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Abstract. Boreal forest and tundra are the major ecosystemsy plants is important to carbon modeling of boreal forest
in the northern high latitudes in which a large amount of and tundra ecosystems.

carbon is stored. These ecosystems are nitrogen-limited due
to slow mineralization rate of the soil organic nitrogen. Re-
cently, abundant field studies have found that organic nitro-

gen is another important nitrogen supply for boreal forestandl  Introduction

tundra ecosystems. In this study, we incorporated a mecha-

nism that allowed boreal plants to uptake small molecularTerrestrial ecosystems play an important role in cycling car-
amino acids into a process-based biogeochemical model, th@on between land and the atmosphere through photosynthe-
Terrestrial Ecosystem Model (TEM), to evaluate the impactSiSv plant respiration and soil respiration (Heimann et al.,
of organic nitrogen uptake on ecosystem carbon cycling. Thel998; Melillo et al., 1993). The major terrestrial ecosystem
new version of the model was evaluated for both boreal for-Processes associated with carbon cycling are significantly
estand tundra sites. We found that the modeled organic nitroconstrained by the carbon (C) and nitrogen (N) interactions
gen uptake accounted for 36—-87 % of total nitrogen uptake byBerendse and Aerts, 1987; Lin et al., 2000; Tateno and
plants in tundra ecosystems and 26-50 % for boreal forest§zhapin, 1997). In N infertile environments, plants have low
suggesting that tundra ecosystem might have more relied oAccess to N and there is a high C/N ratio in the litter. The
the organic form of nitrogen than boreal forests. The sim-high C/N ratio litter slows down N mineralization, decreas-
ulated monthly gross ecosystem production (GPP) and ndig available N in the soil and limiting the plants’ ability to
ecosystem production (NEP) tended to be larger with the nevssimilate carbon. The nitrogen limitation effect on carbon
version of the model since the plant uptake of organic nitro-cycling has also been confirmed by the elevated; Gd-

gen alleviated the soil nitrogen limitation especially during i€ (Norby et al., 2010; Reich et al., 2006a, b). The feedback
the growing season. The sensitivity study indicated that the?€tween carbon and nitrogen cycles could reduce the CO
most important factors controlling the plant uptake of Organicfertilization effect and thus strongly affect the plant carbon
nitrogen was the soil amino acid diffusion coefficienfin ~ Productivity. Therefore, the nitrogen cycling is critically im-
our model, suggesting that the organic nitrogen uptake byPortant to carbon cycling, especially in regions where the N
plants is likely to be regulated by the edaphic characteristicgvailability is limited (e.g., McGuire et al., 1992; Sokolov et
of diffusion. The model uncertainty due to uncertain param-2al-, 2008).

eters associated with organic nitrogen uptake of the tundra The existing terrestrial nitrogen cycling models are based
ecosystem was larger than the boreal forest ecosystems. Thi¥ two assumptions. The first one is that plants are only able

study suggests that considering the organic nitrogen uptak Utilize inorganic forms of nitrogen (e.g., Black, 1993). As
a result, soil organic nitrogen needs to be mineralized (e.qg.,

to NHj{, NO3') by microbes before being taken up by plants.
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Microbial activity decomposes the organic compounds andtant factors, one is the concentration of simple organic ni-
produces ammonia or nitrate as byproducts that plants arbfogen compounds, usually amino acids, in the soil near the
able to assimilate (Harmsen and Van Schreven, 1955). Theoot surface, and the other is uptake kinetics. Simple organic
second one is that plants compete poorly against microbes inompound could be directly used by plants, while complex
acquiring inorganic nitrogen; microbes decompose soil or-organic compounds uptake requires bio-expensive enzymes
ganic matter (SOM) for survival and assimilate as much in-such as those produced by mycorrhizal fungi. It has been
organic nitrogen product as they can, meaning that plantgstimated that nearly 60 % of the nitrogen uptake by plants
can only access leftover inorganic nitrogen after microbess from free amino acids in the arctic tundra (Chapin et al.,
have met their demands. The leftover nitrogen is defined ad4993). Therefore, amino acids taken up by non-mycorrhizal
net mineralization, which is a central component in terres-plants become an important issue when modeling nitrogen
trial nitrogen cycling (Schimel and Bennett, 2004). Basedcycling in arctic ecosystems (Leadley et al., 1997).
on this assumption, net mineralization indicates the maxi- Most biogeochemical ecosystem models assume that inor-
mum amount of inorganic nitrogen that is ready to be usedganic nitrogen is the only N source for plants (e.g., McGuire
by plants or to be leached out from the ecosystem. et al., 1992; Parton et al., 1993; Potter et al., 1993; Raich et
These two classical nitrogen cycling assumptions haveal., 1991; Running and Coughlan, 1988; Running and Gower
been challenged for decades. The discrepancy between n&991; Zhuang et al., 2010). However, it has been increasingly
mineralization nitrogen and plant uptake nitrogen has beemecognized by the terrestrial ecosystem research community
observed over a variety of ecosystem types (e.g., Chapin ehat simple organic nitrogen compounds are potentially also
al., 1988; Dyck et al., 1987). Some studies found that or-an important source for plant nitrogen uptake (Bennett and
ganic nitrogen is also an important source of plant nitrogenPrescott, 2004; Chapin et al., 1993; Nasholm et al., 1998;
(Bennett and Prescott, 2004; Schimel and Chapin, 1996) irSchimel and Chapin, 1996). Plants compete poorly against
nitrogen-limited ecosystems, such as arctic tundra (Chapin emnicrobes in acquiring amino acids. However, in general,
al., 1993), boreal forest (Nasholm et al., 1998), and alpineplants are still able to acquire enough amino acids because
tundra (Lipson et al., 2001; Lipson and Monson, 1998).the soil amino acid production is about an order of magni-
Some other research projects, however, have explained thteide higher than plant N demand (Lipson et al., 1998, 1999).
additional nitrogen uptake to be a result of enhanced competA plant organic and inorganic nitrogen uptake kinetics model
itive capability of plants against microbes in order to acquirefor arctic ecosystems was constructed to determine uptake
inorganic nitrogen with the help of mycorrhizae (Hodge et control factors (Leadley et al., 1997). It modeled the root up-
al., 2000a, b). Although some studies argue that amino acidtake using Michaelis—Menten uptake kinetics. In this model,
are actually taken up by the plant through a mycorrhizal sym-the soil amino acid supply rate estimation was however still
biont rather than directly absorbed by plant root (e.g., Jonesacking. Lipson hypothesized that soil amino acid concen-
et al., 2005), it is accepted as fact that both mycorrhizal andrations can be empirically modeled based on the soil pro-
non-mycorrhizal plants from various ecosystems are able tdeolysis rate and the rate of amino acid uptake by microbes,
use organic forms of nitrogen (Chapin et al., 1993; Lipsonin addition to temperature and moisture effects (Lipson et
and Nasholm, 2001; Nasholm et al., 1998, 2009), bypassingl., 2001). This empirical model quantitatively estimates the
the classical pathway of purely using inorganic nitrogen.  amino acid supply rate, which potentially provides an im-
The mycorrhizae have a symbiotic relationship with terres-portant parameter for the plant root uptake kinetics model
trial plants that allows for the absorption of organic nitrogen (Leadley et al., 1997).
from the soil and helps to transport this nitrogen into plant In this study, we coupled an organic nitrogen uptake al-
roots; in return, the mycorrhizae obtain carbon from their gorithm into the existing process-based Terrestrial Ecosys-
photo-symbiont for their own growth and respiration (Hobbie tem Model (TEM; Melillo et al., 1993; Raich et al., 1991;
et al., 2006; Smith and Read, 1997). Mycorrhizae survive onZhuang et al., 2003) by incorporating root uptake kinetics
the plant, which provides them with a relatively large amount (Leadley et al., 1997) and soil amino acids transformation
of carbon, instead of relying on carbon from decomposing(Lipson et al., 2001). We hypothesize that both organic ni-
soil organic matter (SOM). As a result, mycorrhizae are rel-trogen (amino acids) and inorganic nitrogen are important
atively carbon-rich, and they potentially have more extra en-nitrogen supplies and have strong effects on terrestrial car-
ergy available to produce bio-expensive enzymes, which ardon cycling. The model was applied to quantify the amount
used to break down organic nitrogen such as amino acids oof the organic nitrogen uptake for both tundra and boreal for-
even some proteins. Some studies have indicated that arourast ecosystems. We also examined how the modeled carbon
half of the plant-utilized nitrogen is provided through this dynamics will be affected by this new nitrogen uptake algo-
mycorrhizal fungi pathway in the arctic tundra (Hobbie et rithm in the model. The estimated carbon fluxes were com-
al., 2006; Kielland, 1994). Non-mycorrhizal plants are alsopared with observations to show if the model predictability
capable of directly accessing the organic form of nitrogen inis improved by incorporating the nitrogen uptake mechanism
nitrogen poor environments (e.g., Chapin et al., 1993; Persinto ecosystem carbon modeling.
son et al., 2003). Such organic uptake involves two impor-
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2 Method ON-TEM consists of six pools that include carbon in veg-
etation (Gy), carbon in soil (@), nitrogen in vegetation
(Nv), large organic nitrogen compounds in soilgjNinor-

. ) ) _ ganic nitrogen in soil (Wy) and amino acids in soil (At).

In this study, we first coupled the mechanisms of organicTen, fluxes represent the exchange of carbon and nitrogen in
nitrogen uptake algorithm into the TEM (hereafter referred o system, which are gross primary production (GPP), au-

to as ON-TEM). We then used an adjoint version of TEM (qrophic respirationk,), litter carbon productioni(c), lit-

(Zhu and Zhuang_, 2013) to_ parameterize _both original TEMyg, nitrogen productioni(y), heterotrophic respiratiorRgy),

and ON-TEM using AmeriFlux observation data of NEP et mineralization (NETMIN), inorganic nitrogen uptake by
and GPP. More details about adjoint TEM parameter|zat|onp|am (NUPTAKE_AV), the nitrogen uptake by plants from
method are presenteq in Appendix A. Third, we comparedsmino acids pooI_(NUPTAKE_AC), organic nitrogen com-
TEM and ON-TEM simulations of ecosystem carbon and ,5ng proteolysis (PROTEOLYSIS) and its uptake by mi-
nitrogen fluxes. Fourth, since organic nitrogen uptake mod- gpes (NUPTAKE_MI). Compared with the previous ver-

ule parameters are directly derived from previous studies, W&o of TEM (Zhuang et al., 2003; 2010), Eq. (6) was revised
conducted an uncertainty analysis to examine how uncertaify model amino acids pool and fluxes (Fig. 1).

parameters affect simulated organic nitrogen uptake at bo- Following Lipson et al. (2001), the changes in the amino
real forest and tundra sites. Finally, sensitivity studies of ON-5.iq pool are modeled as the balance of three components
TEM are conducted to evaluate the importance of several key(l) soil proteolysis, (2) microbial uptake and (3) plant up-

parameters in controlling organic N uptake dynamics. Theake (Fig. 1). Soil proteolysis is estimated with an exponen-
importance of these parameters associated with different prosy; function of temperature:

cesses of organic nitrogen uptake is ranked.

2.1 Overview

In(PQ10)
10 'T’

PROTEOLYSIS= P - ¢ @)

) ) whereP is the seasonal mean proteolysis rate, T is soil tem-
The Terrestrial Ecosystem Model (TEM; Melillo et al., 1993; o 5ture andP 010 is the temperatur@10 parameter on

Raich et al.1991; Zhuang et al.,, 2001, 2002, 2003, 2010} 1eolysis. Microbial uptake is modeled as a function of
quantifies terrestrial carbon and nitrogen fluxes and the'rtemperature and soil moisture:

pool sizes across space and time, driven by spatially ex-

plicit data, which include surface characteristics (soil texture,\ ypTAKE MI = R - Nac - B0 T MOIST., @8)
plant functional type, elevation) and climate (precipitation, -

air temperature, incident radiation). Carbon (C) and nitro-where R is the seasonal mean amino acid uptake rate, N
gen (N) interactions were refined by incorporating a nitro- is amino acid pool size, and RQ10 is the temperature Q10
gen availability (NA) scaling factor in calculating GPP and parameter on the microbial amino acid uptake. MOIST rep-
NPP (McGuire et al., 1992). It was concluded that the nitro-resents the moisture effect on uptake rate, which is modeled
gen limitation is weak in tropical and temperate forests, butwith a third order polynomial function of soil moisture:

much stronger in boreal forest and tundra ecosystems. Here 3 5

we further improve the nitrogen cycling representation in MOIST = AMOIST - M~ +BMOSIT- M ©)
TEM by coupling a mechanism wherein plants can take up + CMOIST- M + DMOIST

amino acids in boreal forest and tundra ecosystems. The new . . .
version of TEM is formulated as follows: Y where M is soil moisture content. AMOIST, BMOIST,

CMOIST, and DMOIST are third-order, second-order,

2.2 Model development

dCv GPP— Ra — L 1 first-order and zero-order coefficients, respectively. The
o o TATEC (1) AMOIST, BMOIST, CMOIST, and DMOIST define an em-
pirical relationship between soil water conteM) and its
dis —Le—R ) effect on microbial amino acid uptake rate. These parameter
dr ¢ H values are derived from Lipson et al. (2001).
To model the amount of amino acid taken up by plants
d& = NUPTAKE_AV + NUPTAKE_AC— Ly (3) (NUPTAKE_AC), we adopted algorithms from existing ni-
dr trogen root uptake kinetics models (Barber and Cushman,
dNg 1981; Itoh and Barber, 1983; Leadley et al., 1997). These
5 = In—NETMIN — PROTEOLYSIS+NUPTAKE_MI (4)  aigorithms assume that nitrogen compounds are moved to-
wards the root surface and would be actively taken up as long
dNav — NETMIN — NUPTAKE_AV (5) as they tpuch the roqtsurfa}ce (Fig. 2). The yptake mephanism
dr is described with Michaelis—Menten kinetics. The nitrogen
dNac flow is determined by both mass flow and compound con-
—q — PROTEOLYSIS- NUPTAKE_MI—NUPTAKE_AC (6) centration gradient induced diffusion. The soil surrounding
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Carbon Cycling Nitrogen Cycling RO ot S Oil

1

looo [C1(D)
Fig. 1. ON-TEM model diagram: arrows are carbon or nitrogen !
fluxes; the boxes are state variables. The original TEM comprises I
five state variables: vegetation carbony{Csoil organic carbon 1
(Cg), vegetation nitrogen (i), soil organic nitrogen (§) and soil 1
inorganic nitrogen (). Here an amino acid pool (i¢) is added. <=
In ON-TEM, soil nitrogen has two pathways to be taken up by I
plants: (1) nitrogen is mineralized by soil microbes into inorganic |
form, NH:{, NO;3 or (2) nitrogen undergoes proteolysis into amino 1
acids and is taken up by the plant. 1

|
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the rooting system is divided into many thin subcylinders, gig. 2. schematic representation of modeling amino acid transporta-
starting from the root surface to the outer boundary of thetion in soil and uptake by plants: the roots’ surrounding soil is di-
rhizosphere. For thah sub-cylinder, the change in the num- vided into many thin subcylinders. This is a vertical slice picture
ber of exchangeable amino acid molecules with tilﬁ%{—)) of ith sub-cylinder from the root surfac€; (i) is concentration of

is formulated as follows: amino acid in soil solution in the subcylinddfn (i) and Fy (i) are
mass flow and diffusion of amino acid, respectively. The supply rate

ANG) =2nIA(r Fg) + 2l A(r Fn) + 7wl A (r2> S@) (10) of amino acid is calculated by the discrepancy between proteolysis
and microbial uptake (Lipson et al., 2001).

ACF)=r(i+1)-FqG+1) —r@) - Fg@) (12)

AGFm) =rG+1) - Fn(i+1) —r(i)- Fm() (12) The diffusionFy i; calcglated using the first order Fick’s law;
the mass flowFy, is estimated by water flow:

A(r2) =r i+ D2 —r ()2, (13) Ci(i—1)—Ci(i

( ) Fa(i) = — Db 21 A) L) (15)
r

whereA denotes change of a variablés the length of root,
andr(i) .iS the radilTIS_ ofith Subcylinder.Fd(i) is the ﬂUX Fn()=C1()v () (16)
due to diffusion,Fm (i) is the flux due to mass flow arfki)
is the amino acid supply rate at the surfacetbfsubcylin-  where De is the effective diffusion coefficient of a nutrient
der (Fig. 2).5 (i) defines how many amino acid molecules through the soil medium and(i) is the volume of water
are produced within the rhizosphere, whig(i) and Fi (i) moving across the cylinder boundary. We assume that the to-
define how many amino acid molecules are transported total water flux at any boundary must be equal to the flux at the
wards the root surface. The concentration of soil amino acidroot surface, so we hauei) = vo.
Nac is the leftover amino acid since microbes have already At the surface of the root, the amino acid uptake gt
taken enough organic nitrogen through the process of NUPmodeled with Michaelis—Menten kinetics:
TAKE_MIin Eq. (8). . . (C1(1) — Crin)

The change in the exchangeable concentration of amind, = ImaxK (€1 (D) — Co)
acids (AC) in the ith subcylinder is AC (i) = ﬂfg(gg)). mT =l min
The denominator is the subcylinder volume. We assume thavhereC (1) is the soil solution amino acid concentration at
change of actual amino acid concentratian(y) is propor- ~ the root surface, an@min is the C1(1) at which point up-

tion (AC1 (i) = ~2Y9 ) The proportion parametéris a  Co. and assuming that all the soil subcylinders are homoge-

brlA(r2) neous, results ilC1 (i) = Co (i i
, 1(i) = Co (i € [1n]). With the boundary
constant. Then we have conditionFyq(n + 1) = 0 andFy, (n + 1) = 0, the differential
AC1(i)  2A(rFg)+2A(rFm)+ A (r?) S () Eqg. (6) can be numerically solved. To conserve organic ni-
N bA (r2) ) trogen in the system, we assume (1) there is no leaching of

(17)

(14)
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amino acids, and (2) the modeled amino acid uptake is théhe parameters because the microbial uptake of glu is similar
“potential” nitrogen uptake. Plant takes inorganic nitrogento many other amino acids types (Lipson et al., 1999). Thus,
first, and if inorganic nitrogen is not enough for plant sur- the obtained parameters could be used for modeling general
vival and growth, it would use amino acids to meet its de- amino acid uptake by plants without specifying the types of
mand. The rest of the amino acids (“potential” amino acid amino acids. One difference is that the Lipson et al. (1999)
uptake minus actual amino acid uptake) will be distributedstudy focused on alpine tundra soils, while our focus was

back into soils. on arctic tundra and boreal forests. The differences in both
climate and soil conditions between alpine tundra and bo-
2.3 Data real forests might introduce uncertainty in estimating amino

acid availability in soils. Therefore we conducted an uncer-
The climate forcing data are monthly averaged reanalysidainty analysis on these parameters. The root uptake kinetics-
climate data from NCEP, including air temperature, cloudi- related parameters were derived from a modeling study at an
ness and precipitation (Kalnay et al., 1996) from 1948 toarctic sedge site (Table 3; Leadley etal., 1997). Only parame-
2010. The global averaged atmosphere,@Oncentration  ters listed in Table 2 are optimized for ON-TEM. Parameters
data are observations at Mauna Loa, Hawaii (Conway et al.listed in Table 3 are directly derived from previous studies,
1994; Masarie and Tans, 1995). We use the monthly gapwhich are fixed in ON-TEM. As a supplement, we conducted
filled (level-4) AmeriFlux NEP and GPP to parameterize andan analysis to investigate how much uncertainties in model
validate the TEM and ON-TEM with their adjoint versions outputs are induced by the uncertainty in these parameters
(Zhu and Zhuang, 2013). The information of four sites cover-from Table 3.

ing wet tundra and boreal forest ecosystems are documented
in Table 1. 2.5 Sensitivity study

A sensitivity analysis focusing on organic nitrogen uptake
dynamics will help identify which process is more important

We first parameterized TEM using its adjoint version I régulating organic nitrogen uptake. We grouped the factors
Adjoint-TEM (Zhu and Zhuang, 2013) for an arctic tundra and processes in controlling organic nitrogen uptake into four

site and a boreal forest site. Model parameters (Table 2) wer&at€gories (Table 4): (1) amino acid supply factors, including
calibrated in such a way that (1) the simulated carbon fluxed"€ initial amino acid pool size and its change due to prote-

get close to observations, and (2) the optimal parameters ar@ySis ar,1d microbial uptake; (2) soil factors, which include
within their prior range so that they are ecologically mean-th‘? Fick’s law diffusion coefficient for amino acids through
ingful. US-Brw (—156.6, 71.32) site has a low growing soils as well as the water flux at root surface; (3) root factors,

temperature, short growing season, frozen soil and shallo#ncluding the radius of root, the radius of the soil cylinder

water table depth. We classified this site as “wet/moist tun-Surrounding the root; and (4) plant uptake kinetics factors,
dra” in the TEM vegetation classification scheme. The GppWhich include the maximum and half-saturation root uptake
and NEP data of 1999 were used to parameterize the mod&pte of Michaelis-Menten kinetics.

and the 2001 data were used for model evaluation. Site UC| 1he sensitivity study was achieved by using a variance-
1998 (-99.9%, 56.63) with a boreal climate that is ex- based global sensitivity technique based on SOBOL sam-

tremely cold in winter and mild to warm in summer was clas- Pling (Pappas et al., 2013). It samples the prespecified full
sified as evergreen conifer forest (IGBP classification; Love-Parameter space (Table 4) by conducting ensemble simula-
land and Belward, 1997). This site was classified as “boreaflOns: The changes in output variables are then decomposed
forest” ecosystem in TEM. GPP and NEP data from 2002 toand attributed to each control parameter. One of the most im-
2005 were assimilated into TEM. The optimized parametersoorta”t measures of model sensitivity is the first order sensi-

were then applied to two other boreal forest sites, UCI 1989Vity index Si (or main effect index). It quantifies how much
(—98.96, 55.92) and UCI 1850 {94.48, 55.88), to ver- output variance is contributed byh parameter alone, aver-
ify model parameterization. ’ ' aged over the other parameters as follows:

2.4 Parameterization

Next, we parameterized ON-TEM for arctic tundra and bo- Var,, [Ep_ (ONup| pi)]
real forest using the same approach and the same observ&-= IV MON ,
tional data. ON-TEM introduced a new nitrogen pool, three ar(ONup)
new fluxes (Fig. 1) and several new parameters (Table 3). Iniyhere ON,p, is the simulated organic nitrogen uptalg, is
tial value of the amino acid pool size () was derived from e tested parameter, and.; represents all other parame-

the measured seasonal mean amino acid pool size at an alpifgs except the tested parameper E and Var are statistical
site (Lipson et al., 2001). The soil amino acid '[ransformatlon—expectaﬂon and variance. The first order sensitivity infiex

related parameters (e.gP,_Qlo, AMOIST) were estimated provides us a criterion to rank the relative importance of each
based on a study on a typical amino acid glutamate (glu). Th%pecific parameter of interest.

glu is used as representative amino acid type in estimating

(18)
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Table 1.Information of AmeriFlux sites used in the study.

ID Vegetation Available Pl Reference
type data

US-Brw Wet tundra 1999, 2001 Oechel W. C. Owen et al. (2007),
Eugster et al. (2000)

UCI 1998 Boreal forest 2002-2005 Goulden M.L. Goulden etal. (2011),
Bond-Lamberty et al. (2004)

UCI 1989 Boreal forest 2001-2005 Goulden M.L. Goulden etal. (2011),
Wang et al. (2003)

UCI 1850 Boreal forest 2002-2005 Goulden M.L. Goulden etal. (2011),
Saito et al. (2009)

Table 2. Optimized parameters in TEM and ON-TEM.

ID Acronym Definition Units Priorrange TEM ON-TEM TEM ON-TEM
Tundra Tundra Boreal Boreal
forest forest

1 Cmax Maximum rate of photosynthesis C ~ gCthmontirl  [50, 1500]  399.3 341.4 853.8 568.7

2 K| Half-saturation constant for PAR Jcrhday ! [20,600]  33.2 724 2155 289.5
used by plants

3 Kc Half-saturation constant for CEC pLL—?! [20, 600] 53.0 144.4 286.0 531.6
uptake by plants

4 ALEAF CoefficientA to model the relative None [0.1,1.0] 0.8066 0.8179 0.4452 0.4987
photosynthetic capacity of vegetation

5 BLEAF CoefficientB to model the relative None [0.1,1.0] 0.5148 0.4663 0.4216 0.4061
photosynthetic capacity of vegetation

6 CLEAF CoefficientC to model the relative None [0.0,0.5] 0.0300 0.0287 0.3369 0.3228
photosynthetic capacity of vegetation

7 RAQ10A0 Leading coefficient of th@10 None [1.350, 3.2661 2.3566 1.4041 1.8011
model for plant respiration 3.3633]

8 KDC Heterotrophic respiration rate atG  gg~Lmontt1 [0.0005, 0.000686 0.001377 0.001928 0.001694

0.007]

9 RHQ10 Change in heterotrophic respiration None [1, 3] 2.04 2.01 1.96 2.03
rate due to 10C temperature change

10 KR Logarithm of plant respiration rate None -T1.5, —1.5228 —-5.7254 —-1.9854 —2.0106
at0°C —1.5]

The ranges (upper and lower bounds) of the tested paranrameters that were independently sampled from the parame-
eters were derived from previous studies (see Table 4 anter space. Specifically, we assumed the organic nitrogen up-
references herein). Since we have no prior knowledge aboutake parameterg{ were distributed within [0.9, 1.1p], in
the distributions of these parameters, we assumed they werghich a+10 % of parameter uncertainty was enforced. The
uniformly distributed within their upper and lower bounds. parameters were sampled uniformly from the range 0.9
Such an assumption is common practice and is adopted bg.1p]. For each parameter we had 100 samples, and only
other studies when prior knowledge about parameter distrione parameter was perturbed each time. Thus we obtained
bution is lacking (Zaehle et al., 2005; Pappas et al., 2013). a large number of parameter sets. Each parameter set repre-

sented a model with a unique uncertainty in parameter space,
2.6 Uncertainty analysis and was used to simulate carbon and nitrogen fluxes of GPP,
NEP, organic nitrogen uptake and total nitrogen uptake for
The organic nitrogen uptake parameters’ values (Table 3}he analysis.
are from other studies (Leadley et al., 1997; Lipson et al.,
2001). This could introduce a great deal of uncertainties to
the coupled model simulations. To quantify the influence of
uncertainties from the organic nitrogen uptake associated pa-
rameters in ON-TEM, we conducted an uncertainty analysis
with ensemble simulations. Each ensemble used a set of pa-

Biogeosciences, 10, 7943955 2013 www.biogeosciences.net/10/7943/2013/
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Table 3. New parameters introduced in ON-TEM.

7949

Variables Variables and parameters description Units value reference
parameters
Soil amino acids transformation related
Nac Soil amino acid initial concentration nmotg 265 Lipson et al. (2001)
P Proteolysis rate in soil nmorgth—1 32.8 Lipson et al. (2001)
R First order microbial amino acid uptake rate — 0.111 Lipson et al. (2001)
RQ10 Soil microbial amino acid uptake10 - 2.57 Lipson et al. (2001)
PQ10 Soil proteolysig210 - 1.98 Lipson et al. (2001)
AMOIST Coefficient of moist effect on microbial amino acid uptake rate - 4.82 Lipson et al. (2001)
BMOIST Coefficient of moist effect on microbial amino acid uptake rate — -9.78 Lipson et al. (2001)
CMOIST Coefficient of moist effect on microbial amino acid uptake rate — 6.93 Lipson et al. (2001)
DMOIST Coefficient of moist effect on microbial amino acid uptake rate — —0.69 Lipson et al. (2001)
Root uptake kinetics related
ro Radius of root cm 0.04 Leadley et al. (1997)
r1 Radius of rhizosphere soil cylinder cm 0.35 Leadley et al. (1997)
Chin Soil solution concentration at which root uptake is zero mmotém 0.0 Leadley et al. (1997)
De First order Fick’s law diffusion coefficient chs 1 1.0x 1078 Leadley et al. (1997)
b Soil buffer capacity - 3.0 Leadley et al. (1997)
Imax Maximum root uptake rate mmolcms1  1.0x10°2 Leadley etal. (1997)
Km Half-saturation constant for root uptake kinetics mmotdm 2.0x107° Leadley et al. (1997)
vo Water flux at the root surface cmd 5.0x 1078 Leadley et al. (1997)
Table 4. Upper and lower bounds of the selected parameters for the global sensitivity analysis.
Selected Testing  Unit Upper Lower References
parameters factors bound bound
P (proteolysis rate in soil)  Supply  nmotd h~—1 55 10 Lipson et al. (2001)
factors
R (first order microbial Supply ! 0.43 0.048 Lipson et al. (2001)
amino acid uptake rate) factors
Nac (soil amino acid Supply  nmolgt 28x10%  1.7x10° Kielland et al. (2007).
initial concentration) factors Given in unit (LG &)@
De (first order Fick's Soil cris! 7.0x10°% 50x107 Leadley etal. (1997)
law diffusion coefficient) factors
vo(water flux at the Soil cmst 50x 1077 1.0x10°8 Leadley etal. (1997)
root surface) factors
ro (radius of root) Root cm 0.07 0.0035 Leadley et al. (1997)
factors
r1(radius of Root cm 0.5 0.2 Leadley et al. (1997)
rhizosphere soil cylinder)  factors
Imax (maximum root Plant mmolcmfs™l 2.1x10°8 1.0x10710 |ipson and Nasholm (2001).
uptake rate) uptake Given in unit (umotyh—1)P
kinetics
Km (half-saturation Plant mmol cr? 13x1072 1.6x10°%  Lipson and Nasholm (2001).
constant for root uptake uptake Given in unit (umof)°
kinetics) kinetics

a ynit conversion: ug gt x 103 (ng pug1)/14 (g mor-) = nmol gt

b Unit conversion: pmolg? h=1 x 10~3 (mmol umol~1) /3600 (s r1) x MSR (g cnt2) = mmol cnT2s~1; MSR =0.0017 g cm?2 is mass per unit surface of

root (Chapin et al., 1979; Leadley et al., 1997)
€ Unit conversion: umol £ x 10~3 (mmol umot1) x 10~3 (L cm=3) = mmol cnt3.
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3 Results and discussion Table 5. Statistics interpretation for model—data fitting (in Fig. 3),
which includes the linear regression slope, the Pearson correlation
3.1 TEM and ON-TEM simulations at site level coefficient ®2) and the significance of the Pearson correlation co-

efficient (p value).

Optimized parameters were greatly different after we in-
corporated the organic nitrogen uptake kinetics into TEM
to create ON-TEM. For example, at the tundra site US-
Brw, the parameterCnax (the maximum rate of photo- ON-TEM versus AmeriFlux
synthesis) was 341.4gCtAmonth! for ON-TEM and

site GPP NEP
R%(pvalue) slope  R?(pvalue)  slope

. us-B 0.60(0.019 0.95 0.64(0.012 0.74
399.3gCnr?month? for TEM. K (half-saturation con- uc 12\),\9198 0'93(% 10_5)) 117 0.29(5_022)) 0.67
stant for PAR used by plants) ari: (half-saturation con- UCI1989 0.81£10°5) 0.98 0.56€10°°) 0.60
stant for CQ-C uptake by plantS) were 724\]C|2f'day_l UCI 1850 0.79& 10—5) 0.93 0.64¢ 10—5) 0.61

and 144.4pL £ for ON-TEM and 33.2Jcrmday 1 and

53.0 uL L1 for TEM, respectively. Original TEM required a | EM versus AmeriFlux

higher carbon photosynthesis rate and lower half-saturation US-Brw  0.54(0.034) 0.57 0.58(0.024) 0.37

constants so that it is able to produce higher carbon fluxes UCI1998 0.87¢107°) 0.98 —0.082(0.28) 0.30

(e.g., GPP, NEP) under the same nitrogen-limited environ- UCI 1989 0.76& 107 0.83 0.26(0.022) 0.37

mental conditions. UCI 1850 0.77& 10*5) 0.76 0.27(0.031) 0.31
The optimal parameters were estimated for both TEM and

ON-TEM (Table 2). We ran both TEM and ON-TEM (1) at ) Us B -

the US-Brw site in 2001 using parameters calibrated with " i . °

US-Brw data in 1999; and (2) at the UCI 1989 and UCI 1850, « 9 \ g ® ° "

sites using parameters calibrated at the UCI 1998 site to eva - N /\_ ‘/o\t i " R 000

uate the goodness of models and parameters. Model resul - —_— — ° =

were compared with observational GPP and NEP (Fig. 3a- (8 UG 1998 P

d). TEM assumes that plants can only utilize inorganic ni- " “ -

trogen in the soil, and inorganic nitrogen is usually limited g . & A 8 o R R

in at boreal forest and tundra ecosystems. As a result, TEN = \ ﬂ o

underestimated GPP and NEP, especially during the growing e o esnony oo N maEnmw

season (June—September). Although TEM had higheix ) cL1980 ) ucL 1988

and lower half-saturation points for GEC uptake and pho-
tosynthetic active radiation compared with ON-TEM, it was
still unable to produce the observed carbon fluxes during the
growing season. It indicated that TEM tended to underesti- ksl S

2001 2002 2003 2004 2005

mate GPP and NEP because of the nitrogen limitation rathe (@ UcL_tss0 (@ Uct_1850

than the underestimata@nax or overestimated,/Kc. In A pe A % ° R
contrast, ON-TEM was able to produce relatively higher car-§ w sl ok Lo o 9%
bon fluxes and captured the seasonal variation and magnituc = o ’ A Y,

of both GPP and NEP. However, ON-TEM still underesti- TE T 2004 2005 2002 2003 2008 2005
mated NEP, although the underestimations were not as muc [—ovrem —en o omservmnd]

as those by TEM. In general, ON-TEM reproduced Amer-
iFlux observations better than TEM (both linear regression
R? and slope are closer to one) (Table 5). We also found tha
b.Oth TEZM and ON-TEM simulate GPP better at boreal forGStON-TEM simulations (yellow lines) are generally more consistent
sites (?<: 0.93, 0.81, 0.79 for _ON'TEM and 0.87, 0.76, 0.77 with the observations (red circlegp—d) are the tundra site US-
for TEM) than at the tundra siteRf: 0.60 for ON-TEM and By and the boreal forest sites UCI 1998, UCI 1989 and UCI 1850,
0.54 for TEM). Both ON-TEM and TEM were able to better respectively.
simulate GPP than NEP. That is because GPP is much easier
to constrain than NEP. GPP has only one process that is in-
volved. When modeling NEP, both plant respiration and soilal., 1998), since the inorganic nitrogen in tundra soils is much
respiration in addition to plant photosynthesis are involved. more limited. Our model simulations indicated that, at tun-
The implication of these ON-TEM is that plants will take dra sites, organic forms of nitrogen accounted for 36—87 %
up organic forms of nitrogen when inorganic nitrogen is lim- of the total nitrogen uptake; for boreal forests, organic nitro-
ited. Organic nitrogen plays a less significant role in borealgen only accounted for 26—-50 % of the total uptake (Table 6).
forests than it does in tundra (Chapin et al., 1993; Nasholm eOverall, the total amount of organic nitrogen used by boreal

Fig. 3. GPP and NEP (g C r? month~1) simulated by ON-TEM;
?onsiderations of the organic nitrogen uptake process are repre-
sented by the yellow lines. In comparison with the TEM (blue lines),
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forest was 0.45 g N monthr ! averaged for four months oss
at all three sites, which was greater than that by tundra aver-
aged for four months at US-Brw (0.15 g Nthmonth1).

04

3.2 Sensitivity study

To understand the effects of controlling factors on plant up-
take of organic nitrogen in ON-TEM, we conducted a sen-
sitivity analysis for the organic N uptake module. We found
that the magnitudes of the first order sensitivity indéy (
follow the orderDe > r1 > rg > Imax>> others (Fig. 4). Our
results showed that the most sensitive parameter Bas oal
(First order Fick’s law diffusion coefficient), suggesting that
the organic nitrogen uptake process was regulated or limited °*r
by how fast the amino acids diffuse through the soil media.

This finding is consistent with the prevailing idea that or- Hoos parametors.

ganic N uptake is primarily controlled by soil characteristics,

especially diffusion rate of nutrient through soil, due to the Fig. 4. The mean and standard deviation of the first order sensitivity
strong interactions between free amino acid and soil matrixndex (i) of organic nitrogen uptake by plants with respect to each
(Jones and Darrah, 1994; Tinker and Nye, 2000: Lipson and€lected controlling parameter (Table 4).

Nasholm, 2001; Nasholm et al., 2009). The other two most

sensitive parameters belong to the root factor category: th
radius of soil cylinder#;) and the radius of root§). These

two parameters define the outer and inner boundaries for so'L|_he organic nitrogen uptake module is the essential compo-
amino acids transportation. Because amino acids availabilit

for plant uptake can be described by the amount of aminc)f]?m of ON-TEM. It provides the potential amount oforgamc

. o nitrogen taken up by plants. We conducted an uncertainty
acids that are transported to the root surface, it is reasonablgnal sis using ON-TEM at US-Brw and UC| 1998 site. aim-
that the results reveal that both transport velocity (diffusion. Y 9 ’

. . .~ 'ing to quantify the uncertainties in modeling carbon and ni-
rate) and transport distance (distance between outer and inner . : . N
. . . - rogen fluxes associated with uncertain organic nitrogen up-
boundaries) control the amino acids availability.

. . take module parameters. We allowed the new parameters in-
A secondary important factor that controls plant amino ; :
. I ; troduced in ON-TEM (Table 3) to randomly vary with a mag-
acids acquisition is the maximum root uptake rakgaf),

) 0 :
which belongs to the category of plant uptake kinetics. InmtUde of£10%, and compared the changes in carbon and

our model we assumed that as long as the amino acids Werréitrogen fluxes.
9 We found that, at both boreal forest and tundra sites, the

transported to the root surface, they were readily taken up : .

. ; . changes of the two nitrogen fluxes induced by the changes
by plant. As described in Eq. (17), the uptake rate is con- . .

. . of parameters were large (Fig. 5). This meant that the un-

trolled by maximum uptake ratd {ax), half-saturation con- L o

. . : ._certainty in organic nitrogen uptake module had a strong ef-
stant K,,) and the instantaneous amino acids concentratio ect on the svstem nitrogen dvnamics. However. for carbon
at root surface(1(1)). We found that (1) the instantaneous y 9 y ’ '

amino acids concentration (determined by amino acids dif_fluxes, only atthe tundra site (Fig. 5a) (not at the boreal for-

fusion) exerted the primary control on plant amino acids up_est site: Fig. 5b) did the parameters uncertainty affect GPP

. and NEP. Our analysis indicated that, in boreal forests, the
take, (2)Imax was the secondary control, and (3) the impor- L . .
S amount of organic nitrogen provided by the soil exceeded the
tance ofKy, is trivial and could be neglected.

. - In f organic nitrogen he plants. The chan in
The model was also insensitive to some selected model p actual need of organic nitrogen by the plants. The changes

- . - %he selected model parameters altered the organic nitrogen
rameters, for example, the initial concentratiopd) This is P g 9

because the actual pool size of organic nitrogen depends O%Upply but had trivial influence on the actual uptake.

the instantaneous soil proteolysis rate, microbe uptake rate

and diffusion rate rather than the .|n|t|al estimation. The in- 4 Summary and concluding remarks

stantaneous rates were usually high enough so that the ex-

istent organic nitrogen pool was quickly replaced by newly |, his study, we incorporated an organic nitrogen up-

produced organic nitrogen and the initial pool of organic ni- 156 mechanism into the process-based terrestrial ecosystem

trogen is quickly turned over (e.g., Kielland et al., 2007). 1\ 4el (TEM) to develop a new version of TEM (ON-TEM).
We used the AmeriFlux GPP and NEP data to parameterize
and verify both versions of the model. We found that ON-
TEM simulations were more consistent with the observations

First order sensitivity index S. (unitless)

%.3 Uncertainty analysis
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Table 6. The amount of organic nitrogen uptake and inorganic nitrogen uptake by plants during growing season (June—September) at the four

sites modeled by ON-TEM.

ID June July August September

Organic nitrogen uptake (g NT? month1)

US-Brw 0.28+£0.067 0.14:-0.062 0.13:0.062 0.03A0.011
UCI1998 0.28:0.1 0.48+0.08 0.49+:0.09 0.45+-0.016
UCI 1989 0.46:0.006 0.48:0.001 0.48:0.001 0.46:0.012
UCI 1850 0.46:0.006 0.48:0.002 0.48:0.002 0.4740.001

Inorganic nitrogen uptake (g NT? month1)

US-Brw 0.04+0.08 0.24:0.01  0.23:0.01  0.035:0.005
UCI 1998 0.79:0.08 0.99+0.01 0.8A40.04 0.66+:0.032
UCI 1989 0.46:0.06 0.8%+0.05 0.66:0.12 0.53£0.085
UCI 1850 0.4A0.06 0.914+0.05 0.6A40.13  0.54:0.092

in comparison with the original TEM. ON-TEM could better et al., 2001), which might introduce additional uncertainty.
quantify carbon cycling of boreal forest and tundra ecosys-Our analysis indicated that such uncertainty was small at bo-
tems, particularly when considering organic nitrogen uptakereal forest sites, but was large at the tundra site. Third, we
In ON-TEM simulations, organic nitrogen contributed 36— have not specified the type of amino acid species that are
87 % and 26-50 % of total nitrogen uptake at the tundra andused by plants in ON-TEM. For different ecosystem soils,
boreal forest sites, respectively, suggesting that the tundréhe plants might take up different types of organic nitrogen.
ecosystem (vs. that of the boreal forest) likely relies moreTherefore, modeling the effects of different organic nitrogen
on the organic form of nitrogen. These results were consiscompounds is needed for future studies. In addition, the al-
tent with the findings of Nasholm et al. (1998), who stated gorithm of soil proteolysis has not explicitly included the
that at least 42 % nitrogen uptake was from the organic formsubstrate limitation effects. For instance, it has been found
of nitrogen for trees in boreal forests. Further, we exploredthat the soil proteolysis rate was positively correlated with
the sensitivity of the modeled organic nitrogen uptake tosoil extractable protein content and the total soil nitrogen
nine selected parameters. We found that the soil factor ofRaab et al., 1999). In this study, we made an assumption
De (first order Fick’s law diffusion) and the root factors of that plants use inorganic forms of N first (I}{IHand NG),

ro andry were the three most sensitive parameters, indicat-and utilize organic N as supplement when the inorganic N is
ing that plant organic N uptake was controlled by how fastinsufficient. Previous studies have suggested that the root up-
the amino acids could be transported from outer boundary tdake rates of different forms of N generally follow a certain
root surface through diffusion. The next most sensitive pa-order: NI—[1F >amino acids> NO3 (Ohlund and Nasholm,
rameter was the uptake kinetics factorlgfx. The organic  2001; Thornton and Robinson, 2005). Although our assump-
N uptake module was however much less sensitive to othetion was not fully consistent with previous research, this is
parameters, such as supply factor gfd\(soil amino acid an appropriate assumption to make at our current modeling
initial concentration) or root factor ofp(water flux at the  stage because our primary focus was to test if the plant uptake
root surface). Finally, we conducted an uncertainty analysisof additional organic form of N in our model could improve
on the organic nitrogen uptake module. We found that the unthe quantification of ecosystem carbon fluxes.

certainty in organic nitrogen uptake module parameters had

larger impacts on tundra carbon dynamics than on boreal for- )

est carbon dynamics. We concluded that modeling the effectéPpendix A

of organic nitrogen uptake on ecosystem carbon cyclingisan o

important step towards incorporating more detailed organicAdjoint-TEM parameterization method

nitrogen dynamics into ecosystem models. o .
g y y The parameterization of the Terrestrial Ecosystem Model

This study has several limitations. First, ON-TEM has ducted with dioint method (Zh d 7h
not been incorporated with mycorrhizae effects in the con-/as conducted with an adjoint metho (Zhu an uang,

text of organic nitrogen uptake, even though a number 0],2013). The adjoint data assimilation method adjusts model

studies (e.g., Kielland et al., 1994) indicate that the mycor_parameters through minimizing the misfits be.tween the
rhizae play a significant role in the process of plants tak-mOdeI and data over the spatiotemporal domains. A cost

ing up soil organic nitrogen. Second, we adopted the pa_functlon (/ in Eq. Al) measuring the model-data misfit is

rameters from other studies (Leadley et al., 1997; Lipsondmclned as a summation of two parts, Wh'.Ch are the differ-
ence between model parameters and their prior knowledge
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o 50 o Iower_ limits of .pa.rameterp,-. A parameter th_at.is smaller
c® o than its lower limit or larger than its upper limit follows a
S I normal distribution with standard deviation ef or o, re-

‘*5 3 “‘5 2 spectively. Jops penalizes the updated parameters if model
£ g outputs (f(p;)) are deviated from observationg)(R is the
@10 =0 error covariance of observations.

L S TR I e A e The Adjoint-TEM is an adjoint version of the original

TEM model (Errico 1997; Giering and Kaminski, 1998),

o4 ey which estimates the gradient of target variables (e.g., GPP)
T @ g | @ with respect to control variables (e.g., model parameters of
E o g interest) at each numerical step. By backward integration
% 02 PP of these intermediate gradient§z;§i—l), the gradient of cost
if_ i function with respect to model parametefg,(/) could be
<™ =" calculated with Eq. (A4):
o °

0 (1]
J FMAMUJ JASOND J FMAMUJJASONTD a T aT 3 T aJT
_ _ vpjz(agl) (a 8 ) (a &n ) ,(a ) (Ad)
p 8i—-1 8n—1 8n

(b) (b)

T
5 Where(%) is the transpose of Jacobian matrix. In the

Jacobian matrix%), g; is a vector of output variables at
ith numerical step ang;_1 is a vector of input variables at
i — 1th numerical step.

The gradient of cost function with respect to model pa-
rametersV, J) indicates the decreasing direction of the cost
®) function. Therefore, the model parameters could be updated

15 as

GPP(gC m* month?)
a N
& 3 @
o o =]
NEP(gC m2 month?)
°

0 -50
J FMAMUJJASOND J FMAMUJJASOND

o
o
N

Org-N uptake(gN m? month 2)
° o
[ »
Total-N uptake(gN m? month?)
-

(b)

o
>

Pnew= Pold —a - VpJ, (A5)

0.5

wherea is the step size. The new model paramet@rs\)

T T T s o w D T T T e o v o then could be used to update cost function (Egs. A1-A3) and
the gradient of cost function with respect to model param-

Fig. 5. Uncertainty analysis of the organic nitrogen uptake module- eters (Eq. A4). Iteratively, model parameters are optimized

related parameters, showing the ensemble simulations mean, UPP&fhen thev . J is smaller enough, or model outpyfsp) are
and lower bounds. GPP, NEP, the organic nitrogen uptake and th%lose enoupgh to observational dgzta

total nitrogen uptake are illustrate@) is the tundra site US-Brw
and(b) is the boreal forest site UCI 1998.
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