plant tissue. The 2 % buffer-
that exceeds plant uptake and immobilization is denitrified ating capacity leads to approximately a two-day turnover time
a rate of 50 % per day. of labile plant N. The clm4cn does not include buffering of

labile plant N.
2.2 Modified model description

2.2.2 Nlosses
The overall model modifications (referred to as “clm4mod”)
build on recent improvements to the calculations of canopyThe clm4mod model introduces a nitrification algorithm,
photosynthesis in the clm4cn (Bonan et al., 2011, 2012)an alternative denitrification algorithm, and a simple algo-
by modifying the representations of plant N uptake, inter-rithm describing the production and hydrologic loss of dis-
nal N cycling, N loss, and biological N fixation in mature solved organic matter (DOM), including dissolved organic
temperate and boreal forests. The modifications within theN (DON). Nitrification is a function of soil N&, soil tem-
clmdcn reflect differences between the clm4cn and otheiperature, soil water, and net mineralization based on Par-
global biogeochemical models, specially models that haveon et al. (2001) with 2% of nitrification lost as;® (Par-
alternative approaches to modeling N uptake (O-CN: Za-ton et al., 2001). Denitrification is an function of soil NO
ehle and Friend, 2010; LM3V: Gerber et al., 2010), buffering soil water, and soil heterotrophic activity based on Bradbury
of plant and soil N availability (O—CN: Zaehle and Friend, et al. (1993; Appendix A5; Yang et al., 2009). To buffer
2010; LM3V: Gerber et al., 2010) and less N fixation in tem- the availability of soil inorganic N and approximate short-
perate and boreal forests than the cim4cn (LM3V, Gerber eterm cation exchange processes, 10 % of total soi[fNH
al., 2010). An overview of the modifications is found below, available for immobilization, plant uptake, nitrification, and

while a full description is found in Appendix A. leaching (Gerber et al., 2010), and, since N® highly mo-
bile in soils, 100 % of NQ is assumed to be available for
2.2.1 Internal N cycling soil, plant, and loss processes. Dissolved organic matter is

produced at a constant proportion (1.5 %) of the organic mat-
Plant N uptake in the clm4mod model is based on Michaelis—ter transfer between the slow litter pool (lignin-based) and its
Menten kinetics, where the rate of N uptake depends on geceiving soil organic matter pool (based on Gerber et al.,
maximum uptake rate per gram of fine root C, as well as2010). Both dissolved organic C and N are lost in proportion
the concentration of soil inorganic N in separate ;NBnd  to hydrologic export, similar to leaching loss of soil inorganic
NOj3 pools (see Appendix A for detailed information). Plant N in the ciIm4cn model. The cim4cn does not include sepa-
uptake increases with soil temperature and as the internaiate consideration of N]fl and NG; and cycling, nor does it
plant pool of N decreases relative to a maximum internalinclude DOC and DON losses.
pool. The formulation of N uptake is similar to that used
in other global biogeochemical models (Gerber et al., 20102.2.3 N inputs
Zaehle and Friend, 2010) and differs from the clm4cn by al-
lowing the N uptake to be decoupled from photosynthesis aln cim4mod N fixation is a function of actual evapotranspi-
short timescales (i.e., seconds to days); longer-term N uptakeation, based on the central relationship in the Cleveland et
(i.e., at days to years) remains ultimately coupled to photo-al. (1999) review of N fixation measurements, rather than
synthesis. The maximum internal plant N pool is equal to onea function of NPP, as implemented in clm4cn. In addition,
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Table 1. Descriptions of sites used in model simulations.

Site Harvard Forest Michigan gradient A Michigan gradient B Michigan gradient C Michigan gradient D

Code HF MI-A MI-B MI-C MI-D

Latitude (N) 4230 46°52 45°33 44023 43240

Longitude (W) 7210 88°53 84°57 85°50 86°09

Stand age (yf) 52 97 91 92 96

MAT2 (°C) 7.1 4.7 6.0 6.9 7.6

MAPP (mm) 1120 873 871 888 812

Aboveground

carbon 6597 14700 14150 15800 14450

(@Cm2)°

Vegetation temperate temperate temperate temperate temperate

type deciduous deciduous deciduous deciduous deciduous
broadleaf broadleaf broadleaf broadleaf broadleaf

vears of 1988-2002 1995-2004 1995-2004 1995-2004 1995-2004

experiment

Nitrogen

fertilizationrate 5& 15 3 3 3 3

@Nm2yr-1)

Nitrogen

deposition 0.8 0.68 0.91 1.17 1.18

@Nm2yr 1

Citation Magill et al. (2004) Pregitzer et al. (2008)  Pregitzer et al. (2008) Pregitzer et al. (2008)  Pregitzer et al. (2008)

@ Mean annual temperature.
b Mean annual precipitation.
¢ Age and carbon stocks in the year 1994.

symbiotic and non-symbiotic sources of N fixation are sep-tion and effectively reduced the photosynthetic potential of
arated. Symbiotic fixation is added to the labile N pool andshaded leaves, but the impact of the changes on C-N inter-
non-symbiotic fixation is added to the soil ljHpool. Sym-  actions has not been investigated. The clm4mod model also
biotic N fixation is assumed to be zero in mid- to late- includes specific values of maximum photosynthetic rate for
successional temperate and boreal forests (i.e., when leaach plant functional type from a synthesis of a plant trait
area index (LAI)>1), and non-symbiotic N fixation in- database (Kattge et al., 2009), although these values differed
creases with actual evapotranspiration (Appendix A6). Bothonly slightly from the values in the cim4cn model for the
sources of fixation are assumed to occur in grasslands angemperate broadleaf plant type used in this study (clm4cn,
tropical forests. This N fixation routine reduces the overall N 52; clm4mod, 58; umol mé s~1).

inputs to mid- to late-successional extratropical forests (see

Table A2 for the magnitude of change in N fixation). A path- 2.3 Simulations

way for N fertilization was also added to facilitate the simu-
lation of N fertilization experiments. The clm4cn and cim4mod models were used to simulate for-

N deposition in the clm4mod was equa| to total N depogi- est biogeochemistry at five sites in North American broadleaf

tion in the clm4cn, except N deposition in the cim4mod wastémperate deciduous forests. The five sites were chosen
divided into Nl—ﬁ' and NQ; based on the N deposition input based on the presence of long-term forest productivity mea-

fields described in Lamarque et al. (2005). surements (1@yr) and long-term N fertilization experi-
ments (16-yr), and are contained within the geographic

boundaries of the analysis of forest inventory data by Thomas
et al. (2010), which estimated how forest C storage has re-
Finally, the clm4mod model includes changes to the canopysponded to N deposition across the northeastern US (see be-
scaling of photosynthesis, maximum photosynthetic rates|ow). Basic descriptions of the sites are included in Table 1.
radiative transfer, leaf photosynthesis, and stomatal condud~our of the five sites were in Michigan, US, with each site re-
tance as described in Bonan et al. (2011, 2012). Bonan eteiving varying atmospheric deposition and a 3 g Nyr—1

al. (2012) introduced a multi-layer canopy scaling approachexperimental addition of N over ten years (Pregitzer et al.,
that solved photosynthesis throughout the canopy rather thaB008; 1995-2005). The other site was at Harvard Forest in
using a whole canopy approximation. The model updates ifMassachusetts, US (Magill et al., 2004) and included two
Bonan et al. (2011, 2012) decreased gross primary produddifferent 14 yr fertilization additions (5 and 15 g NThyr—1;

2.2.4 Canopy photosynthesis

Biogeosciences, 10, 3863887 2013 www.biogeosciences.net/10/3869/2013/



R. Q. Thomas et al.: Insights into mechanisms governing C and N interactions 3873

Table 2. Description of simulations and years of driver data used in each simulation.

Simulatior N deposition N fertilization CQ concentration
(1) Control (baseline) 1850-2004 None 1850-2004
(2) Hold N deposition 1850 None 1850-2004
(3) Elevated N deposition; 1850-2004; values None 1850-2004
EU N deposition gradient more similar to European

deposition levels
(4) Hold N deposition and C® 1850 None 1850
(5) Hold CO» 1850-2004 None 1850
(6) N fertilization 1850-2004 Yrs. of field study, rate  1850-2004

of study (see Table 1)

(7) Non-N-limited 1850-2004 Yrs. of field study, 1850-2004

rate necessary to
match N demand

* All simulations included transient land use with a harvest in the year that yields the observed stand age in 1994 (see Table 1).

1988-2002). All data used in this study for the five sitesfound in Western Europe and allowed us to explore why N
and six N fertilization experiments can be found in Magill et deposition gradients in North America (Thomas et al., 2010)
al. (2004) and Pregitzer et al. (2008). We simulated ecosysyielded steeper C responses than in Western Europe (de Vries
tem response to transient N deposition and N fertilization atet al., 2009). The high N deposition simulation used a N de-
each of the five sites using the clm4cn and cim4mod modelgosition trajectory from 1850 to 2004 with 1995-2004 mean
(Table 2). The simulations involved running each model fromdeposition levels at the five sites of 2.2gN#fyr—1 (Ta-
1850 to 2004 at each of the five sites with different combi- ble 1: EU deposition gradient) rather than the actual N de-
nations of forcing data (Table 2). The baseline (control; Ta-position rates (1995-2004) at these sites that ranged from
ble 2, Sim. 1) simulation used transient N deposition {NH 0.68-1.18 gNm?2yr—1 (Table 1: US deposition gradient).
and NQ,; Lamarque et al., 2005), atmospheric £,@nd use Because the NPP response to rising atmospherig i€O
(by harvesting vegetation biomass in the year that yields theconstrained by N availability, we tested whether the sensi-
reported stand age at the five sites), and climate. N depositiotivity of NPP to rising atmospheric COchanged as a re-
and atmospheric COtrends had reconstructions covering sult of the modifications to clm4cn. To test this sensitivity
the entire simulation (1850—2004). A 57 yr meteorological we performed two additional simulations at the five sites us-
dataset was available to force the model (1948—-2004; Qiating the cim4cn and cim4mod: a simulation that held both N
et al., 2006). We created site-level meteorological data bydeposition and atmospheric GOonstant at 1850 levels (Ta-
using the corresponding grid cell in the global gridded datable 2, Sim. 4) and a simulation that held €€bnstant at 1850
(Qian et al., 2006). We used the data from 1948-1972 for thdevels but included 1850-2004 N deposition levels (Table 2,
1850-1972 simulation years, and the 1973-2004 meteoroSim. 5)
logical dataset was used for the 1973-2004 simulation years Finally, we simulated the six N fertilization experiments
(as in Randerson et al., 2009, and Bonan and Levis, 2010)Table 1; four sites with one experiment each and one site
Each simulation needed initial conditions that were attainedwith two experiments) by adding N fertilization to the base-
by running the model to equilibrium using 1850 values for N line simulation to best approximate the field experiments
deposition and atmospheric G@nd the 1948-1972 time se- by specifying the start year, duration, magnitude and intra-
ries for meteorological data. All wildfire was excluded in the annual distribution of N application (Table 2, Sim. 6). To test
spin-up and other simulations due to uncertainties using thevhether the N fertilization treatments completely relieved N
statistical fire model at a single point location. Simulations limitation, we simulated the six N fertilization experiments
used site-specific soil texture (Magill et al., 2004; Pregitzeragain, this time adding a very large dose of enough addi-
et al., 2008). We refer to the equilibrium state used as initialtional N to the fertilized treatment to meet any remaining
conditions as the preindustrial steady state. N demand by plants and microbial immobilization (“non-N-
We isolated the influence of transient N deposition on Climited” treatment; Table 2, Sim. 7).
cycling at each site by repeating the baseline simulation de-
scribed above except for hOldlng N depOSition constant at24 N fertilization and deposition ana]ysis and
1850 values (Table 2, Sim. 2). We also tested whether C cy- observations
cle sensitivity was different for larger inputs of N deposition

than included in the baseline simulation (Table 2, Sim. 3).1he model comparison to observations focused on NPP, net
The higher N deposition simulation used N deposition Va'“esecosystem productivity (NEP), and annual aboveground net
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Table 3. Model simulations and observations of the vegetation and ecosystem carbon increment response to nitrogen deposition and fertil-
ization. Model uncertainty estimates correspond to variation among sites (1 S.E)Ubiged States; El3= Europe.

Response metric Carbon Nitrogen input clm4cn clm4mod Observations  Citation
measurement model model

dCaci/dNgepositon ~ Aboveground US deposition  14401.1 34.2£3.0 50 (41-66)  Thomas et al. (20%0)
carbon increment gradient

dCaci/dNgeposition ~ Aboveground carbon ~ EU deposition  1%:8.8°  26.2+2.6° 15-40 DeVries et al. (2009)
increment gradient

dCaci/dNsertilization  Aboveground carbon  Fertilization 10471.3 10.6-4.5 4+2.7 Magill et al. (2004),
increment experiments Pregitzer et al. (2008)

dCnep/dNgeposiion  Net ecosystem US deposition 3.8 74.1+8.17 no data
production gradient

dCneP/dNgeposition ~ Net ecosystem EU deposition  245.5° 49.5+4.4° 50-75 Sutton et al. (2008)
production gradient

dCnep/dNfertilization  Net ecosystem Fertilization 27492.8 23.2+9.4 31+ 10 Magill et al. (2004),
production experiments Pregitzer et al. (2008)

2The reported 61 dC/dN was divided by a factor of 1.23 to account for unmeasured nitrogen deposition. See Pinder et al. (2012) for more information.
b These model simulations used higher N deposition (1994—2004 s2ahg N 2 yr—1) to approximate nitrogen deposition in regions that have experienced higher
historical N deposition loads.

C increment (ACI) in plants because these were the variablesach time period, we calculated total deposition retained in
measured in the N fertilization experiments and across the Nhe ecosystem and the fate of N deposition into soil organic
deposition gradients. The model response to N fertilizationmatter (including litter and coarse woody debris) and vege-
was assessed by comparing mean annual aboveground NR&ion.
(ANPP) in the control and N-fertilized simulations to ANPP  In addition, we assessed the relative contribution obCO
data from the corresponding control and fertilized treatmentdertilization to how NPP responds to N deposition for each
in the field data. In both the models and observations, ANPRsite using the method developed by Churkina et al. (2009)
corresponded to the sum of mean leaf and stem productivitand Zaehle et al. (2010b). That is, we isolated the pure N
over the course of the observational data. We also report ACHeposition (i.e., N deposition enhancement without an in-
for the fertilization experiments (the change of abovegroundteraction with CQ fertilization), the pure C@fertilization,
C stock between years). ACI differs from NPP and ANPP and the synergistic effect of GQertilization and N depo-
in that ACI does not include the production and turnover of sition on NPP by calculating the mean NPP (1994-2004) in
wood or leaves within a year that are included in NPP mea-the simulations with (1) N deposition and atmospheric,CO
surements. However, ACI includes the losses of C from mor-at preindustrial levels (Table 2, Sim. 4), (2) only transient
tality that are not included in NPP measurements. We reporiN deposition (CQ at preindustrial levels; Table 2, Sim. 5),
the ACI response to fertilization by dividing by the N added (3) only transient CQ (N deposition at preindustrial levels;
(dCaci/dNsertilization) - Table 2, Sim. 2), and (4) both transient N deposition and CO
We compared the model response to N deposition to obseifi.e., control simulation described above; Table 2 Sim 1). The
vations from the literature. We calculated average ACI be-pure N deposition response was the difference in NPP be-
tween 1994 and 2004 in the simulations with and withouttween (1) and (2), while the pure G@ertilization response
transient N deposition (both including transient §OThe  was the difference between (1) and (3). The additional NPP
ACI response to N deposition was expressed as the ACI difneeded to reach the difference between (1) and (4) was the
ference divided by the difference in mean N deposition oversynergy between N deposition and gfertilization.
the same time period (4/dNgeposition- We also report the
difference in NEP divided by the difference in N deposition 2.5 Sensitivity analysis to model structure
(dCneP/dNgeposition- We compared the above metrics of N
deposition response to the corresponding metrics reported iMVe explored the sensitivity of the N deposition response
analyses listed in Table 3. (dCaci/dNgeposition to the mechanisms and processes that
We also assessed the contribution of N retention to the Ndiffer between the clm4cn and clm4mod models. We cre-
deposition response in the cim4cn and clm4mod model. Théted intermediate models that sequentially step through the
total N deposition retained between 1970 and 2004 and bel5 model modifications that were included in the shift from
tween 2000 and 2004 was calculated to determine the longthe clm4cn to the cim4mod (Table 4; Fig. 1). The sensitiv-

and short-term retention of N deposition, respectively. Overity analysis was sequential in that each intermediate model
in Table 4 includes all the modifications in the intermediate
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Table 4. Description of model modifications. Letters (a—I) refer to the processes shown in Fig. 1.

Model Model modifications

Model 1 Same as clm4cn.

Model 2 Decreased plant N uptake (d) by reducing the canopy photosynthesis (Bonan et al., 2011, 2012).
Model 3 Buffered the soil inorganic N available for immobilization (c) and plant N uptake (d).

Model 4* Introduced a less open N cycle by decreasing denitrification (f) and N fixation (h). Maintains same
preindustrial steady state as model 3.

Model 5¢ Decreased denitrification (f) to increase productivity to match preindustrial
steady state of the models 5-15. Isolates the influence of higher baseline (preindustrial steady state)
primary productivity on the N deposition response.

Model 6 Replaced (d) with a Michaelis—Menten approach to modeling plant N uptake. N uptake only occurs
when the plants are photosynthesizing. Adjusted (f) to maintain same preindustrial steady state
as models 5-15.

Model 7 Same as model 6 except plant N uptake also occurs at night when plants are not photosynthesizing.
Adjusted (f) to maintain same preindustrial steady state as models 5-15.

Model 8 Altered immobilization (c) and plant N uptake (d) by allowing immobilization to have first access
to soil inorganic N. Adjusted (f) to maintain same preindustrial steady state as models 5-15.

Model 9 Added temperature and soil water limitations to denitrification (f). Adjusted (f) to maintain same
preindustrial steady state as models 5-15.

Model 105 Removed the N gas loss (g) that was proportional to net N mineralization (b—c). Adjusted (f) to
maintain same preindustrial steady state as models 5-15.

Model 17  Added NI—Q and NG; pools; added nitrification (j). Adjusted (f) to maintain same preindustrial
steady state as models 5-14.

Model 12 Replaced temperature limitation of denitrification (f). Now proportional to heterotrophic respiration.
Adjusted (f) to maintain same preindustrial steady state as models 5-15.

Model 13 Added NO loss (k) that is proportional to nitrification (i). Adjusted (f) to maintain same preindustrial
steady state as models 5-15.

Model 14 Added dissolved organic N leaching (I). Proportional to the turnover of lignin litter pool. Adjusted (f)
to maintain same preindustrial steady state as models 5-15.

Model 15 Added internal plant N pool to buffer plant N demand. Preindustrial steady state for the models 5-14

(clm4mod) are calibrated to match model 15. Model 15 is equivalent to clm4mod.

* Denotes the model modifications that had the largest impact on the N deposition resp8ré@ac| /dNgeposition- See Fig. 4.

models listed above it. To quantify the influence of each pro-3 Results

cess on the N deposition response, we ran simulations with

and without transient N deposition using each of the inter-3 1 \jodel response to N fertilization experiments
mediate models at a single site (Harvard Forest). The change

in dCaci/dNgepositionassociated with each modification was
used to quantify the sensitivity of N deposition response to
assumptions about the structure of the C and N cycles.

In most of the modifications, we were interested in the in- L 2 1
fluence of the model structure on the N deposition respons 1e g?;d gtlrzl:sag?esss) thﬁg;?’: tsr:teesmvgﬁgﬁr?eccfn 43::]0 d and
in the absence of altered baseline productivity (the preindus>, = ' o 1
trial steady state; see Sect. 2.3). We manually adjusted th%lm4cn model was 41%28 and 352:509C moyr

1 S.E.), respectively (Table 5). Both models predicted lower

denitrification parameter to maintain the same baseline pro- . o h
duction so that Model 4 had the same baseline productio ANPP than observed in the most productive sites (M1-B, MI-

B and MI-D; Fig. 2). Neither model was consistently higher
(NPP and total C stocks) as Model 3, and Models 5-14 hag(fr lower than observed ANPP in the two least productive

the same baseline production as Model 15. To maintain the. .
. . . sites (HF and MI-A; Fig. 2a).
same baseline production, we altered the proportion of ex- .
cess soil inorganic N (Models 4-10; Table 4) or NMod The clm4mod also better predicted both the mean ANPP
els 11-15; Table 4) that is denitrified. A detailed descriptionIn the N fert|I|zed_ 3|mul.at|ons and the increase in ANPP
over the control simulation than the clm4cn. The fertilized

of the intermediate models can be found in Appendix B. ANPP in the cim4mod model (4748 g C nr-2yr—L) com-

pared better to the observed fertilized ANPP in the six ex-
periments at the five sites (58440 g C m2yr—1) than the

The cim4mod model better predicted mean ANPP measured
at the control plots at the five field sites (i.e., no additional
N fertilization added) than the clm4cn model. The mean ob-
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Model 1: clm4cn

. Insights into mechanisms governing C and N interactions

clm4cn structure

a: Plant turnover of N. g a
b: Gross N mineralization. D SON & Plant N
¢: Gross N immobilization. litter N
d: Plant N uptake (function N demand set by photosynthesis,
allocation, and stoichiometry).
e: Soil inorganic N leaching. C
f: Excess denitrification proportional the soil inorganic N b d
that exceeds immobilization (c) and plant N uptake (d). No
direct environmental controls (temperature and soil water). h f
g: N gas loss proportional to net N mineralization (b—c). SOII —
h: N fixation. _) . _}
i: N deposition. | Inorganlc N e

Model 15: clm4mod

clm4mod structure

a: Plant turnover of N. | P| ¢N

b: Gross N mineralization. a an

c: Gross N immobilization. < SON & 3 f

d: Plant N uptake (Michaelis-Menten). ||tter N Lablle N

e: Soil inorganic N leaching.

f: Excess denitrification proportional the soil inorganic N ENO3
Ihat excee_ds immobilization (c) and plant N uptalfe (d). No CNH4 dNH4 dNO3
direct environmental controls (temperature and soil water).

g: Not shown; only in clm4cn and models 2-9. .

h: N fixation. h ] INO3

i: N deposition. — + > -

j: Nitrification. Proportional to NH4". Limited by — N H4 N03 |—

temperature and soil water.

k: N20 loss. Proportional to nitrification (j) and NHa4".

1: Dissolved organic N leaching. Proportional to the turnover of
lignin litter pool.

Fig. 1. Overview of the clm4cn and clm4mod model structure.

Table 5. Mean annual net primary productivity (g Cfrﬁyrfl) in

iINH4

Jwe A< Jower |

Despite differences in ANPP response to N fertiliza-

the six nitrogen fertilization experiments at five temperate broadleaftion, both the clm4cn and clm4mod models predicted
deciduous forests. The field observations are compared to simulasimilar aboveground C increments per unit N fertilizer
tions from the ciIm4cn model, and cim4mod model. Error estimatesadded (dGc)/dNfertiizer; clm4cn: 10. 74 1.3 kg C (kg NY 1;

correspond to variation among sites (1 S.E.).

Observations  clm4cn  clm4mod
Control ANPP g =5) 464+ 36 352+50 411+28
Fertilized ANPP g = 6) 504+ 40 420+41  474+8
AANPP (2 =6)* 55+8 91+19 57+ 18
Non-nitrogen-limited Not 74210 474+8
ANPP (2 =6) measured

* 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.

clm4cn model (426-41g C n2yr—1; Table 5). The mean

increase in ANPP in the fertilization experiments was sim-

ilar between the observations (338 g C nm2yr—1) and the
clm4mod (57+ 18 g C nT2yr—1) with the cim4cn fertiliza-
tion response 65% higher (119 g Cnr2yr-1) than the

clm4mod: 10.6:4.5kgC (kgNy1) that were on aver-
age 1.5 times larger than the observeda@@ Nsertilizer
(4.0+2.7kg C (kg Ny 1; Table 3). However, the site-to-site
variability in the cim4mod d@c)/dNsertilizer Was larger than
the variability in clm4cn, leading to overlapping uncertainty
with the observations. The mean annual net ecosystem pro-
duction response to N fertilization (g&p/dNsertilizer) 2Cross

all five sites was 27.9:2.8 and 23.2£ 9.4 kg C (kg Ny * for

the clm4cn and clm4mod models, respectively (Table 3). The
clm4cn compared better to the observedyg&dNsertilizer

at the six fertilization experiments (3110kg C (kg Ny ;
Table 3), although both models were contained in the
observational uncertainty. Additionally, both net ecosys-
tem production responses were within the uncertainty
(244 8.7 kg C (kg N) 1) reported by Lui and Greaver (2009)
in a meta-analysis of forest NEP response to N fertilization.

observed response. At individual sites, the clm4mod corre3.2 Model response to historical N deposition

sponded substantially better to observations from the two N

fertilization experiments at Harvard Forest than the clm4cnThe clm4mod model had a 144 % larger response of above-
(Fig. 2c). Atthe MI-A site, the cim4cn performed better com- ground C increment to N deposition (86/dNgeposition than
pared to the observations than the clm4mod (Fig. 2c). Boththe cim4cn model (Table 3). The A€i/dNgeposition Was

the fertilization responses in the cim4cn and clm4mod mod-14.0 and 34.2 kg C (kg N}t in the clm4cn and clm4mod
els were within the bounds of uncertainty in the observationsmodels, respectively (Table 3). Both models predicted

at MI-B, MI-C, and MI-D (Fig. 2c).

Biogeosciences, 10, 3863887 2013

lower responses than reported for aboveground C increment
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_ 70098 o in the US but similar to levels found in parts of West-
"; 600 1 ®Wcimaen ern Europe. Comparing the model results to observations
L Oclm4mod from Western Europe, the mean g§;/dNgepositionacross all
S 007 sites in the clm4mod model (26.2 kg C (kgN) was con-
8 400 A tained within the range reported from inventory measure-
E 300 - ments of European forests across a N deposition gradient (Ta-
< ble 2; 15-40 kg C (kg N)!; de Vries et al., 2009), while the
E 200 7 mean clm4cn model result was lower than the reported range
g 100 (11.8kg C (kg Ny 1.
0 T T T L, For the NEP response to N, adding the belowground vege-
HF MI-A MI-B MI-C MI-D tation and soil response increased averagggNgeposition
Site across the five sites to 30.0 and 74.1kg C (kgNin the
~ 700 1b clm4cn and clm4mod models, respectively (Table 3). The
N; 600 - dCnep/dNgeposition Using the EU N deposition values for
g 500 - the cim4mod model (49.5kgC (kgN}) was within the
Lb’o range of values recalculated for European forest by Sut-
= 400 1 ton et al. (2008; 50—-75kg C (kg N}) using eddy flux ob-
Z 300 - servations reported by Magnani et al. (2007). The mean
% 200 | dCnep/dNgeposition USing the EU N deposition from the
S clm4cn model (24.5kg C (kg N}) was 50 % less than the
E 100 lower bound reported in Sutton et al. (2008).
0 - T T T T T =
HF-5 HF-15 MI-A MI-B MI-C MI-D 3.3 Mechanisms explaining the increased
Site responsiveness of the modified model to N
= M0 9c deposition and fertilization
25 1507 The mean retention of N deposition within the ecosys-
2% tem was larger in clm4mod than clm4cn, mirroring the
= £ 1001 dCaci/dNgeposition Fesponse. Across all five sites, the mean
é: . retention of N deposition was higher in the clm4mod
£E model than the clm4cn model (Fig. 3). In both the clm4cn
s g L and clm4mod, ecosystem N retention (Fig. 3; sum of N
£ ° HF.5  HF.15 MLA  MLB  MLC  MLD recovery in vegetation and soil) was lower when inte-
<3 grated over a 34yr period (1970-2004: clmé4chl %;

-50 -

Site

clm4mod=81%) than over a 4yr period (2000-2004:
clm4cn=55%, cim4mod=94%). The fate of N retained

Fig. 2. Mean annual aboveground net primary production for the .

five temperate deciduous forests in Table 1. The measured valll the ecosystem was predominately in soil organic matter

ues, clm4cn model predictions, and clm4mod model predictions ard" POth models and at both timescales (Fig. 3). However,

shown for(a) the control (non-fertilized) plots a(@) the nitrogen  the proportion of N deposition retained in both vegetation
fertilized plots, along with(c) the differences between the control and soil was higher in the cim4mod than the clm4cn model

and fertilized treatments. The model simulations include transient(Fig. 3), with particularly large increases in N retained in soil.
nitrogen deposition, atmospheric ¢@nd land use. Error bars rep- The response to N deposition (8&/dNgeposition Was
resent the S.E. reported in Pregitzer et al. (2008). most sensitive to the use of a Michaelis—Menten approach
to plant N uptake in the cim4mod that describes N uptake
as a function of soil inorganic N and fine root C, rather than
across the northeastern US (50 kg C (kgN)adjusted from  the approach in clm4cn that represents N uptake as a func-
Thomas et al., 2010 for higher rates of N deposition); how-tion of photosynthesis and the N required by stoichiomet-
ever, the bias was substantially reduced in the clm4modic constraints (Model 6; Table 3; Fig. 4). Implementing the
model (Table 3). Michaelis—Menten approach increased th@@&@INgeposition
In the simulations with higher rates of N deposition by 27 kg C (kg N)'1. The next largest sensitivity was associ-
(1995-2004 meas 2.2gNnT2yr-1), the aboveground C ated with the pathway of N loss (Model 10; Table 4; Fig. 4);
increment response to N deposition (@@ dNgeposition de- the removal of the N gas loss process simulated in cim4cn as
creased in both models (Table 3). The simulations with al % of net N mineralization decreased thexd{ZdNgeposition
large increase in N deposition were designed to test modeby 15 kg C (kg N)! (Fig. 4). Because we increased the pro-
sensitivity to N deposition levels larger than typically found portion of excess N that was denitrified to maintain the same
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the influence of reduced denitrification on the response to N
BNt recomered deposition (Model 5; Table 4; Fig. 4). This simulation had
1 O Vegetation the same preindustrial primary productivity as the simulation
= Soil with Michaelis—Menten plant N uptake (Model 6) but with-

out the Michaelis—Menten uptake mechanism (same model

structure as Model 4 but with a lower denitrification param-
0.6 eter). In contrast, allowing microbial immobilization to have
first access to soil inorganic N (Model 8; Fig. 1; Fig. 4) and
implementing a representation of nitrification with separated
NH; and NG; pools (Model 11; Table 4; Fig. 4) decreased
dCaci/dNgepositionby 7 and 5kg C (kg N1, respectively. Al
0.2 1 other processes described in Table 4 had little impact on
dCaci/dNgeposition(< 3 kg C (kg Ny).

0.8 1

0.4

% of nitrogen deposition

cmdcn  cimd4mod  clmden  clmdmod 3.4 Synergy between N deposition and atmospheric
(1970-2004) (1970 - 2004) (2000-2004) (2000-2004) CcO,

Fig. 3. Model predictions of m retention of nitrogen de- . .
'g. 3. Model predictions of ecosystem retention of nitrogen de- o a00q  across all five sites, the clm4mod and
position, partitioned among soil organic matter and vegetation, av-

eraged across all five sites for two time periods: 1970-2004 anoCIm4Cn models predicted similar increases in NPP

2000-2004. Error bars represent variation among sites (1S.E). OVer preindustrial NPP, attributed to the increase in
both N deposition and atmospheric €®@ver the pe-

riod from 1850 to 2004 (clm4ca84.1gCm2yr1;

Zz ot clmdmod=_87.2¢g C m2yr~1; 1994-2004; Fig. 5b). How-

‘ ever, the relative contribution of N deposition and £0O
50 @ Change from - . .
“ previous mnbered fertilization differed strongly between the two models

(Fig. 5a). The increase in NPP predicted by the clm4cn
model was comprised of a pure N deposition response
(46 %) and a pure CPfertilization response (57 %) that
were largely independent of each other, as the synergy only
explained 7% of the NPP change (Fig. 5b). In contrast,
the pure CQ fertilization response in the clm4mod model

dCyc1/ ANgeposition
5

T R O PG B NN R IR I was small (12%) while the majority of the NPP increase
& FFFFTFFE&TS bw\ §°\ Sz} b“\ b°\ > . .
A was explained by a pure N deposition response (58 %) and
° RS s ..
<~ @@“ a synergy between N deposition and rising ZC(30 %;
Fig. 5a).

S I

ial model d ion

Fig. 4. The sensitivity of the nitrogen deposition response to key4 Discussion
changes in model structure for a single site (Harvard Forest). The
figure shows the nitrogen deposition response, expressed as an agverall, our modifications to the CLM-CN 4.0 substantially
nual aboveground carbon increment (@¢/dNgeposition for the improved predictions of C storage in response to historical
clm4cn model (Model 1), clm4mod (Model 15), and intermediary N deposition. The modifications in the clm4mod model in-
models (Model 2-14). Each model builds on the modifications in creased the aboveground C increment response to historical
the previous models, and the difference ina@{dNgepositionPe- N deposition by 144 % compared to the clm4cn model and
tween a model and the previous model is shown in black. See Tacompared more closely with observations across N deposi-
ble 3 for a description of the mechanisms isolated in each model. 5, gradients in the northeastern US and Western Europe.
Modifications to the representation of plant N uptake and
) ) pathways of N losses were the most important mechanisms
total N loss as at preindustrial steady state, the change ighat were responsible for the increased aboveground C incre-
dCaci/dNgepositionwas associated with modifying the partic- ment response to N deposition in the cim4mod model. The
ular pathways of N loss, rather than being associated with get effect of the modifications increased ecosystem retention
modification to the total preindustrial N export. of N deposition and increased synergy between N deposition

The implementation of a less open N cycle with gng fertilization from elevated atmospheric £0
lower N input and outputs increased gy/dNgeposition BY

increased by 8kg C (kg N} in the simulation that isolated
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R. Q. Thomas et al.: Insights into mechanisms governing C and N interactions 3879

a wq b The N deposition response was also sensitive to the path-
Sclmden Fu { i way of N loss (Model 10; Fig. 4). Broadly there are two
80 7 Wcimdmod ‘e pathways of gas and leaching N loss used in ecosystem
70 1 £ and global biogeochemical models: turnover-dependent and
2 60 1 concentration-dependent pathways (Menge, 2011). Turnover
5 50 - o dependent pathways refer to N losses that are proportional to
E the turnover of an internal nitrogen pool (i.e., litter N, soil
B 40 1 organic N, or vegetation N). Concentration-dependent path-
S 30 1 ways refer to N losses that are proportional to the concentra-
= 50 tion of soil inorganic N and typically only occur under peri-
ods of N saturation. As an example of a turnover-dependent
10 7 pathway, the clm4cn has a pathway of N gas loss that is
0 - y T J proportional to the net N mineralization associated with soll

N dep co2 Synergy organic matter turnover (1% of net N mineralization). The

Ei - , ) sensitivity analysis found that substituting a concentration-
ig. 5 Moglel predlctlons_ gf net primary prodl_Jctlon (NPP) response d d h f d d | h-
to rising nitrogen deposition and atmosphericCieraged across ependent pathway for a turnover-dependent gas 10ss pat
all five sites(a). The total NPP increase between 1850 and 2004Way decreased the plant C response to N deposition; the sub-
(b; in- set) is partitioned into the increase due only to nitrogen de-Stitution occurred through removing the N gas loss associ-
position, only to CQ fertilization, and the synergy between nitro- ated with net mineralization and Compensating the reduced N
gen deposition and C{rertilization. Error bars represent variation 10ss by increasing denitrification of excess soil inorganic N,
among sites (1 S.E.). a concentration-dependent pathway (Model 10; Fig. 4). Sim-

ilarly, DON leaching in the cIm4mod is another example of

a turnover-dependent loss pathway (Menge, 2011) because it
4.1 Response to historical N deposition is modeled as proportional to the decomposition of litter. We
found that by including DON leaching and reducing the den-
itrification of NO; (Model 14; Fig. 4), the plant C response
. . ) , to N deposition increased. Overall it is clear that models with
uptake (Model 6; Fig. 4). By adding the Ml(_:haells—Menten a greater role of turnover-dependent N losses had a greater
uptake_, _plant N. uptake depenc_ied on the fine root C StOCkplant C response to N deposition than models with N loss
the soil inorganic N concentration, temperature, and N stao .00 concentration-dependent pathways; We hypothe-
tus O,f the plaqt rather than the _N demand set by phptosyn—size that concentration-dependent pathways are able to more
thesis, allocation, and C: N ratios of the allocated tlssuesquiCkIy lose N deposition when N availability is elevated,

The Michaglis—Me_nten uptake_ increased the N depoositiqn r€vhile turnover-dependent pathways increase N retention by
sponse by Increasing N retention (2000_2004_) by 9%, IIkerrequiring N deposition to cycle through the plants and soil
due to greater ability of plants to compete against N loss Propefore being lost

cesses. The increased N retention was also associated with @, iy important change to the CLM-CN that was re-
Ilil)wer p.)ar;';:mete(rj Vfllu'ehflt\)/lr' tEe ;)lropl\c/)lrtlon of exclfssl\l/Tl I(;)Sltgs‘sponsible for increasing the di/dNgeposiion FESPONSE in
gas In the mode with Michaelis-Menten upta 'e( 0C€1Y, the cim4mod model was the implementation of a less open N
Fig. 4). The lower parameter was hecessary to yl_e_ld the_ 561m(‘?ycle (Model 4; Fig. 4). N cycles range from being open to
i;?idy l_sta:\;z N gas Iosl,(s aJ.[ pr:alr}dus;nal cond;]t_mns n thet:losed depending on the importance of the inputs and outputs
ichaelis-Menten uptake simulation because this approaclaf N relative to the internal N-cycling fluxes. For example, at

tO_N uptake requires larger stocks of soil |n.organ|c.N to re- steady state in global biogeochemical models, all N fixation
tain the same N uptake rate as a model without Michaelis—

M ke. The | N | ikelv al inputs are balanced by N losses from the ecosystem. As such,
| entoelzn uptaNeO.I € lower b gas pssdparar\]meter Ikely a_'assuming equal stocks of N, models with larger N inputs will
owed more eposition to be retained in the ecosystem in}, o larger outputs at steady state, resulting in a faster and

the transient simulations. Michaelis—Menten uptake also N ore open N cycle. The degree of openness of the N cycle in

cheaselii soil 'r? orgljarxc N stgclrs_rr;](_aces;ary éo ﬁ’ ield the samgy, ecosystem is not explicitly specified in ecosystem models;
uptake as the cimacn model. This reduced the competitio ather, it is controlled by the balance of N inputs to outputs.

between plants and immobilization, thus increasing the tota he magnitude and mechanisms governing N fixation and

assimilation into N soil organic matter. A range of N uptake N, losses vary widely among global biogeochemical models,

approaches are used in ecosystem and global biogeochemiggly) i gicating that the degree of openness of the N cycle
models, suggesting the choice of how N uptake is represente Iso varies among models. Indeed, in comparison to another

cands’:rongly influence the sensitivity to N deposition in the global biogeochemical model, in the extratropics the clm4cn
model. model reports both a greater role of N availability in the C
cycle and greater N fixation (Thornton et al., 2007) than the

The response to N deposition was most sensitive to the im
plementation of a Michaelis—Menten approach to plant N
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LM3V model (Gerber et al., 2010). The LM3V model uses by rising N deposition. Overall, the increased enhancement
a demand-driven approach to N fixation that recognizes thabf NPP due to synergy between N deposition anc @6Gm
N fixation is limited in closed-canopy temperate and boreal7 % in cim4cn to 30 % in clm4mod led to better correspon-
forests (Crews, 1999) rather than the relationship betweemence with other studies — a 25 % synergistic effect measured
NPP and N fixation, derived from Cleveland et al. (1999), in a field-based C®fertilization experiment of needleleaf
used in the clm4cn. pine forest (Oren et al., 2001) and a 28 % synergistic effect

The net effect of all the modifications (Models 2—15) was reported by a global modeling analysis using BIOME-BGC
to increase the dk&i/dNgepositionf€sponse to N deposition by model (Churkina et al., 2009). It is important to note that the
increasing the retention of N deposition within the ecosys-sites used in the analysis were not in arid environments where
tem, as greater long-term N retention increased the availsoil moisture can regulate N limitation and g@rtilization
ability of N to plants and allowed them to respond to ris- (Felzer et al., 2011). Future studies can expand the analysis
ing atmospheric C& Retention of N deposition within the beyond temperature deciduous forests and explore how the
five simulated forests at the 4 to 30yr time horizon in the set of model modifications influences C—N interactions in a
clm4mod model was between 81 and 95 %, and only 51 taange of ecosystem types.
55% in the clm4cn model. The higher N retention rate in
the clm4mod model than the cim4cn model better matchegt.2 Response to N fertilization
observations from field tracer experiments in which isotopi-
cally labeled N °N) was added to forests and total isotope Overall, the ciIm4mod either improved or had no impact on
recovery was used to measure N retention (Nadelhoffer et althe comparison to observations from N fertilization experi-
1999, 2004; Templer et al., 2012). At the Harvard Forest sitements, depending on the metric used in the model evalua-
retention of added®N in two experiments after 7 yr ranged tion. In this study, we used three metrics to compare model
from 88 to 100 %, which compares well to clm4mod (Nadel- predictions from clm4cn and clm4mod to N fertilization ex-
hoffer et al., 2004; treatments with no additional N fertiliza- periments, with each metric testing different aspects of model
tion added). In contrast, ®N tracer experiment at one of representation of N limitation. The first metric, the increase
the Michigan sites (MI-B) only recovered 17.5% of added of ANPP in response to N fertilization, tested the produc-
15N, which is substantially lower than both the clm4cn and tivity response, particularly wood and leaf production, to N
clm4mod models (Zak et al., 2004). This tracer study differedfertilization. The ANPP response metric showed that, on av-
markedly from most others. That is, a meta-analysi&°bf erage, the clm4mod corresponded better to observations than
experiments found that approximately 78 % of added N wasthe clm4cn, with particular improvements at the Harvard For-
recovered in 11 temperate deciduous broadleaf forest ecosysgst site. The improved correspondence at the Harvard Forest
tems, and 75 % was recovered across all forests (Templer efite was attributable to both a decrease in potential ANPP
al., 2012). A similar analysis on nine sites, many of which when N was not limiting (see discussion below) and an in-
were included in the meta-analysis conducted by Templer etrease in the ANPP of the control treatment.
al. (2012), found 90 % recovery dPN after 1-3yr of ad- However, the ANPP increase metric did not include
dition (Nadelhoffer et al., 1999). Overall, on the balance of changes in mortality that were included in the second met-
evidence, the increased N retention in the cim4mod betteric, dCaci/dNsertilization (i-€., the change in standing stock
reflects the!>N retention observed in most temperate forestof aboveground C between years). The model modifica-
tracer studies. tions did not have an impact on the meamd@dNrertilization

The net effect of all the modifications also increased syn-response to N fertilization and both the clm4mod and
ergy between N deposition and atmospheric,0® the clm4cn predicted larger d{g/dNsertilization than observed.
clm4mod. Surprisingly, when averaged across all five sitesThe two key differences between the ANPP responses and
the increase in NPP resulting from N deposition was sim-dCac|/dNeriilization tO fertilization were (1) increased mor-
ilar between the two models in the simulations when ris-tality from N fertilization in the field studies may not de-
ing atmospheric C®was not included (Fig. 5b). However, crease ANPP but will decrease dC/dN, and (2) increased fo-
when rising atmospheric CQwas included, the synergy be- liar production in the models increases ANPP without di-
tween N deposition and COed to a larger total response rectly increasing dC/dN. Neither model included mecha-
to N deposition in the clm4mod model than in the clm4cn nisms through which elevated N inputs could increase tree
model. This increase in synergy was due to the greater retermortality and tissue turnover, and both models predicted an
tion of N deposition in the cim4mod than the clm4cn model. increase in foliar productivity not found in the fertilization
The reduction of N limitation resulting from the additional experiments (Magill et al., 2004; Pregitzer et al., 2008).
ecosystem N allowed an enhancement of photosynthesis by The productivity of the N fertilized treatment alone is
the next most limiting resource in the model, &Whereas the third metric describing how productivity responded to N
the clm4cn model remained N limited. Consequently, thefertilization. The ANPP in the field fertilized plots can be
clm4mod model exhibited CPfertilization in the simula-  viewed as an approximation of the N unlimited productiv-
tion with both rising CQ and N deposition, enabled in part ity, assuming the fertilization level was high enough to meet
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plant demand and low enough to prevent negative effects o€onsidered. The clm4mod model simulations overlapped or
soil acidification. If so, the measure of N unlimited produc- were near the uncertainty bounds in the observations across
tivity is a metric that does not test the model response to Nthe different time scales and magnitudes of N additions. The
per se; rather, it tests the representation of the next most limN deposition gradient studies measured the response to lower
iting resource in the models. Averaged across all six fertil-N inputs over a longer period of time (decades to a century),
ization experiments, the cilm4mod model did improve pre-while the N fertilization experiments measured the response
dictions of ANPP in the fertilized treatment. Higher ANPP to higher inputs over a shorter timescale (years to decades).
in the fertilization treatments in the cIm4mod model than the This indicates that the differences in ecosystem N use ef-
clm4cn model was surprising because the clm4mod modeficiencies reported for different fertilization studies and N
included changes to the CLM-CN 4.0, described in Bonandeposition gradients may be explained by differences in the
et al. (2012), that decreased canopy level photosynthesisnagnitude and timescale of N addition.
Therefore, including the modifications that lowered photo- Overall, the substantial increase in C storage response to
synthesis should have decreased the simulated productiviti deposition that occurred as a result of modifications to the
when N limitation was relieved. However, a key difference CLM-CN 4.0 model resulted in a better comparison to obser-
between the cim4cn and cim4mod models was that the simuvations of temperate broadleaf forest growth across N depo-
lated N fertilization experiments relieved N limitation in the sition gradients and to N fertilization experiments. The im-
clm4mod simulations while it did not in the cim4cn simula- proved sensitivity to N inputs was driven primary by altering
tions, potentially due to the high ecosystem retention of N inthe mechanisms governing plant N uptake and the pathways
the clm4mod. Table 4 shows that the N unlimited ANPP in of N loss. At the global scale, the modifications to CLM-CN
the cilm4mod did not differ from the ANPP in the fertilization presented are likely to improve the model correspondence
simulations, while the N unlimited ANPP in the clm4cn was to the globally distributed set of N fertilization experiments,
77 % greater than the ANPP in the fertilization simulations. 1°N tracer studies, and small catchment N budgets that have
The low ecosystem retention of N in the cim4cn model main-been previously used to benchmark global biogeochemical
tained N limitation even at fertilization levels over double net models (Thomas et al., 2013). Furthermore, we show that due
N mineralization rates. to non-linearity in ecosystem response to N addition, testing
One important caveat when using N fertilization studies models with both the response to gradual increases in N in-
to evaluate C-N interactions in models is accounting forputs over decades (N deposition) and N pulse additions of N
potential harmful affects of fertilization-induced inorganic over multiple years (N fertilization) allows for greater under-
N leaching on base cation exchange and forest health (i.estanding of the mechanisms governing C—N coupling.
Hogberg et al., 2007; Wallace et al., 2007). The cim4mod
simulates greater inorganic N leaching than the clm4cn (Ta- )
ble A2). This increase in leached N would likely lead to APPENdIX A
greater cation depletion and acidification. However, neither o
clmacn nor cim4mod simulates other element cycles, suctfiM4mod model description

as calcium and aluminum, nor links between soil solution : .
: : o The clm4mod model includes changes to the canopy scaling

chemistry and growth or mortality needed to mechanistically . ; . .
of photosynthesis, maximum photosynthetic rates, radiative

represent the negative impacts of N Ieachlng on _forest pro'transfer, leaf photosynthesis, and stomatal conductance de-
ductivity and tree survival. While some N fertilization stud-

ies across the northeast US have reported harmful impacts cﬁ‘g :22;%5;?;)2;;2:6&,2012’ 2011). Additional modifica-
N fertilization (e.g., Wallace et al., 2007; Magill et al., 2004 '

— Pine site; McNulty et al., 2005), all of the studies used in pq Nitrogen uptake by plants

this analysis yielded neutral or positive effects of fertilization

on ANPP and C accumulation (Magill et al., 2004; Pregitzer plant uptake of inorganic nitrogen (N) in CLM-CN 4.0

etal., 2008). (clm4cn) is based on the N required to match the demand
o set by N unlimited photosynthesis (i.e., potential gross pri-
4.3 Implications mary productivity) and plant tissue C: N stoichiometric con-

straints. In the clIm4cn model, N uptake is independent of
The set of model simulations presented in this study alsaallocation to fine root mass. The clm4mod model represents
provides insight into the observational data. The reported\ uptake as a function of fine root carbon (C), masgg,
dC/dN was lower for the fertilization experiments than for soil inorganic N availability (NH, ay NOs 4y ), soil tempera-
the dC/dN from N deposition gradients (Table 3). Further-ture (£ (7)), and plant demand for Nf(Niapile))-
more, there was a lower reported dC/dN in gradient studies
NH4, avt NOB, av

in Europe than in the US (Table 3). Despite these disparitiesyy jant= Vamax
we show that the reported dC/dN data are reconcilable if the (NHg, av+ NOs3 av) + Kmin
differences in the magnitude and timescale of N additions are Crootf (Niabile) f(T), (A1)
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Table A1l. New parameters introduced to the CLM-CN 4.0.

. Insights into mechanisms governing C and N interactions

Parameter Value Units Description Reference
Vimax 27x1078 gNgClsl Maximum N uptake per unit fine root C at 26 None
Kmin 1 gNm? Half saturation constant for plant nitrogen uptake Yang et al. (2010)
X 1 Proportion Proportion of 1 yr worth of live tissue nitrogen turnover Gerber et al. (2010)
bNH, 0.10 Proportion Proportion of soil l\l}|available for plant uptake, Gerber et al. (2010)
immobilization and loss processed
bNo, 1 Proportion Proportion of soil ND available for plant uptake, Gerber et al. (2010)
immobilization and loss processed
bnlabile 0.02 Proportion Proportion of plant labile nitrogen available to build None
tissue per 30 min time step
Knitr1 0.2 Proportion Proportion of net mineralization that nitrified Parton et al. (2001)
Kpitr2 0.1 day!? Maximum Proportion of available NFi nitrified Parton et al. (2001)
KN,0 0.02 Proportion Proportion of nitrification lost as® Parton et al. (2001)
D 005 g cl Maximum denitrification rate per g of soil respiration Bradbury et al. (1993)
PDOM 0.015 Proportion Proportion of litter mass transferred from litter 3 Gerber et al. (2010)
pool to soil 3 pool that produces dissolved organic carbon
and nitrogen
3.5 1 Table A2. Mean simulated preindustrial nitrogen fluxes
%: 3 - Total N fixation (gN m-2 yr—1) averaged across all five sites in TableH1(S.E.).
:} central relationship
g 251 Cleveland et al. (1999) A Flux clm4cn clm4mod
A A
CHER . N\ Nitrogen fixation 1.3:0.1  0.26+0.01
£ 151 Symbiotic Nitrogen deposition 0.1%0.01 0.15:0.01
g . . Nitrogen gas loss 1401 0.26+0.01
‘i Y Mineral nitrogen leaching &0 0.07+0.01
g 051 o DON leaching NA 0.1 0.004
g 047* i Non-symbiotic Plant nitrogen uptake 620.67 6.9:0.29
Zz 0.5 ¢ Net nitrogen mineralization 6 0.66 6.5+ 0.25
0 500 1000 1500 Nitrification NA 3.6+0.06

Annual evapotranspiration (mm yr-')

Fig. Al. The relationship between total, symbiotic and non-

at 25°C when N demand is large (i.ef(Njapie) = 1). Kmin

symbiotic nitrogen fixation and annual evapotranspiration. Data ards the half saturation constant for plant uptake.

from Cleveland et al. (1999). The relationship for total fixation is
from the central N fixation line in Fig. 1 of Cleveland et al. (1999).

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.

where f (Njapile) down regulates the uptake capacity based ona2  Fine root turnover

the stock of labile N in the plant. As /M approaches one
year’'s worth of N turnover of live tissue | leaves, fine roots,
and live wood), the maximum uptake capacity decreases. Th
down regulation function is based on Aber et al. (1997).

Niabi
J (Niabile) = @

The temperature functiofi(T), is the same function gov-
erning soil decomposition, nitrification (see below), and den-
itrification (see below). Niday NO3 oy are the concentra-
tions of ammonium and nitrate that are available for plant
uptake (see belowWVnmax is the maximum uptake capacity

(A2)

Biogeosciences, 10, 3863887 2013

In the clm4cn model, the turnover of fine root C is linked
to the turnover of leaf C. In the cim4mod version, the root
turnover is an explicit parameter and is decoupled from
leaf turnover. Root turnover occurs throughout the year,
rather than only when leaves senescence. Root turnover is
maintained at the same rate as the clm4cn model for all
species (1.0yrl), except boreal and temperate needleleaf
species, which have a turnover of 0.3¥ibased on White et

al. (2000). Decoupling fine root turnover from leaf turnover
allows fine roots to be present throughout the year and per-
mits a fast response of plant N uptake in the spring.
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A3 Soil N dynamics the soil water drainage and NOQminus the N@Q taken up

by plants and immobilization during the model time step.
The ciIm4mod version of the model includes soil inorganic  The loss of NG through denitrification is modeled as a
pools of NH; and NG, rather than a single inorganic N function of the available nitrate Ny, (minus nitrate uptake
pool, as implemented in the cim4cn model. The ;Npool by plants, immobilization, and leaching), the ratio of soil wa-
is buffered to represent an exchangeable pool and a pool irer to saturated soil water, and total respiration from soil or-
solution that is available for plants, immobilization, nitrifica- ganic matter decomposition (a proxy for microbial activity
tion, and leaching. and oxygen composition; GQyj). The representation is de-

scribed in Bradbury et al. (1993) and Yang et al. (2010).
NHa, av = bnm,NHj (A3)

w
whereb, is assumed to be 10 % of total soil ifHGerber ~ Vdenit=D €02 50iNOs, AT (A7)

et al., 2010). Constant buffering capacity is a first approxi- i o o
mation for a more complex process of resorption/desorptionWhere D is the denitrification rate per g of GQespiration
Future model development could parameterize non-linearit)f)f soil organic maiter, thW, is soil wa}ter in the tOF’ five soil
into the buffering capacity that is a function of the total soil [2Y€rs and¥sis water holding capacity at saturation.
organic matter and the bulk density of the soil. N@ as-

X 7 . A6 Biological N fixation
sumed to have no buffering capacity in the soil, therefore g

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
The clm4mod model assumes that microbes have priority fo(Crews, 1999). Based on biome specific data on N fixation
soil inorganic N to meet the immobilization demand. Plant and evapotranspiration in Cleveland et al. (1999), annual
uptake and immobilization of N is divided between 1$IH non-symbiotic fixation is a function of annual evapotranspi-
and NG, in proportion to the availability of each N species ration and occurs in all ecosystems:
(NI—'|4, av; NOs3, av). The conversior! of NE{I to NO; (nitri'fi-  Niix.nonsym= 0.0006AAET+ 0.0117, (A8)
cation) is represented as a function of net N mineralization, ™
NH; availability, temperature, and water availability based where AAET is annual evapotranspiration of the previous
on Parton et al. (2001). Nitrifiers are assumed to be less comyear. Non-symbiotic N fixation is added to the soil [$1H
petitive for NI—[{ than plants and immobilization into soil or- pool.
ganic matter. Symbiotic N fixation is a function of the plant functional
type, the proportion of the grid cell occupied by the plant
Nnitr = Knitrleineralization+ KnitriZNHav, nitrf (T)f(W) (AS) function type’ leaf area indeX' and annual evapotranspira-
tion. Symbiotic N fixed is determined by subtracting the non-
symbiotic relationship described above from the relationship
NH4, av.nitr = NHa, av — UNHy,piane — UNH4,soi (A6) between total N fixation and evapotranspiration in Cleveland
' ’ et al. (1999; central relationship in Fig. Al). In grasslands
and Knitr1, Knitr2, f(T), and f (W) are the proportion of net and tropical ecosystems, symbiotic N fixation is added to the
mineralization that is nitrified, the maximum nitrification rate plant labile N pool. In temperate and boreal forests with leaf
(s™1) based on available Nty nitr, the temperature modi- area index< 1, symbiotic N fixation is also added to the plant
fier, and the water availability modifier, respectivef(T) labile N pool, as they are assumed to be early successional
and f (W) are the same temperature and water functions thaand contain some N fixing plants. No symbiotic N fixation is
modified decomposition and plant N uptake (Thornton et al.,added to the plant labile N pool in temperate and boreal forest
2007, 2009). The cim4mod model ignores the effect of pH onwith leaf area index- 1. The overall relationship describing
nitrification (Parton et al., 2001). A proportion (0.02) of the symbiotic N fixation is
nitrification is lost to MO and not converted to ND(Parton

NO3 av = NO;. (A%)

A4 Internal N cycling

where the NH, ay nitr is the NI—[1F available for nitrification,

etal, 2001)' wpit(0.0018AAET-0.0289  temperate or boreal trees and LAIL
i Nfix, sym= 1 O temperate or boreal trees and LAIL ,
A5 Inorganic N loss wpit (0.0018AAET-0.0289  all other pfts
(A9)

In the cim4mod model, the leaching of I}THS a function of

the soil water drainage and NHy, minus the N§ uptake ~ Where wpy is the proportion of the grid cell occupied by
by plants, immobilization, and nitrifiers during the model the plant functional type. N fixation is constrained to be
time step. Likewise, the leaching of NOis a function of ~ =0gN m2yr1,

www.biogeosciences.net/10/3869/2013/ Biogeosciences, 10, 388*-2013



3884 R. Q. Thomas et al.: Insights into mechanisms governing C and N interactions

A7 Dissolved organic matter dynamics (19 %) was chosen to represent a distribution of the generic
soil inorganic N pool into 90 % Nﬁ1 and 10% NQ with

Dissolved organic N losses can be important for maintainingthe same buffering parameters used in the cilm4mod model.

N limitation (Menge, 2011), especially in ecosystems with By assuming 10 % of N is N, the model is consistent with

low anthropogenic N inputs (Hedin et al., 1995). A simple the preexisting parameterization of N available for leaching

representation of the production and leaching of dissolvedgsses in Models 1 and 2.

organic matter is added to the CLM-CN. As presented in Ger-

ber etal. (2010), DOM production is assumed to be a fraction

of the turnover of the structural litter pool. In the clm4mod Model 4 (Model 3+ less open N cycle)

model, DOM production is parameterized to be 1.5%vk) . o
of the transfer from the lignin-based litter pool (Litter 3) to Model 4 creates a less open N cycle by reducing N fixation

its receiving soil organic matter pool (SOM 3). So that DOM (S€€ Appendix A6). To isolate the impact of a less open N cy-
production does not alter the decomposition rate of the lit_cle from the sensitivity to reduced N inputs, we decreased the
ter pool, the C: N ratio of DOM must equal that of the re- proportion of excess soil inorganic N that was lost as deni-
ceiving SOM pool. Therefore, the C : N of DOM is set to be trification (from 0.50 day* 10 0.0475 day*) to maintain the
10:1 (CNbowm). Future research should focus on improving S2Me preindustrial productivity as Model 3.

the representation of DOM production so that the C:N ra-

tio better matches observations (i.e., more C produced fof,qqel 5 (Model 4 + reduced denitrification)

the same N production). However, increasing the C:N ra-

tio of the DOM while maintaining the same production of Model 5 reduces the proportion of excess N that is lost
DON will likely have little effect on the N cycle. All DOM  through denitrification (0.013day), setting the preindus-
produced is assumed to be unavailable for plant uptake angtal steady state equal to clm4mod.

immobilization. The leaching of DOM is based on the water

drainage and the total soil water.
Model 6 (Model 5+ Michaelis—Menten approach to plant

N uptake)
Appendix B

Model 6 adds the Michaelis—Menten approach (described
Model descriptions for intermediary models used in in Appendix Al) for simulating plant N uptake. The pa-
sensitivity analysis rameters used are listed in Table Al. N uptake is only al-

lowed to occur when vegetation is photosynthesizing, thus
The series of intermediary models using to the sensitivitymatching the diurnal cycle of N uptake found in Models 1—
analysis are described below: 5. To maintain the same preindustrial steady state as model

clm4mod, the proportion of excess N that is denitrified was

Model 1 (clmacn) set to 0.0011 day*.

Model 1 is the same as the cim4cn model described in theyodel 7 (Model 6 + N uptake throughout day)

main text.

Model 7 is equivalent to Model 6 except that N uptake is al-
lowed to occur throughout the day when leaves are present
(i.e. N uptake also occurs at night). To maintain the same

. . _preindustrial steady state as clm4mod, the proportion of ex-
Model 2 adds modifications to the canopy scaling of photo cess N that is denitrified was set to 0.00165day

synthesis using a multi-layer approach with updated max-
imum photosynthetic rates, radiative transfer, leaf photo-
synthesis, and stomatal conductance described in Bonan @fiodel 8 (Model 7 + priority to microbial immobilization)
al. (2012, 2011). Model 2 uses Kattge et al. (2009) values for
Vemax (S€e main text). In Models 1-7, competition between plant N uptake and mi-
crobial N uptake was based on the relative N demand by the
) ) two processes. Soil inorganic N is distributed based on the
Model 3 (Model 2 + soil buffering) relative demand. In the Model 8, microbial immobilization
is given first priority to the soil inorganic N required to meet
its demand for N. To maintain the same preindustrial steady
state as clm4mod, the proportion of excess N that is denitri-
fied was set to 0.0022 day.

Model 2 (Model 1+ multi-layer canopy)

Model 3 adds a soil buffering parameter to Model 2. The soill
buffering assumes that 19 % of the generic soil inorganic N
pool is available for plant uptake, immobilization into soil

organic matter, leaching, and denitrification. The paramete
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Model 9 (Model 8 4+ temperature and soil water preindustrial steady state as clm4mod, the parameter describ-
limitation of denitrification) ing the denitrification rate per g of soil respiration was set to
0.05(gCy .

In Models 1-8, the proportion of excess N that is denitri-
fied depended only on available N. Model 9 limits denitri-
fication based on soil water and soil temperature (see ApModel 15 (Model 14+ plant N buffering, clm4mod)

pendix A5). To maintain the same preindustrial steady state
as clm4mod, the proportion of excess N that is denitrified Model 15 includes all the changes described for the clm4mod

was set to 0.0011 day. model (main text and Appendix A). It adds to Model 14 a
plant labile N pool that buffers the availability of N to meet
the N demand set by the photosynthetic rate, tissue alloca-

Model 10 (Model 9+ removed N gas loss that is tion, and tissue C: N ratios (see Appendix Al).

proportional to net N mineralization)

Model 10 removes the turnover-dependent pathway of NAcknowledgementsie would like to thank Cayelan Carey,
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