
An	
  Improved	
  Plant	
  Nitrogen	
  Cycle	
  in	
  the	
  
Community	
  Land	
  Model 

 

Mingjie	
  Shi,	
  Joshua	
  Fisher,	
  	
  
Edward	
  Brzostek,	
  Richard	
  Phillips	
  	
  

Land	
  Model	
  Working	
  Group	
  MeeAng	
  	
  
March	
  4th	
  2015,	
  NCAR,	
  Boulder,	
  CO	
  



	
  	
  Mo:va:on	
  
•  The	
  role	
  of	
  nutrient	
  availability	
  in	
  regulaAng	
  net	
  
ecosystem	
  producAon	
  and	
  ecosystem	
  C	
  use	
  efficiency	
  	
  

•  Accurate	
  predicAons	
  of	
  the	
  land	
  C	
  sink	
  and	
  nutrient	
  
constraints	
  captured	
  by	
  CLM	
  

•  Plant	
  NPP	
  allocaAon	
  for	
  N	
  acquisiAon:	
  up	
  to	
  20%	
  of	
  NPP	
  
to	
  both	
  symbioAc	
  and	
  free-­‐living	
  microbes	
  at	
  the	
  root	
  
surface	
  to	
  increase	
  their	
  access	
  to	
  N	
  (Brzostek	
  et	
  al.,	
  
2015;	
  Hobbie,	
  2006)	
  	
  

•  BUT,	
  CLM	
  assumes	
  that	
  N	
  is	
  acquired	
  at	
  no	
  C	
  cost	
  to	
  
plants!	
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  Scien:fic	
  Ques:ons	
  
1)  How	
  much	
  N	
  is	
  taken	
  up	
  and	
  what	
  is	
  the	
  global	
  

distribuAon?	
  	
  

2)  How	
  does	
  N	
  acquisiAon	
  from	
  soil	
  (directly	
  through	
  
roots	
  or	
  from	
  mycorrhizal	
  symbionts),	
  senescing	
  
leaves,	
  and	
  biological	
  N	
  fixaAon	
  vary	
  across	
  seasonal	
  
transiAons?	
  	
  

3)  How	
  does	
  the	
  C	
  cost	
  of	
  N	
  acquisiAon	
  vary	
  spaAally	
  and	
  
temporally?	
  	
  

4)  How	
  sensiAve	
  is	
  the	
  land	
  C	
  sink	
  to	
  a	
  dynamic	
  
predicAon	
  of	
  the	
  C	
  cost	
  of	
  N	
  acquisiAon?	
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  Methods	
  
•  The	
  FixaAon	
  and	
  Uptake	
  of	
  Nitrogen	
  (FUN)	
  model	
  
(Fisher	
  et	
  al.,	
  2010;	
  Brzostek	
  et	
  al.,	
  2014)	
  explicitly	
  
includes	
  the	
  C	
  cost	
  for	
  N	
  acquisiAon.	
  	
  

•  FUN	
  is	
  grounded	
  in	
  opAmal	
  allocaAon	
  theory	
  whereby	
  
plants	
  opAmize	
  the	
  allocaAon	
  of	
  C	
  used	
  to	
  acquire	
  N	
  
from	
  the	
  soil	
  (directly	
  through	
  roots	
  or	
  from	
  mycorrhizal	
  
symbionts),	
  senescing	
  leaves,	
  and	
  biological	
  N	
  fixaAon.	
  

–  Different	
  C	
  costs	
  with	
  different	
  N	
  returns	
  are	
  associated	
  with	
  
each	
  pathway,	
  and	
  those	
  costs	
  dynamically	
  vary.	
  

•  FUN	
  has	
  been	
  coupled	
  into	
  the	
  Joint	
  U.K.	
  Land	
  
Environment	
  Simulator	
  (JULES)	
  and	
  to	
  Noah-­‐MP.	
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Model Structure 

and fine) root biomass (Croot; kg C m−2), (3) plant C:N ratio
(rC:N; kg C kg N−1), (4) leaf N in leaves before senescence
(Nleaf; kg N m−2), (5) transpiration rate (ET; m s−1), (6) ability
to fix (Afix; TRUE or FALSE), (7) soil water depth (sd; m),
(8) soil temperature (Tsoil; °C), and (9) available soil N for
the given soil layer (Nsoil; kg N m−2). Nsoil is assumed
immobile and unavailable in dry soil. For simplicity, our
model is described here for one soil layer, but can be
adapted to multiple soil layers (as in JULES, for instance).
Within JULES it is run on a daily time step.
[10] First, N demand (Ndemand; kg N m−2 s−1) is calculated

as the N required to maintain the prescribed C:N (whole
plant) ratio (rC:N), which is updated each time step, as C is
accumulated from (positive) CNPP:

Ndemand ¼
CNPP

rC:N
ð1Þ

[11] The first source of N that the plant depletes is from
passive uptake (Npassive; kg N m−2·s−1), through the tran-
spiration stream because there is no explicit associated
energetic cost and is acquired at no C expenditure to the
plant:

Npassive ¼ Nsoil
ET

sd
ð2aÞ

[12] If this potential uptake exceeds the Ndemand, then
Npassive is reduced accordingly:

Npassive ¼ min Nsoil
ET

sd
;Ndemand

! "
ð2bÞ

[13] Likewise, when Nsoil levels are insufficient to satisfy
the potential extraction rate, Npassive is constrained by the
total extractable N in the soil:

Npassive ¼ min Nsoil
ET

sd
;Nsoil

! "
ð2cÞ

[14] Nsoil is then updated as the previous time step value
minus the N extracted from Npassive. Equation (2a) extracts
a fraction of water out of the soil layer (ET divided by sd)
and multiplies it by the concentration of N in that water.
Although ET is biologically and climatologically controlled,
ET will approach zero as sd approaches zero (ET will go to
zero more quickly as the soil dries out).
[15] If Npassive does not satisfy Ndemand, then the plant

must obtain the remaining required N from either re-
translocation (Nresorb; kg N m−2 s−1), active uptake (Nactive;
kg N m−2 s−1) or, if capable (i.e., the plant is a fixer; Afix =
TRUE), from BNF (Nfix; kg N m−2·s−1). Nresorb, Nactive and
Nfix are associated with variable C costs to the plant that
must be calculated.

Figure 1. Structure of the Fixation and Uptake of Nitrogen (FUN) model. Total nitrogen uptake is equal
to the sum of passive uptake of nitrogen from advection through the transpiration stream (passive uptake),
active uptake of nitrogen through respiratory expenditure, resorbed nitrogen from leaves (retranslocation),
and/or, if capable, through symbiotic biological nitrogen fixation.

Table 1. Model Input Parameters and Drivers

Parameter Notation Units

Ability to fix Afix TRUE or FALSE
Available soil N Nsoil kg N m−2

Total root biomass Croot kg C m−2

Leaf N before senescence Nleaf kg N m−2

Net primary production CNPP kg C·m−2·s−1

Plant C:N ratio rC:N kg C kg N−1

Soil water depth sd M
Soil temperature Tsoil °C
Transpiration ET M s−1

FISHER ET AL.: CARBON COST OF PLANT N ACQUISITION GB1014GB1014
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FUN	
  opAmally	
  allocates	
  C	
  to	
  growth	
  and	
  to	
  N	
  uptake	
  as	
  a	
  funcAon	
  of	
  
the	
  N	
  needed	
  to	
  support	
  NPP	
  and	
  the	
  integrated	
  C	
  costs	
  across	
  all	
  of	
  
the	
  pathways	
  in	
  the	
  resistor	
  network.	
  	
  

	
  Methods	
  
rates and the amount of dissolved
N in soil solution. Active N uptake
encompasses the energy required to
move N into root cells and although not
directly modeled does indirectly include
the C exuded by roots to soil microbes.
The cost of active uptake is modeled as a
function of root biomass and soil N
availability, with the cost increasing as
root biomass and/or soil N decreases.
Retranslocation is the removal of N
from leaves prior to senescence with its
cost increasing as leaf N decreases.
Due to a lack of data on rates of root
retranslocation of N at the sites, we did
not include it in the model, but we
acknowledge that it may be an important
process to include in the future
[Freschet et al., 2010; Kunkle et al., 2009].
Biological N fixation is the conversion of
atmospheric N into mineral forms by
symbiotic rhizobium that inhabit root
nodules in exchange for plant C and also
by free-living N fixers in the rhizosphere.
The cost of biological N fixation is

based on well-established measurements and constrained as a function of temperature [Houlton et al., 2008].
In the new versions of FUN presented here, biological N fixation is enabled for all ecosystems to reflect the
contribution of free-living N-fixing bacteria in the rhizosphere to plant nutrition [Hayat et al., 2010]. Previously in
FUN 1.0, biological N fixation was switched on or off, but we have updated FUN 2.0 to include biological nitrogen
fixation on at all times, although it only becomes a factor when soil N levels are very low. We assume that free-
living fixation has the same cost function as symbiotic fixation but acknowledge that they may differ.

2.1.2. Revised Soil N and Root C Inputs
FUN 1.0 calculates the cost of active uptake using
total soil N and includes coarse root C (i.e., those
greater than 2mm in diameter) in the root C pool.
However, the majority of N in soil organic matter
is not readily available to plants because of physical
and chemical protection [Nannipieri and Eldor,
2009; Schulten and Schnitzer, 1998]. We have
modified FUN 2.0 to use mineral N (i.e., the sum of
NO3

! and NH4
+) to represent plant available N

forms. This reflects that the mineralization of
organic N into NO3

! and NH4
+ is highly correlated

with net primary production and is also on the same
order of magnitude as annual plant N demands
[Reich et al., 1997]. While there is evidence for
species preferences for NH4

+ or NO3
! [Harrison

et al., 2007], we make the assumption that the costs
are equivalent because evidence for differential
costs is lacking with these preferences often
thought to reflect the relative abundance of
these forms in soil [Gallet-Budynek et al., 2009].
For root C, we have excluded coarse root C from
this pool due to the dominance of fine roots

Figure 2. Comparison of active uptake cost functions
between FUN 1.0 and FUN Resistors. Root biomass is held
constant at 0.2 kgCm!2. At a reasonable empirical level of N
mineralization of 0.01 kgNm!2 yr!1, FUN Resistors predicts a
cost of 15 versus 500 kg C kg N!1 in FUN 1.0.

Figure 1. Conceptual diagramof FUN 2.0model. (a) FUN optimally allocates
C to growth and to N uptake as a function of the N needed to support
net primary production and the integrated C costs across all of the
pathways in the (b) resistor network. The amount of C spent on each path-
way depends on the resistance through that pathway with the cost of
nonmycorrhizal, ectomycorrhizal, and arbuscular mycorrhizal uptake
depending upon soil N and fine root biomass (i.e., availability and access),
the cost of biological N fixation depending on soil temperature, and the cost
of retranslocation depending on the amount of foliar N. (c) The C spent
on each pathway then returns N back to the plant to support growth
from either the soil, atmosphere, or leaf N pool.

Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002660
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  2014)	
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[16] The C cost of fixation (Costfix; kg C kg N−1) has been
observed to range from 8 to 12 kg C kgN−1 [Gutschick, 1981]
as a function of soil temperature (Tsoil; °C) [Houlton et al.,
2008]. We combine the equation of Houlton et al. [2008]
for normalized nitrogenase activity as a function of Tsoil

with the observed C cost range as constrained by Gutschick
[1981]:

Costf ix ¼ s exp aþ b # Tsoil 1$ 0:5
Tsoil
c

! "! "
$ 2

! "
ð3Þ

where a, b, and c (−3.62, 0.27 and 25.15, respectively)
are empirical curve‐fitting parameters (unitless) given by
Houlton et al. [2008]; s is −5 times the Houlton et al. [2008]
scaling factor of 1.25( = −6.25), which inverts the Houlton
et al. [2008] equation and constrains it between 7.5 and
12.5 kg C kg N−1 (Figure 2). The units of s may be con-
sidered kg C kg N−1 °C−1 for unit consistency.
[17] The calculation of costs associated with Nactive (i.e.,

active uptake) requires scaling of root chemistry to more
easily measureable plant physiological parameters. For
example, Dickinson et al. [2002] require many root physi-
ological parameters to calculate this rate. We simplify the
calculation of the cost of active uptake (Costactive; kg C kg
N−1) as

Costactive ¼
kN
Nsoil

! "
kC
Croot

! "
ð4Þ

where kN and kc are both 1 kg C·m−2 (see section 4 for deri-
vation of kN and kC). As Nsoil approaches zero, the energetic
cost required to take it up tends to infinity (Figure 3a).

Figure 2. Cost of biological nitrogen fixation (Costfix) is a
function of soil temperature (Tsoil). Adapted from Houlton et
al. [2008].

Figure 3. Cost of active nitrogen uptake (Costactive) with range of cost of biological nitrogen fixation
(Costfix) versus (a) soil nitrogen with low and high root biomass, (b) root biomass with low and high soil
nitrogen, and (c) both soil nitrogen and root biomass.
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CNPP/rC:N, i.e., equation (1)) because either NPP was
underestimated, the C:N ratio was overestimated or a com-
bination of both.
[41] On average for all of the data, Nuptake was 92% of

Ndemand indicating N‐limitation of 8%; in other words, 92%
of CNPP was used for growth, and N therefore limited
growth by 8% of what could have occurred had there been
sufficient N. The average Costactive exceeded Costresorb (11.5
versus 2.7 kg C kg N−1, respectively; for reference, Costfix
would have been on average 9.9 kg C kg N−1 if any fixers
were present); Costresorb was less than Costactive 89% of the
time, and therefore resorbed Nleaf was the first source of N
extracted after Npassive if Ndemand remained positive. Npassive
satisfied all of Ndemand in only 2% of the data. The cheapest
N source after Npassive was sufficient to satisfy all of Ndemand
46% of the time; the other 54% required additional N from
the next cheapest N source. On average, Npassive alone would
have been able to satisfy 18% of Ndemand; Nresorb alone
would have been able to satisfy 51% of Ndemand; Nactive
alone would have been able to satisfy 63% of Ndemand; and,
Nfix (if there were fixers) alone would have been able to
satisfy 75% Ndemand.

3.2. Sensitivity Analysis
[42] Here we present the sensitivity of FUN to variation

in each input parameter and driver while holding all other
inputs constant (Figure 5). The default drivers were set as
annual averaged constants as CNPP = 0.5 kg C m−2· yr−1,
rC:N = 300 kg C kg N−1, ET = 0.5 m yr−1, sd = 50 m, Tsoil =
17°C, Croot = 1.0 kg C m−2, Nleaf = 0.0012 kg N·m−2

and Nsoil = 0.05 kg Nm−2. The subsequent costs were:
Costresorb = 8.3 kg C kg N−1; Costactive = 20.2 kg C kg N−1;
Costfix = 9.0 kg C·kg N−1. Costactive was therefore somewhat
high to create a large difference between Costactive and
Costfix to visualize clear differentiation between fixer (Afix =
TRUE) and nonfixer (Afix = FALSE). Similarly, sd was set
somewhat low so that Npassive does not overwhelm the
contributions from the other uptake mechanisms (again, for
visualization purposes). We do not show variation in Tsoil
because it affects only the fixer (constant N uptake for
nonfixer across soil temperature). Each parameter varied
from zero through and beyond a reasonable range until
predicted N uptake reached an infinite state (i.e., plateau at
Ndemand).
[43] The FUN model was most sensitive to CNPP and rC:N

due to the effect on Ndemand, whereas it was less sensitive to
changes in ET and sd (compare y axes) because N can still be
assimilated through Nresorb, Nactive or Nfix when Npassive is
zero. In the sensitivity plot with NPP (CNPP), the fixer can
continue to acquire N through Nfix as long as CNPP continues
to increase (i.e., equation (6b) with “fix” notation). The
nonfixer, however, can only take up at a maximum the value
of Nsoil and Nresorb. As Nsoil and Nresorb approach zero any
increase in CNPP will go to the infinitely increasing Costactive
and Costresorb (i.e., equations (4) and (5)).
[44] Similarly, as rC:N decreased, the Ndemand increased

per unit of CNPP (i.e., equation (1)). As Ndemand increased,
the difference in N uptake by the fixer and nonfixer also
increased because the nonfixer was spending increasingly
more CNPP per unit of N needed, whereas the fixer spent C

Figure 4. Scatterplot of observed versus predicted nitrogen (N) uptake (FUN) from the Free Air CO2
Enrichment (FACE) experiments [Finzi et al., 2007], three agroecosystem sites from the Special Col-
laborative Project 179 (SCP179) international workshop data set [McVoy et al., 1995], three tropical
montane sites in the Peruvian Andes [Tan, 2008], and an ancient woodland in the United Kingdom [Tan,
2008].
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inputs (e.g., soil N mineralization, leaf N, and
net primary production) and outputs for
validation (e.g., retranslocation and soil N
uptake). For all of the sites, there are multiple
years of data and also replicate plots which
result in a total of 176 site years for validation.
The site characteristics and data sources are
presented in Table 1, and the model inputs
and outputs for each site are presented in
Appendix S2 in the supporting information.

In the model, N demand is calculated as the
product of the plant C-to-N ratio and net
primary production. This exactly mirrors how
total N uptake is calculated in the empirical N
budgets. Further, N uptake from the soil is then
calculated as the difference in the N required
to support net primary production and
retranslocation [Finzi et al., 2007]. Given these
limitations of the empirical data, we primarily
focus on the model predictions of the C costs
of N uptake, retranslocation, and the balance
between the different pathways.

For the new %ECM input parameter, we
calculated the contribution of ectomycorrhizal
and arbuscular mycorrhizal plants to standing
biomass using known mycorrhizal
associations for species at each site or site-
specific colonization data [Lukac et al., 2003;
Phillips et al., 2013]. We ran the model at
an annual time step given the temporal
resolution of the empirical data. We present
the results of the original model to highlight
how the step by step refinements made here
impact model predictions.

We performed two additional model
experiments to highlight the benefits of
mycorrhizal versus nonmycorrhizal strategies
across all of the different sites. In the first
experiment, we ran the model using the
ambient mycorrhizal strategy and at three
levels of soil N availability from 0.001 kgNm!2

to ambient to 0.2 kgNm!2. We then ran the
model with only the nonmycorrhizal active
pathway turned on at the same three levels
of soil N and compared the C costs. In the
second experiment, we focused on
how shifting mycorrhizal association from all
arbuscular mycorrhizal to ambient to all
ectomycorrhizal impacted the C costs at the
mixed mycorrhizal sites at the same three
levels of soil N (i.e., Poplar FACE (POPFACE),
Hubbard Brook Experimental Forest (HBEF), and
Morgan Monroe State Forest (MMSF)).

Figure 4. Stepwise improvement in model predictions of retranslo-
cation across six sites that vary in mycorrhizal association from
(a) FUN 1.0 to (b) FUN Resistors to (c) FUN 2.0. The dashed line
indicates the 1:1 relationship. Sites and mycorrhizal association: Oak
Ridge National Laboratory (ORNL; 100% AM), Poplar FACE (POPFACE;
0 to 50% ECM), Duke FACE (DUKE 100% ECM), Rhinelander FACE
(100% ECM), Hubbard Brook Experimental Forest (HBEF; ~58% ECM),
and Morgan Monroe State Forest (MMSF, 40% ECM).
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inputs (e.g., soil N mineralization, leaf N, and
net primary production) and outputs for
validation (e.g., retranslocation and soil N
uptake). For all of the sites, there are multiple
years of data and also replicate plots which
result in a total of 176 site years for validation.
The site characteristics and data sources are
presented in Table 1, and the model inputs
and outputs for each site are presented in
Appendix S2 in the supporting information.

In the model, N demand is calculated as the
product of the plant C-to-N ratio and net
primary production. This exactly mirrors how
total N uptake is calculated in the empirical N
budgets. Further, N uptake from the soil is then
calculated as the difference in the N required
to support net primary production and
retranslocation [Finzi et al., 2007]. Given these
limitations of the empirical data, we primarily
focus on the model predictions of the C costs
of N uptake, retranslocation, and the balance
between the different pathways.

For the new %ECM input parameter, we
calculated the contribution of ectomycorrhizal
and arbuscular mycorrhizal plants to standing
biomass using known mycorrhizal
associations for species at each site or site-
specific colonization data [Lukac et al., 2003;
Phillips et al., 2013]. We ran the model at
an annual time step given the temporal
resolution of the empirical data. We present
the results of the original model to highlight
how the step by step refinements made here
impact model predictions.

We performed two additional model
experiments to highlight the benefits of
mycorrhizal versus nonmycorrhizal strategies
across all of the different sites. In the first
experiment, we ran the model using the
ambient mycorrhizal strategy and at three
levels of soil N availability from 0.001 kgNm!2

to ambient to 0.2 kgNm!2. We then ran the
model with only the nonmycorrhizal active
pathway turned on at the same three levels
of soil N and compared the C costs. In the
second experiment, we focused on
how shifting mycorrhizal association from all
arbuscular mycorrhizal to ambient to all
ectomycorrhizal impacted the C costs at the
mixed mycorrhizal sites at the same three
levels of soil N (i.e., Poplar FACE (POPFACE),
Hubbard Brook Experimental Forest (HBEF), and
Morgan Monroe State Forest (MMSF)).

Figure 4. Stepwise improvement in model predictions of retranslo-
cation across six sites that vary in mycorrhizal association from
(a) FUN 1.0 to (b) FUN Resistors to (c) FUN 2.0. The dashed line
indicates the 1:1 relationship. Sites and mycorrhizal association: Oak
Ridge National Laboratory (ORNL; 100% AM), Poplar FACE (POPFACE;
0 to 50% ECM), Duke FACE (DUKE 100% ECM), Rhinelander FACE
(100% ECM), Hubbard Brook Experimental Forest (HBEF; ~58% ECM),
and Morgan Monroe State Forest (MMSF, 40% ECM).
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inputs (e.g., soil N mineralization, leaf N, and
net primary production) and outputs for
validation (e.g., retranslocation and soil N
uptake). For all of the sites, there are multiple
years of data and also replicate plots which
result in a total of 176 site years for validation.
The site characteristics and data sources are
presented in Table 1, and the model inputs
and outputs for each site are presented in
Appendix S2 in the supporting information.

In the model, N demand is calculated as the
product of the plant C-to-N ratio and net
primary production. This exactly mirrors how
total N uptake is calculated in the empirical N
budgets. Further, N uptake from the soil is then
calculated as the difference in the N required
to support net primary production and
retranslocation [Finzi et al., 2007]. Given these
limitations of the empirical data, we primarily
focus on the model predictions of the C costs
of N uptake, retranslocation, and the balance
between the different pathways.

For the new %ECM input parameter, we
calculated the contribution of ectomycorrhizal
and arbuscular mycorrhizal plants to standing
biomass using known mycorrhizal
associations for species at each site or site-
specific colonization data [Lukac et al., 2003;
Phillips et al., 2013]. We ran the model at
an annual time step given the temporal
resolution of the empirical data. We present
the results of the original model to highlight
how the step by step refinements made here
impact model predictions.

We performed two additional model
experiments to highlight the benefits of
mycorrhizal versus nonmycorrhizal strategies
across all of the different sites. In the first
experiment, we ran the model using the
ambient mycorrhizal strategy and at three
levels of soil N availability from 0.001 kgNm!2

to ambient to 0.2 kgNm!2. We then ran the
model with only the nonmycorrhizal active
pathway turned on at the same three levels
of soil N and compared the C costs. In the
second experiment, we focused on
how shifting mycorrhizal association from all
arbuscular mycorrhizal to ambient to all
ectomycorrhizal impacted the C costs at the
mixed mycorrhizal sites at the same three
levels of soil N (i.e., Poplar FACE (POPFACE),
Hubbard Brook Experimental Forest (HBEF), and
Morgan Monroe State Forest (MMSF)).

Figure 4. Stepwise improvement in model predictions of retranslo-
cation across six sites that vary in mycorrhizal association from
(a) FUN 1.0 to (b) FUN Resistors to (c) FUN 2.0. The dashed line
indicates the 1:1 relationship. Sites and mycorrhizal association: Oak
Ridge National Laboratory (ORNL; 100% AM), Poplar FACE (POPFACE;
0 to 50% ECM), Duke FACE (DUKE 100% ECM), Rhinelander FACE
(100% ECM), Hubbard Brook Experimental Forest (HBEF; ~58% ECM),
and Morgan Monroe State Forest (MMSF, 40% ECM).
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Stepwise	
  improvement	
  in	
  
model	
  predicAons	
  of	
  
retranslocaAon	
  that	
  vary	
  in	
  
mycorrhizal	
  associaAon	
  from	
  
(a)	
  FUN	
  1.0	
  to	
  	
  
(b)	
  FUN	
  Resistors	
  	
  
(c)	
  FUN	
  2.0.	
  	
  
The	
  dashed	
  line	
  indicates	
  
the	
  1:1	
  relaAonship.	
  	
  

(Brzostek	
  et	
  al.,	
  2014)	
  



	
  CLM-­‐FUN	
  Coupling	
  
•  FUN	
  was	
  coupled	
  with	
  CLM4.5-­‐BGC:	
  
CNEcosystemDynMod.F90	
  	
   	
  CNAllocaAonMod.F90	
  	
  

	
  	
  	
  	
  CNFUNMod.F90	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
  CNNUptakeFixaAonMod.F90	
  	
  
	
  	
  	
  	
  CNPhenologyMod.F90	
  	
   	
   	
  CNNStateUpdate1Mod.F90	
  	
  
	
  	
  	
  	
  CNDecompMod.F90	
  	
  	
   	
   	
   	
  CNSummaryMod.F90	
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•  The	
  global	
  total	
  uptake	
  is	
  1.2	
  Pg	
  N	
  yr-­‐1.	
  Mycorrhizal	
  uptake	
  is	
  the	
  largest	
  uptake	
  
pathway,	
  followed	
  by	
  retranslocaAon,	
  direct	
  root	
  uptake,	
  and	
  fixaAon.	
  

How	
  much	
  N	
  is	
  taken	
  up	
  and	
  what	
  is	
  the	
  global	
  distribuAon?	
  	
  



	
  	
  Results	
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•  AM	
  fungal	
  uptake	
  exceeds	
  
ECM	
  fungal	
  uptake	
  globally.	
  

•  The	
  AM	
  and	
  ECM	
  uptake	
  
amounts	
  are	
  80%	
  and	
  20%	
  
of	
  the	
  total	
  mycorrhizal	
  
uptake	
  amount,	
  
respecAvely.	
  

How	
  much	
  N	
  is	
  taken	
  up	
  and	
  what	
  is	
  the	
  global	
  distribuAon?	
  	
  



	
  	
  Results	
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•  CLM4.5-­‐FUN2.0	
  produces	
  dynamically	
  varying	
  retranslocaAon	
  amounts	
  
(previously	
  CLM	
  gave	
  a	
  constant	
  50%	
  retranslocaAon	
  across	
  all	
  pixels).	
  

•  The	
  global	
  mean	
  retranslocaAon	
  raAo	
  is	
  44%.	
  	
  

RNretrans= Nretrans

Ndead, leafn

where	
  Nretrans	
  	
  is	
  the	
  
total	
  retranslocated	
  N,	
  
and	
  Ndead,leafn	
  is	
  the	
  
amount	
  of	
  N	
  in	
  dead	
  
leaves	
  prior	
  to	
  
senescence.	
  	
  	
  	
  

How	
  much	
  N	
  is	
  taken	
  up	
  and	
  what	
  is	
  the	
  global	
  distribuAon?	
  	
  



	
  	
  Results	
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•  The	
  high	
  N	
  uptake	
  regions	
  are	
  tropics	
  and	
  mid-­‐laAtudes	
  in	
  the	
  north	
  hemisphere.	
  	
  
•  The	
  fracAons	
  of	
  the	
  mycorrhizal	
  uptake,	
  direct	
  root	
  uptake,	
  retranslocaAon,	
  fixaAon,	
  and	
  
passive	
  uptake	
  amounts	
  are	
  63.8%,	
  9.6%,	
  19.3%,	
  7.2%,	
  and	
  0.1%	
  of	
  the	
  total	
  N	
  uptake	
  
amount,	
  respecAvely.	
  	
  

How	
  much	
  N	
  is	
  taken	
  up	
  and	
  what	
  is	
  the	
  global	
  distribuAon?	
  	
  



	
  	
  Results	
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•  Total	
  N	
  uptake	
  does	
  not	
  
meet	
  total	
  N	
  demand	
  
for	
  most	
  of	
  the	
  year	
  in	
  
all	
  biomes.	
  	
  

•  Evergreen	
  broadleaf	
  
forest	
  has	
  the	
  largest	
  N	
  
uptake	
  rate,	
  which	
  is	
  
12.6	
  g	
  N	
  m-­‐2	
  y-­‐1.	
  	
  

•  Deciduous	
  needleleaf	
  
forest	
  has	
  the	
  most	
  met	
  
demand.	
  

	
  

How	
  does	
  N	
  acquisiAon	
  from	
  leaves,	
  soil	
  and	
  air	
  vary	
  across	
  seasonal	
  transiAons?	
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How	
  does	
  the	
  C	
  cost	
  of	
  acquisiAon	
  vary	
  spaAally	
  and	
  temporally?	
  	
  

•  C	
  spent	
  on	
  N	
  acquisiAon	
  is	
  5.1	
  Pg	
  C	
  yr-­‐1	
  globally.	
  	
  
•  The	
  mycorrhizal	
  and	
  fixaAon	
  used	
  C	
  amounts	
  are	
  1.6	
  Pg	
  C	
  yr-­‐1	
  and	
  2.5	
  Pg	
  C	
  yr-­‐1,	
  

respecAvely;	
  	
  they	
  are	
  31%	
  and	
  50%	
  of	
  the	
  global	
  total	
  used	
  C	
  amount,	
  respecAvely.	
  	
  
•  Grassland	
  spends	
  the	
  most	
  C	
  on	
  N	
  acquisiAon	
  per	
  unit	
  area;	
  evergreen	
  broadleaf	
  forest	
  

spends	
  the	
  least	
  C	
  on	
  N	
  acquisiAon	
  per	
  unit	
  area.	
  



	
  	
  Results	
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•  Tropical	
  forests	
  have	
  the	
  lowest	
  C	
  use	
  raAo.	
  

•  High-­‐laAtude	
  shrubland	
  and	
  arid	
  and	
  semi-­‐arid	
  regions	
  have	
  the	
  highest	
  C	
  use	
  
raAo.	
  	
  

where	
  Cuse,	
  acquisi3on	
  
is	
  the	
  total	
  	
  C	
  used	
  
by	
  the	
  four	
  N	
  
uptake	
  pathways,	
  
and	
  Cavailable	
  is	
  the	
  
difference	
  between	
  	
  
GPP	
  and	
  
maintenance	
  	
  
respiraAon.	
  	
  	
  

Cuse.ratio =
Cuse, acquisition

Cavailable

How	
  does	
  the	
  C	
  cost	
  of	
  acquisiAon	
  vary	
  spaAally	
  and	
  temporally?	
  	
  



	
  	
  Results	
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How	
  sensiAve	
  is	
  the	
  land	
  C	
  sink	
  to	
  a	
  dynamic	
  predicAon	
  of	
  the	
  C	
  cost	
  of	
  N	
  acquisiAon?	
  	
  	
  

•  Global	
  total	
  NPP	
  is	
  down-­‐regulated	
  by	
  30%.	
  	
  

•  The	
  reduced	
  NPP	
  amount	
  peaks	
  at	
  2°S,	
  and	
  decreases	
  towards	
  the	
  Poles.	
  	
  

•  CLM4.5-­‐FUN2.0	
  results	
  in	
  NPP	
  decrease	
  in	
  all	
  biomes.	
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Fig. S1. Global external N inputs. (A) N fixation symbiotic derived from ref. 8. (B) N fixation asymbiotic derived from ref. 9. (C) N deposition derived from
ref. 7. Agricultural lands (gray) were excluded from the analysis. Table S1 gives external N inputs aggregated by biome.
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SymbioAc	
  N	
  fixaAon,	
  Cleveland	
  et	
  al.	
  (2013)	
  	
  

•  CLM4.5-­‐FUN2.0	
  predicted	
  
symbioAc	
  BNF	
  is	
  83.9	
  Tg	
  N	
  yr-­‐1	
  
and	
  0.62	
  g	
  N	
  m-­‐2	
  yr-­‐1.	
  

CLM4.5-­‐FUN2.0	
  simulated	
  symbioAc	
  BNF	
  

•  SymbioAc	
  BNF	
  is	
  105.1	
  Tg	
  N	
  yr-­‐1	
  
(Cleveland	
  et	
  al.,	
  2013)	
  and	
  0.85	
  
g	
  N	
  m-­‐2	
  yr-­‐1	
  on	
  an	
  per	
  unit	
  area	
  
basis	
  (Sullivan	
  et	
  al.,	
  2014).	
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•  We	
  used	
  a	
  new	
  global	
  nutrient	
  
limitaAon	
  product	
  developed	
  
from	
  remote	
  sensing	
  (Fisher	
  et	
  
al.,	
  2012).	
  

•  The	
  nutrient	
  limitaAon	
  and	
  NPP	
  
variaAon	
  paferns	
  at	
  the	
  global	
  
scale.	
  	
  

Benchmarking	
  CLM4.5-­‐FUN2.0	
  	
  

have soils ranging in age from 300 to 4,100,000 years old.
Each site has been minimally disturbed by human activities.
AET was calculated at each site using in situ meteorological
data from the Global Surface Summary of Day data set (avail-
able at http://www.ncdc.noaa.gov/oa/climate/climatedata.html),
1! net radiation from NASA/GEWEX Surface Radiation
Budget 3.0 assumed to be relatively homogeneous across the
closely located islands, and 250 mMODIS NDVI data for the
period of 2002 to 2007. We compared our AET–NDVI
nutrient limitation approach against in situ measurements of
soil and foliar nutrient concentrations as well as litterfall
decomposition rates, which are considered indicative of
nutrient limitation.

3. Results

[15] The majority of the land surface exhibits some degree
of nutrient limitation (Figure 2a). Some known large-scale
nutrient gradients (see section 4 for references therein) may
be observed: a gradual change in limitation across Amazo-
nia; the relative nutrient depletion of savanna and grassland
ecosystems compared with the rain forests in Africa; and,
agricultural hot spots in Australia, Europe, and the major

Indian and Pakistani agricultural regions along the Indus
River and in northwestern India (Punjab, Haryana regions).
Desert areas appear to span the spectrum of nutrient limita-
tion (e.g., nonlimited in the Sahara, but very limited in the
Gobi), but this apparent pattern is more likely an artifact of
very low NDVI and AET causing anomalous values from
random noise (and, of course, are water limited more than
anything else); we chose not to mask out the barren areas
(Figure S2) for full disclosure. The impact of WUE was
largely minimal at the global scale, affecting mostly savanna
regions (Figures S3a and S3b).
[16] The relative patterns generally remained constant

when using the full range of productivity products from
MODIS compared against MODIS NDVI (Figure S4). The
patterns with EVI, GPP, and NPP were more pronounced,
with low nutrient limitation sites being even less limited and
high nutrient limitation sites being even more limited than
with NDVI. This move away from moderate nutrient limi-
tation was particularly pronounced with LAI. Nutrient limi-
tation was reduced with fAPAR. The nonlinear upper bound
case also produced similar patterns, but with less nutrient
limitation (Figure S5). The patterns were consistent with
different AET products as well, with the interquartile range

Figure 2. (a) Map of remote sensing–based nutrient limitation and disturbance at 0.5!; (b) remaining
undisturbed pixels for comparison without any effect of disturbance. Nutrient limitation is defined as
the percentage productivity (or greenness or other proxy) less than what would otherwise be dictated by
climatic constraints.
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  Conclusion	
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•  Total	
  N	
  uptake	
  does	
  not	
  meet	
  the	
  total	
  N	
  demand,	
  
though	
  this	
  varies	
  by	
  biome	
  and	
  season,	
  which	
  
reduces	
  NPP	
  globally	
  by	
  30%.	
  

•  Global	
  total	
  N	
  uptake	
  amount	
  is	
  1.2	
  Pg	
  N	
  yr-­‐1.	
  

•  N	
  acquisiAon	
  uses	
  5.1	
  Pg	
  C	
  yr-­‐1	
  globally.	
  

•  Mycorrhizal	
  N	
  uptake	
  is	
  the	
  dominant	
  N	
  uptake	
  
pathway	
  and	
  BNF	
  is	
  the	
  most	
  expensive	
  N	
  uptake	
  
pathway.	
  

•  The	
  global	
  mean	
  retranslocaAon	
  raAo	
  is	
  44%.	
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