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Representing leaf and root physiological traits in CLM
improves global carbon and nitrogen cycling predictions

Bardan Ghimire', William J. Riley?, Charles D. Koven?, Mingquan Mu?, and James T. Randerson2

'Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California, USA, 2Departmen‘r of Earth System
Science, University of California, Irvine, California, USA

Abstract in many ecosystems, nitrogen is the most limiting nutrient for plant growth and productivity.
However, current Earth System Models (ESMs) do not mechanistically represent functional nitrogen alloca-
tion for photosynthesis or the linkage between nitrogen uptake and root traits. The current version of CLM
(4.5) links nitrogen availability and plant productivity via (1) an instantaneous downregulation of potential
photosynthesis rates based on soil mineral nitrogen availability, and (2) apportionment of soil nitrogen
between plants and competing nitrogen consumers assumed to be proportional to their relative N
demands. However, plants do not photosynthesize at potential rates and then downregulate; instead pho-
tosynthesis rates are governed by nitrogen that has been allocated to the physiological processes underpin-
ning photosynthesis. Furthermore, the role of plant roots in nutrient acquisition has also been largely
ignored in ESMs. We therefore present a new plant nitrogen model for CLM4.5 with (1) improved represen-
tations of linkages between leaf nitrogen and plant productivity based on observed relationships in a global
plant trait database and (2) plant nitrogen uptake based on root-scale Michaelis-Menten uptake kinetics.
Our model improvements led to a global bias reduction in GPP, LAl, and biomass of 70%, 11%, and 49%,
respectively. Furthermore, water use efficiency predictions were improved conceptually, qualitatively, and

in magnitude. The new model’s GPP responses to nitrogen deposition, CO, fertilization, and climate also dif-
fered from the baseline model. The mechanistic representation of leaf-level nitrogen allocation and a theo-
retically consistent treatment of competition with belowground consumers led to overall improvements in
global carbon cycling predictions.

1. Introduction

Land surface processes impact climate [Foley et al., 1998; Sellers et al., 1986] and are impacted by climate
[Bonan, 2008], forming complex feedbacks critical to climate change [Friedlingstein et al., 2006; Gregory et al.,
2009]. The land surface components of Earth System Models (ESMs) have evolved from only representing
biophysical processes (i.e., hydrology and energy cycling) to including ecosystem carbon cycling, vegetation
dynamics, and nutrient cycling [Oleson et al., 2013; Sitch et al., 2003; Wang et al., 2010]. Ecosystem nitrogen
cycling is a dominant driver of terrestrial carbon-climate interactions through its impacts on vegetation
growth and productivity [Reich et al., 2006] and microbial decomposition of organic matter [Hu et al., 2001].

Plant carbon uptake and carbon release by microbial decomposition depend on nitrogen use efficiency and
the relative competitiveness of plants and microbes to acquire nitrogen [Kaye and Hart, 1997]. Model pre-
diction of future ecosystem responses to nitrogen cycling is highly uncertain due to model uncertainties in
representation of nitrogen deposition impacts on carbon cycling [Matson et al., 2002] and representation of
high latitude systems that store large reservoirs of carbon and nitrogen in permafrost soils [Jonasson et al.,
1999].

Current land surface models have large uncertainties in predicting historical and current carbon exchanges
[Beer et al.,, 2010; Zaehle et al., 2014]. The difference in predictions of ESM-scale land models has been attrib-
uted to many factors, including model structural differences (in represented processes and the large diversity
of represented processes), inclusion or exclusion of nutrient limitations on productivity, and uncertainties in
model parameters [Huntzinger et al., 2013; Schaefer et al.,, 2012]. One of the most important photosynthetic
model parameters, the maximum carboxylation rate by the Rubisco enzyme (Vs Which varies by plant func-
tional type [Kattge et al., 2009]), has a large range across the models [Farquhar et al., 1980; Rogers, 2014]. Model
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predictions of plant productivity are highly sensitive to V.., and large variation in predictions of carbon sinks
is partly attributed to the variations of V,,,x amongst models [Rogers, 2014].

In many ecosystems, nitrogen is an important nutrient limiting plant growth and productivity, especially in
nitrogen poor younger soils in high latitudes [LeBauer and Treseder, 2008; Vitousek and Howarth, 1991].
Plants require nitrogen as essential components of photosynthetic proteins involved in light capture, elec-
tron transport, and carboxylation [Evans, 1989a, 1989b]. Nitrogen is also an important constituent of mito-
chondrial enzymes that regulate respiration and ATP generation [Makino and Osmond, 1991]. Although
nitrogen is an important regulator of photosynthetic and respiratory processes, those ESMs which do
include N cycles lack mechanistic representation of key processes linked to plant nitrogen cycling, including
the role of root traits in plant nitrogen uptake, and linkages among leaf nitrogen, photosynthetic parame-
ters (€.9., Vemax), @and photosynthesis rates [Zaehle et al., 2014].

Zaehle et al. [2014] describe two classes of terrestrial ecosystem model coupling between N and photosyn-
thetic C uptake: “instantaneous downregulation,” and “foliar N content.” The instantaneous downregulation
approach is based on the idea that a potential photosynthesis can be calculated initially without consider-
ing N limitations, and then downregulated to an actual photosynthesis rate once N availability is known
and considering the N required to balance stoichiometric relationships within tissues and new photosynthe-
sis. One such instantaneous downregulation model is the Community Land Model, in versions starting from
CLM-CN [Thornton et al., 2007] through CLM 4.5 [Oleson et al., 2013]. In contrast, the foliar N content models
work on the principle that leaf N content determines photosynthesis rates; limitation occurs because leaf N
content is reduced to maintain stoichiometric relationships when allocating C to tissues, and this reduction
in foliar N then reduces photosynthesis.

The instantaneous downregulation approach is conceptually problematic. Plants do not photosynthesize at
potential rates and then downregulate; so it is not possible to identify an observable quantity that corre-
sponds to model predictions of potential photosynthesis. It is therefore difficult to assess the realism of the
model predictions of N limitation, or diagnose the magnitude of N limitation in the model versus observa-
tions. These structural problems in estimating potential photosynthesis provide rationale for determining
leaf nitrogen and its impacts on emergent photosynthetic parameters and rates via the foliar N content
approach [e.g., Zaehle and Friend, 2010]. Unlike the instantaneous downregulation approach, the foliar N
content approach allows direct comparison between observable quantities (e.g., foliar N content and photo-
synthesis rates) to parameterize, test, and improve model structures. The foliar N content approach also
allows for direct comparisons to N manipulation experiments, including model comparisons with tissue con-
centration and NPP measurements.

In addition to problems associated with estimating photosynthesis and the instantaneous downregulation
approach, the role of plant roots in nutrient acquisition have largely been ignored in Earth System models.
For example, in CLM4.5, nitrogen uptake is scaled based on leaf level processes (e.g., primary productivity)
rather than root scale process, with competitive distribution of soil nitrogen between plants and other con-
sumers assumed to be proportional to their relative nitrogen demands [Thornton et al., 2007]. However, we
believe root-scale processes are essential for understanding plant nitrogen cycling, as root physiology plays
an important role in root nutrient uptake by regulating root biomass, surface area, mycorrhizal associations
that facilitate nutrient acquisition, priming, and nutrient uptake efficiency [Miller and Cramer, 2005; Pate,
1973; Read and Perez-Moreno, 2003]. Root nutrient uptake efficiency is affected by plant processes involved
in removing adsorbed nutrients, maintaining ionic gradients for nutrient diffusion, and producing trans-
porter molecules that bind to and transport nutrients from soil to roots. Models have represented these
processes by lumping these terms as parameters in the Michaelis Menten equation [Grant et al.,, 2010;
Thomas et al., 2013].

This paper presents a new nitrogen-carbon coupling model for CLM, shifting it from the instantaneous dow-
regulation approach to the foliar N content paradigm, and from a leaf-centric to a root-centric N uptake par-
adigm, by improving representation of (1) plant nitrogen uptake based on root scale Michaelis-Menten
kinetics; (2) linkages between leaf nitrogen and plant productivity based on observations in the global TRY
database and several individual studies; (3) plant nitrogen allocation; and (4) specific leaf area canopy pro-
files. After describing the new model structure, we compare model predictions of GPP, LAI, biomass, and
evapotranspiration with observations, evaluate overall model performance with the International Land
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Model Benchmarking Project (ILAMB) benchmarking tool [Luo et al., 2012], and present relative improve-
ments compared to the baseline CLM4.5 version of the model. In the remainder of the paper, we refer to
the baseline model as CLM4.5 and the new version as CLM4.5%.

2. Materials and Methods

2.1. Plant Nitrogen Uptake
In CLM4.5, plant nitrogen demand (NFpjant_demand (GN m~2 s~ ") is proportional to assimilated carbon avail-
able to be allocated for new growth (CF,yai_afioc (9C m~2s™") [Oleson et al., 2013]:

N allom
Ca//om

NF, plant_demand =CF, avail _alloc (1)
where Njom/Caiom (GN gC ™) is the plant level nitrogen to carbon stoichiometry for new growth, and is cal-
culated for each plant functional type based on prescribed carbon to nitrogen ratios (C:N) for each plant
part. CFayair_alioc 1S €stimated as:

CF, avail_alloc = CF, GPPpot CF, GPP.mr CF, GPP xs (2)

where CFspppots CFappmn and CFgppys (9C m~2 s~ ") are the carbon fluxes associated with potential GPP,
maintenance respiration, and carbon flux to the storage pool, respectively. Maintenance respiration is esti-
mated as a function of leaf nitrogen content and temperature, and growth respiration is estimated as a
fixed factor (0.3) of the nitrogen allocated to new growth. Further details of the calculation of maintenance
and growth respiration is provided in Oleson et al. [2013]. In CLM4.5, plants and (implicit) microbial SOM
decomposition compete for mineral nitrogen based on the magnitude of their relative demands. Plant
nitrogen uptake (NFpjant uptake (GN m~ 257 ") is estimated from plant nitrogen demand after accounting for
competition with SOM decomposition. After plant nitrogen and microbial immobilization are accounted for,
the remaining mineral N can then be nitrified or denitrified, and finally becomes available for leaching.

In our new model formulation, which we view as an interim step toward a more mechanistic treatment of
terrestrial N cycling, we implemented the Michaelis-Menten [Michaelis and Menten, 1913] equation for esti-
mating root nitrogen uptake competitiveness in a manner similar to that proposed by Thomas et al. [2013].
This approach is an interim solution to a comprehensive model structure because we impose a second
round of competition based on root nitrogen uptake competitiveness and other nitrogen consumers (e.g.,
heterotrophic decomposers, denitrifiers, nitrifiers) via the standard relative-demand-based downregulation.
Future work will include integrating a new approach, called the Equilibrium Chemistry Approximation (ECA)
[Tang and Riley, 2013, 2015; Zhu et al.,, 2015], which combines the Michaelis-Menten theory with a generic
approach to represent competition between consumers for substrates. In the modified model, CLM4.5%,
plant nitrogen uptake competitiveness (NFyp¢ake (N m~2 s ") is estimated as:

NFuprake:UNmaxCSfroot %SNST 3)
where Uymax (2.7 X 1078 gN gC~ ' s7") [Thomas et al., 2013] is maximum nitrogen uptake per root biomass
at 25°C, CSsoor (9C m™2) is root biomass, NSmin (GN m~2) is mineral soil nitrogen, Kimin (=1 gN m™2)
[Thomas et al., 2013] is a half saturation constant, Sy is the nitrogen demand scalar, and St is the tempera-
ture scalar for nitrogen uptake. The Michaelis-Menten kinetics (i.e., equation (3)) combines plant and micro-
bial nitrogen demand to calculate plant nitrogen uptake and microbial immobilization based on their
relative demands and soil mineral nitrogen availability. The Michaelis-Menten kinetics used for modeling
root nitrogen uptake improves upon previous ESMs, which do not incorporate root physiological character-
istics in simulating nitrogen uptake. However in future studies we will further improve our approach by (1)
incorporating dynamic nitrogen uptake proportional to root surface area (rather than root biomass), (2)
optimizing root architectural characteristics across soil depth in response to soil mineral nitrogen supply,
and (3) representing the role of mycorrhizal-root interacts in nitrogen uptake [McCormack et al., 2015;
McMurtrie et al., 2012; Smithwick et al., 2014; Warren et al., 2015]. The distinction between root mass and sur-
face area does not impact our study because the two scale linearly with each other. Root mass and surface
area linearly scale if we assume that shape of roots are cylindrical, comprising two populations of fine and
coarse roots with constant diameter and fixed proportion of fine to coarse roots. Roots also have different
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functions, transporter densities and enzyme production, and the use of K, in the Michaelis-Menten equa-
tion attempts to simplify these complex interactions by subsuming all these complexities into a constant
competitiveness parameter.

Sy ranges from 0 to 1 and is computed as:

SN _ CN leaf — CNleaf _min
CNIeaf _max CN leaf _min

(4)

CNieat min (@C gN™") and CNjear max (9C gN™ ) are the minimum and maximum leaf C:N, respectively, and
encompass the range of variation in leaf C:N (CNjeqp). In CLM4.5%, we incorporate a flexible leaf C:N with the
CNieat_min and CNjear max Varying within a range of =10gC gN ™" of the central CNjeqr value. Since CNjeqr is pre-
scribed for different plant functional types, CNjear min @nd CNiear max Vary by plant functional type. This range
of variation of CNj..r is similar in magnitude to values used in other ecosystem models [Zaehle and Friend,
2010] and previous studies [Reich et al., 1997]. However in future versions of CLM we are working on
improving this range based on CN,.r values reported in the TRY database [Kattge et al., 2011].

Stis the temperature scalar for the top soil layer, and is similar to the temperature scalar for decomposition
in CLM4.5 [Oleson et al., 2013]:

Tsoil ~Tref )

§r=0Qy (™ (5)

where T,,; (°C) is soil temperature, T,or (=25°C) is the reference temperature, and Qy, is set to a constant
value of 1.5. We note that recent work suggests that a constant value for Q;o may be unrealistic and can
cause biases in predictions of soil organic carbon dynamics [Tang and Riley, 2015].

2.2. Nitrogen Limitation on Photosynthesis

Nitrogen limitation on photosynthesis is determined in CLM4.5 by downregulating (i.e., reducing) potential
GPP (CFgpppor) (@C m~2 s™ ") if soil nitrogen is limiting. The downregulated GPP (CFgpp) (9C m ™2 s ") is esti-
mated as:

CFepp=CFapppotfdreg (6)

where fg, (ranging from 0 to 1) is the downregulation factor, which depends on the plant nitrogen
demand required to support potential GPP and competition for mineral soil nitrogen between (inferred)
microbial decomposition and plants.

CFpppor is estimated from the coupled Farquhar and Ball Berry stomatal conductance models [Farquhar
et al., 1980]. The Farquhar model relies on two key parameters: maximum carboxylation rate by the Rubisco
enzyme at 25°C (Vomax2s) (umol CO5 (m leaf) ™ s~ ') and maximum electron transport rate at 25°C (Jpax2s)
(umol electron (m leaf) 2 s™"). In CLM4.5 (Bonan et al. [20111), Vimaxzs is prescribed as a constant for differ-
ent plant functional types based on Kattge et al. [2009]:

Vemaxas =NaFingFnrGR2s )

where N, (g N (m leaf) ) is the leaf nitrogen content per area, Finz is the fraction of leaf nitrogen in
Rubisco, Fyg is the ratio of the molecular mass to nitrogen content of Rubisco (g Rubisco (g N in Rubisco) ™),
and dgys (umol CO, (g Rubisco) ™" s~ ') is the specific activity of Rubisco at 25°C. N, is estimated from leaf
C:N (CN,) and specific leaf area at top of canopy (SLAy) [Thornton and Zimmermann, 20071:

1

= 8
CN,SLA, ®)

a
Since CN; (gC leaf (gN leaf)™"), SLA ((m leaf)? (gC leaf) "), Finr, Fng and dgys are constants for a given plant
functional type, V max2s is also a constant for each plant functional type. However, in CLM4.5, Vx5 Varies
with canopy depth due to canopy depth dependence of specific leaf area (SLA m? m™2), but this variation is
unrelated to leaf nitrogen content. Although CLM4.5 represents plant nitrogen pools, N, is not predicted
based on root nitrogen uptake, but rather is computed using equation (8) and so is constant in time for
each plant functional type. Therefore, plant nitrogen allocated to the leaf does not play a functional role in
estimating photosynthesis in CLM4.5. Since V nax2s is used to estimate potential GPP, the V4,25 Used in
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CLM4.5 is a potential rate. We note that the potential V,,ax25 may be inconsistent with field observations
that are obtained from A-C; curves under conditions that may be inconsistent with a maximum rate.

In CLMA4.5, Jax25 is computed as a function of Va5 based on Kattge and Knorr [20071:

J
M2 =2 .59—0.035(T1o—Ty)

cmax25
where T, is the 10 day mean air temperature (K) and T is the freezing point of water (K).

To allow Vpax2s to vary with leaf nitrogen content, following the “foliar N content” paradigm, we modified
CLM4.5 by integrating a model structure where leaf nitrogen explicitly regulates Vx5 (@nd therefore
Jmaxzs). In the modified model, Ve paxos is estimated from leaf nitrogen (NSj.qs) (N leaf (m leaf) ™) as:

Vemaxas =a+b NSieqr 9)

where a and b are plant functional types (PFT)-specific intercepts and slope, respectively, derived from
observations in the TRY database [Kattge et al., 2009]. In the modified model, NS, (gN leaf (m leaf) %) is a
prognostic variable predicted based on carbon allocation and the leaf C:N ratio. As a result, V x5 in the
modified model is a dynamic emergent trait varying with leaf nitrogen content, which itself depends on
root uptake traits and therefore the soil biogeochemical competitive environment. We further scaled V,,,ax25
by the day length multiplier (which represents the seasonal variation in V4, as implemented in CLM4.5.

2.3. Plant Nitrogen Allocation and Flexible C:N Ratio

Nitrogen allocation to different plant parts in CLM4.5 depends on the carbon allocation and C:N of the
given plant part. C:N in CLM4.5 is a prescribed constant for a given plant functional type [Thornton and
Zimmermann, 2007]. We modified CLM4.5 by incorporating a new model structure with a flexible C:N
where the leaf pool is allocated the residual nitrogen after the nitrogen demands of different plant organs
(e.g., fine root and wood) are satisfied. We implemented this simpler allocation scheme to incorporate
flexible leaf C:N while attempting to keep the C:N of other plant parts fixed. We have also implemented
an alternative allocation scheme for the next version of CLM, which allocates nitrogen to different plant
parts based on the relative demand of the respective plant part allowing C:N of all plant parts to vary
simultaneously.

Plant nitrogen allocation to different plant organs (NFgjoco (9N m 2 s ") is calculated from the balance of

supply of nitrogen available to the plant and nitrogen demand of a given plant organ as:

NFCI//OC,O:min (NFdemand,m NFsuppIon) (10)
where NFgemand,o (QN m ™ s™") and NFsyppy,0 (GN m~2 s™') are nitrogen demand and supply, respectively,
for plant organ 0. NF gemand,o is estimated from the carbon allocation and C:N of the given plant organ as:

CF alloc.o

CN, )

NF demand.o =

where CFgjioc0 (9C m~2s7")) is the carbon flux allocated to the given plant organ before tissue construction
costs are estimated for building the plant part and CN, (gC gN ") is the C:N of the given plant organ.

2.4. Prognostic Leaf Area Index

CLM4.5 predicts Leaf Area Index (LA ((m leaf)® (m ground) ?)) at each level in the canopy based on leaf car-
bon content (CSjeqr (9C m~?) and specific leaf area (SLA) [Oleson et al.,, 2013; Thornton and Zimmermann,
2007]. SLA is assumed to increase from the top to the bottom of the canopy:

SLA(z)=SLAo+mz (12)
where m is the assumed slope of the relationship between SLA at a given canopy depth (z; measured from

canopy top) and at the canopy top (SLAy). In CLM4.5, m and SLA, is specific to each plant functional type.
Canopy integrated LA/ is computed as:

_ SLAo[exp (m+CSjear) —1]
m

LAl
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The estimation of LA/ using an increasing SLA profile with canopy depth (equation (12)) is partially responsi-
ble for unrealistically high predicted LAl in some locations in CLM4.5. To reduce this LAl bias we have
removed the increasing SLA profile to a constant SLA across the canopy depth. This LAl bias may also be
related to other factors such as over-prediction of GPP. The vegetation related variables, and their defini-
tions and units are outlined in the supporting information.

2.5. Model Simulations

Global CLM4.5 and CLM4.5* simulations were performed with an initial accelerated decomposition spin-up
for 1000 years followed by a 200 year spin-up to equilibrate the vegetation and soil pools to steady state
conditions [Koven et al., 2013]. This model spin-up was forced with year 1850 conditions using meteorologi-
cal forcing of surface solar radiation, air temperature, and precipitation from Qian et al. [2006], nitrogen dep-
osition from Lamarque et al. [2005], land-use conditions from Hurtt et al. [2006], and carbon dioxide (CO,)
mole fraction. After the spin-up, the model was run from 1850 to 1972 with CO,, nitrogen deposition, and
land use from 1850 to 1972, and recycling surface solar radiation, air temperature, and precipitation from
1948 to 1972. The final model simulation consisted of running CLM4.5 from year 1973 to 2004 using climate
[Qian et al., 2006] and land-use conditions [Hurtt et al., 2006] from year 1973 to 2004. The model simulations
for gross primary productivity, carbon stocks, and leaf area index (LAl) were evaluated against data sets
from Beer et al. [2010], Saatchi et al. [2011], and Zhu et al. [2013], respectively. We also use the ILAMB pack-
age to benchmark the model outputs against reference data using a range of metrics (e.g., bias, root mean
square error (RMSE), annual mean and phase) [Luo et al., 2012].

We investigated the separate and combined effects of historical CO, fertilization and nitrogen deposition
by varying, and keeping constant at 1850 levels, CO, and nitrogen deposition. We also investigated model
predicted LAl using the Zhu et al. [2013] data set, and the predicted water use efficiency (WUE) computed
as a ratio of GPP and evapotranspiration of CLM4.5 and CLM4.5* using an observationally derived metric
based on FLUXNET-MTE [Beer et al., 2010; Jung et al., 2010].

3. Results

3.1. Impact of Model Changes on Diurnal Cycles

Our changes to the representation of nitrogen dynamics had large impacts on the predicted diurnal cycles
of GPP. The conceptual framework a model takes toward representing nutrient (and other resource) compe-
tition and losses can have striking impacts on predicted flux exchanges with the atmosphere. To illustrate
these impacts at the site level, we have extracted predictions of CLM4.5 and CLM4.5* at specific grid cells
from different regions (Figure 1). Recall that, for nutrient controls on GPP, CLM4.5 uses the instantaneous
downregulation and relative demand concepts and CLM4.5* uses the new leaf and root trait-based
approach with Michaelis-Menten kinetics. The comparison highlights the impacts of nutrient regulation in
each model. In CLM4.5, GPP is predicted to have an unrealistic diurnal cycle caused by the instantaneous
soil nitrogen limitation and relative demand model structure. These unrealistic responses are absent in
CLM4.5*% because of the explicit representation of the nitrogen pool available for photosynthesis and the
impact of root physiology on plant nitrogen uptake. We note that these unrealistic diurnal cycles in nitrogen
constraints on GPP are present in all recent CLM4.5 [e.g., Koven et al., 2013; Riley et al., 2011] and CLM4.0
[e.g., Thornton et al., 2009; Thornton and Zimmermann, 2007] simulations that include a prognostic nitrogen
cycle.

The diurnal cycle of GPP is driven by diurnal variation of radiation and temperature in both CLM4.5 and
CLM 4.5*%, but CLM4.5 predicts an unrealistic dip in GPP. The magnitude of the unrealistic dip in CLM4.5-pre-
dicted GPP is larger where nitrogen more strongly limits “potential GPP.” These results demonstrate that
the nitrogen limitation simulated in CLM4.5 (and in CLM4.0) is mechanistically flawed; we discuss below the
impact of this problem on inferences of nutrient regulation of carbon-climate feedbacks. In contrast,
CLM4.5* does not show the GPP dip because the nitrogen storage in leaves buffers the diurnal nitrogen
limitation and the representation of plant nitrogen uptake based on root properties reduces the problem of
unrealistic diurnal depletion of soil nitrogen. Moreover, because the N limitation varies continuously with N
availability in CLM4.5%, the resulting functional form has less of a threshold behavior than that of CLM4.5,
which reduces the potential for such artifacts to occur.
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Figure 1. GPP diurnal cycle during growing season showing daytime observations for modified version of CLM4.5 (CLM4.5*) and default
version of CLM4.5 (CLM4.5) in different point locations in Eastern North America, Amazon, Africa and Europe. In CLM4.5, GPP is predicted
to have an unrealistic dip in the diurnal cycle, which is absent in CLM4.5*. The x axis shows the time as daytime observations from the GPP
diurnal cycle.

3.2. Impact of Model Changes on Global GPP, Biomass, LAI, and LE

At the global scale, CLM4.5* predictions had lower GPP bias (global GPP bias =41 gC m 2 yr ') compared
to FLUXNET-MTE estimates than did CLM4.5 (global GPP bias= 138 gC m 2 yr ') (Table 1 and Figure 2), cor-
responding to a reduction in GPP bias of 70% (Table 1). Regional variations exist in the GPP bias between
CLM4.5* and CLMA4.5 (Figure 2). CLM4.5 over-predicts GPP at high latitudes, especially in North America and
Europe. In contrast, CLM4.5* has lower bias in higher latitudes compared to CLM4.5. CLM4.5 over-predicts
GPP in the Amazon whereas CLM4.5* under-predicts GPP in the same region.

Across the tropics, CLM4.5* GPP predictions are close to the reference data (FLUXNET-MTE), while CLM4.5
GPP predictions are much higher (Figure 3). In the Southern Hemisphere (taken as 60°S - 30°S), CLM4.5* and
CLM4.5 both over predict GPP compared to FLUXNET-MTE. Northern Hemisphere (taken as 30°N - 60°N)
GPP predictions were improved in CLM4.5* compared to CLM4.5, but there remains a positive bias.

CLM4.5* also improved biomass predictions compared to CLM4.5 at a global scale (Table 1). Globally, bio-
mass bias was reduced by 49% for the prediction of CLM4.5* (global bias = —0.42 kg C m™~?) compared to
CLM4.5 (global bias =0.82 kg C m~?) (Table 1). Regionally, large reductions in CLM4.5* biomass bias
occurred in the South American ecosystems.

CLM4.5% also improved predictions of leaf area index compared to CLM4.5. Globally, CLM4.5* has a LAl bias
of 1.0, which is lower than the LAl bias of CLM4.5 (global bias = 1.1) by a factor of 11% (Table 1). The largest
reductions in LAl bias are in the European and Asian continents (Table 1).

We also computed scoring metrics against reference data for GPP, LAI, and latent heat (LH) using the ILAMB
package (Table 2). CLM4.5* performed better in most of the metrics computed by ILAMB compared to
CLM4.5. The CLM4.5* overall scores for GPP (=0.78) and LAl (=0.57) are higher than the corresponding
CLM4.5 overall scores for GPP (=0.75) and LAl (=0.52). The LH overall scores are similar between CLM4.5
(=0.83) and CLM4.5* (=0.82), although our diurnal cycle analysis (above) indicates that the GPP (and hence
LH) fluxes predicted in CLM4.5 are qualitatively inconsistent with observations.

3.3. Impact of Model Changes on PFT-Specific Responses
In addition to regional variations, CLM4.5 and CLM4.5* differ in their predictions for different plant func-
tional types (Figure 4). CLM4.5* has lower GPP bias than CLM4.5 for most plant functional types. In terms of
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Table 1. Regional and Global GPP, LAI, and Biomass Bias for Modified Version of CLM4.5 (CLM4.5*) and Default Version of CLM4.5

(CLM4.5)?
CLM4.5 Reduction Reduction CLM4.5 CLM4.5* Reduction

GPP CLM4.5* GPP Bias CLM4.5 CLM4.5* LAl Bias Biomass Biomass Biomass

Bias GPP Bias (%) LAl Bias LAl Bias (%) Bias Bias Bias (%)
Africa —125 —16 87 0.1 0.3 —283 0.17 —1.00 —502
Asia 275 78 72 15 1.1 25 —0.02 —1.02 —5814
Australia 41 128 —214 0.2 0.3 —28 —1.18 —1.10 7
North America 294 127 57 1.7 14 16 0.27 0.19 31
Oceania 569 240 58 3.9 26 33 2.07 0.32 84
South America 2l =199 —830 15 17 =17 5.36 —0.20 96
Europe 362 91 75 2.7 2.1 22 n/a n/a n/a
Global 138 41 70 1.1 1.0 1 0.82 —042 49

“Reference data for GPP and LAl are at a global scale and biomass is available for the tropical regions only. GPP and LAl biases are cal-
culated for years 1995-2004, and biomass bias is calculated for year 2000. GPP bias is in gC m ™2 yr™'; Biomass bias is in kgC m 2

the GPP bias magnitudes, CLM4.5's GPP bias is close to or greater than 250 gC m ™2 yr~ ' for 11 of the 15
plant functional types, while CLM4.5*'s GPP bias is close to or greater than 250 gC m 2 yr ' for 6 of the
plant functional types. Amongst the plant functional types, broadleaf deciduous boreal tree has the largest
reduction in GPP bias (computed as the difference of CLM4.5* bias and CLM4.5 bias relative to CLM4.5 bias)
of 96% followed by broadleaf deciduous boreal shrub (95%) and C3 arctic grass (86%); C3 non-arctic grass
has the largest increase in bias (86%) followed by broadleaf evergreen tropical tree (58%).

The CLM4.5* LAl bias is also lower for all plant functional types, with needleleaf deciduous boreal tree hav-
ing the largest reduction in bias (computed as the difference of CLM4.5* bias and CLM4.5 bias relative to
CLM4.5 bias) of 42% followed by broadleaf deciduous boreal tree (30%); C4 grass and broadleaf deciduous
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Figure 2. Spatial distribution of the annual GPP bias (=model - reference) for (a) default version of CLM4.5 (CLM4.5) and (b) modified ver-
sion of CLM4.5 (CLM4.5%) aggregated across 1995-2004. Predictions of CLM4.5* had lower GPP bias compared to FLUXNET-MTE estimates
than did CLM4.5, especially in higher latitudes.
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Figure 3. Latitudinal GPP variation for default version of CLM4.5 (CLM4.5) and R
modified version of CLM4.5 (CLM4.5%) aggregated across 1995-2004. Predictions defined as the ratio of GPP and plant
of CLM4.5* vary by latitude, and is closer to FLUXNET-MTE in the tropics and nitrogen uptake (Figure 5)). GPP is

northern hemisphere compared to CLM4.5. proportional to both NUE and nitro-

gen uptake. CLM4.5* has higher NUE
for most plant functional types (except for tropical forests), but the higher NUE is compensated by lower
plant nitrogen uptake for most plant functional types.

3.4. Impact of Model Changes on CO, Fertilization and Nitrogen Deposition

Responses of GPP and WUE

Both CLM4.5 and CLM4.5* show an increase in GPP with CO, fertilization and nitrogen deposition, with
CLM4.5 having higher GPP values than CLM4.5* (Figure 6). For CLM4.5*%, predicted GPP with constant 1850
CO, and varying nitrogen deposition (CLM4.5* + 1850 CO, + Ndep; black solid line) and with constant 1850
CO, and nitrogen deposition (CLM4.5* + 1850 CO, + 1850 Ndep; red solid line) remained relatively constant
between 1973 and 2004. However, CLM4.5* predicted GPP with varying CO, fertilization and constant 1850
nitrogen deposition (CLM4.5* + CO, + 1850 Ndep; green solid line) increased non-linearly from 1970 to
2004 compared to GPP with constant 1850 CO, fertilization and nitrogen deposition (CLM4.5* + 1850
CO, + 1850 Ndep; red solid line) because of the non-linear increase in the rate of change of CO, mole frac-
tions. Aggregated from 1973 to 2004, GPP for CLM4.5* increased by 13.1 Pg Cyr~', 10.8 Pg Cyr ', and 2.0
Pg C yr~ ' with CO, fertilization and nitrogen deposition, CO, fertilization alone, and nitrogen deposition
alone, respectively, compared to GPP computed with 1850 CO, and without nitrogen deposition.

We computed the ratio of GPP to total evapotranspiration (WUE) to compare with the global FLUXNET-MTE
products. The spatial patterns of CLM4.5* predicted WUE are closer to the reference data set compared to
CLM4.5, especially in the higher latitudes (Figure 7).

Table 2. ILAMB GPP, LH and LAI Scores for a Range of Metrics Aggregated Across 1995-2004 for Modified Version of CLM4.5 (CLM4.5%)
and Default Version of CLM4.5 (CLM4.5)°

Model Annual Global Bias  RMSE Taylor  Overall
Name Variable Reference Mean Bias RMSE  Phase Score Score  Phase Score  Score Score
CLM4.5 GPP Beer et al. [2010] 138.1 194 5.7 0.03 0.69 0.66 0.83 0.91 0.75
CLM4.5*  GPP Beer et al. [2010] 1229 4.2 47 -0.1 0.74 0.71 0.85 0.9 0.78
CLM4.5 LH Jung et al. [2010] 43.7 4.0 14.7 0.06 0.81 0.75 0.88 0.94 0.83
CLM4.5*  LH Jung et al. [2010] 40.6 09 145 0.09 0.79 0.75 0.88 0.93 0.82
CLM4.5 LAI Zhu et al. [2013] 3.1 1.6 2.1 0.44 0.49 0.45 0.72 0.51 0.52
CLM4.5% LAl Zhu et al. [2013] 29 13 17 0.51 0.52 0.49 0.71 0.62 0.57

2GPP unit for annual mean is PgC yr~", bias is PgC yr~', RMSE is PgC month ™' and phase is months. LH unit for annual mean is W
m™~2, bias is W m ™2, RMSE is W m ™2 and phase is months. LAl unit for annual mean is m?> m~2, bias is m> m~2, RMSE is m?> m 2 and
phase is months. The metric scores are unitless and range from 0 to 1.
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Figure 4. GPP, LAl and biomass biases (=model - reference) by plant functional types for default version of CLM4.5 (CLM4.5) and modified
version of CLM4.5 (CLM4.5*). GPP and LAl biases are aggregated globally across 1995-2004, and biomass bias is computed only for the
tropical regions for year 2000 due to lack of data availability at a global scale. CLM4.5* has lower bias than CLM4.5 for most plant functional
types.

4. Discussion

We present a new plant model for CLM that integrates different plant nitrogen cycle mechanisms and traits
important for root nutrient uptake and controls on photosynthesis. The improvements in the representation
of leaf physiology in this new model structure uses actual photosynthetic parameters (as a function of leaf
nitrogen) rather than potential photosynthetic parameters. We have replaced the GPP downregulation
model structure in CLM4.5 (which instantaneously reduces GPP if soil mineral nitrogen is insufficient to
accommodate allocation to plant tissues with fixed C:N stoichiometry) with a new model structure that
scales leaf photosynthetic parameters with predicted dynamic leaf nitrogen content. We have also
improved the representation of root physiology and nutrient competition by incorporating a new model
structure with plant nitrogen uptake traits dependent on nitrogen uptake efficiency and root biomass.

Some previous models have also used leaf nitrogen to scale photosynthesis (e.g., CABLE, GDAY, LPJ-GUESS,
OCN, SDGVM, TECO) [Zaehle et al., 2014]. Other models have represented nitrogen limitation by (1)
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Figure 5. Plant nitrogen uptake and nitrogen use efficiency (NUE) defined as ratio of GPP and nitrogen uptake by plant functional types
for default version of CLM4.5 (CLM4.5) and modified version of CLM4.5 (CLM4.5%).

prescribing a constant value for the photosynthetic parameters independent of leaf nitrogen [Moorcroft
et al.,, 2001], (2) estimating GPP for conditions where nitrogen is not limiting and then downregulating GPP
depending on soil nitrogen availability [Oleson et al., 2013], (3) accounting for the carbon costs of nutrient
acquisition [Fisher et al., 2010], or (4) explicitly accounting for within-leaf N allocation between multiple leaf
functional processes [Ali et al., 2015]. Our changes to leaf physiology in CLM4.5 are based on recent studies
that have shown that photosynthetic parameters strongly scale with leaf nitrogen across a diverse range of
plant functional types [Kattge et al., 2009]. In our model, we have used the plant functional type specific
relationship of photosynthetic parameters to leaf nitrogen to incorporate the range of variation across dif-
ferent plant species. However, we need to further improve the representation of tropical plant functional
types, which have high species diversity due to variations in soil conditions (e.g., oxisols versus non-oxisols),
successional dynamics and stand structure, species adaption, and forest management. This improvement in
representing tropical plant functional types can be performed by incorporating additional plant functional
types and processes to represent the diversity of ecosystems in the tropics. We note that our method
described here is compatible with some additional C-N coupling processes, e.g., those of Fisher et al. [2010]
and Ali et al. [2015], which are being included in the upcoming CLM5.

We have also improved the representation of root physiology by incorporating a model structure with plant
nitrogen uptake proportional to nitrogen uptake efficiency and root biomass. This new representation of
root physiology is based on a mathematical formulation that incorporates the Michaelis-Menten reaction
kinetics similar to that implemented by Zaehle and Friend [2010] and Thomas et al. [2013]. The inclusion of a
model structure with nitrogen uptake relying on root processes is more consistent with theoretical and
empirical understanding of the controls of root surface area, ionic diffusion gradients, and transporter mole-
cules on root nitrogen uptake [Miller and Cramer, 2005; Pate, 1973]. These controls on root nitrogen uptake
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Figure 6. Historical response of global GPP to CO, fertilization and nitrogen deposition for CLM4.5* and CLM4.5. Both CLM4.5 and
CLM4.5% show an increase in GPP with CO, fertilization and nitrogen deposition with CLM4.5 having higher GPP values than CLM4.5*.
Legend captions: CLM4.5% + 1850 CO, + 1850 Ndep (red solid line) is predicted GPP with constant 1850 CO, and nitrogen deposition for
CLM4.5%; CLM4.5* + 1850 CO, + Ndep (black solid line) is predicted GPP with constant 1850 CO, and varying nitrogen deposition for
CLM4.5%; CLM4.5* + CO, + 1850 Ndep (green solid line) is predicted GPP with varying CO, fertilization and constant 1850 nitrogen deposi-
tion for CLM4.5*%; CLM4.5* + CO, + Ndep (blue solid line) is predicted GPP with varying CO, fertilization and nitrogen deposition for
CLM4.5%; CLM4.5 + CO, + Ndep (magenta solid line) is predicted GPP with varying CO, fertilization and nitrogen deposition for CLM4.5.

in CLM4.5* are represented by root biomass and maximum nitrogen uptake parameters. In doing so, we
assume that root biomass is proportional to root surface area and maximum nitrogen uptake represents the
role of ionic diffusion gradients and transporter molecules in nitrogen uptake. Future work will investigate
the value of explicitly representing these controls on root uptake kinetics.

The improved model structure also incorporates a flexible leaf carbon to nitrogen ratio. Although the flexi-
ble carbon to nitrogen ratio is an improvement over a fixed ratio, we have simplified the complex interac-
tions between carbon and nitrogen cycling in plants by imposing maximum and minimum bounds to this
ratio. An improvement to our current approach would consist of a completely prognostic carbon to nitro-
gen ratio without maximum and minimum bounds where the carbon to nitrogen ratio would emerge from
the interactions of the carbon and nitrogen cycles in plants [Grant et al., 2010; Thomas and Williams, 2014].
A completely prognostic carbon to nitrogen ratio is beyond the scope of this study and is an area of future
research.

LAl and biomass predictions in CLM4.5 are not only influenced by GPP and autotrophic respiration but also
by vegetation turnover and allocation. The parameters for representing the dynamics of vegetation turn-
over and allocation are uncertain in models because these parameters are not estimated from a representa-
tive global sample. The uncertainties in these parameters can be reduced by using global data sets (e.g.,
TRY) [Kattge et al., 2011] for parameterizing vegetation turnover and carbon and nitrogen allocation. How-
ever the use of these data products is not straightforward because of the limited quantity of globally repre-
sentative samples (e.g., for carbon allocation), lack of observations that can directly translate to models (e.g.,
lack of data on vertical canopy specific leaf area (SLA) profiles), sampling biases (due to sampling at tar-
geted locations as opposed to globally representative samples), and large variability in the synthesized data
leading to large variability across similar plant functional types.

The new model simulations produced lower global GPP bias (compared to the Beer et al. [2010] FLUXNET-
MTE reference data set) of 41 gCm ™2 yr~ ' compared to a global GPP bias of 138 gC m ™2 yr~ ! predicted by
CLM4.5 during the same time period. CLM 4.5*'s GPP biases vary by region with some regions (e.g., Europe
and North America) having lower bias compared to CLM4.5 than other regions (e.g., Australia). CLM4.5* also
produced lower LAl and biomass biases compared to CLM4.5 with respect to reference data. We note that
the reference data sets we used to evaluate the predicted GPP distributions are themselves uncertain, since

GHIMIRE ET AL.

LEAF AND ROOT TRAITS IN CLM 609



QAG U Journal of Advances in Modeling Earth Systems  10.1002/2015ms000538

a.) Reference Annual WUE

C (kgH»0)™"
b.) CLM4.5 Annual WUE 95 {koHa0)

-1
c) CLM4.5* Annual wug ~ 9€ (KaH:0)

-

—0
gC (kgH0)™'

Figure 7. Spatial distribution of annual WUEgr (ratio of GPP to evapotranspiration) for (a) reference data, (b) default version of CLM4.5
(CLM4.5), and (c) modified version of CLM4.5 (CLM4.5%) aggregated across 1995-2004. The spatial patterns of CLM4.5* predicted WUE are
lower and closer to the reference data set compared to CLM4.5, especially in the higher latitudes.

they are based on applying a simple model to in-situ observations, and then extrapolating those predictions
using re-analysis climate forcing data. For example, the FLUXNET-MTE GPP data product is derived by inte-
grating flux tower net ecosystem exchange (NEE) observations with modeled ecosystem respiration and a
machine learning algorithm.

The new model structure in CLM4.5* removes the limitations of the CLM4.5 instantaneous nitrogen down-
regulation framework, which causes unrealistic dips in GPP diurnal cycles caused by unrealistic midday soil
mineral nitrogen depletion. The new model structure prognoses the photosynthesis-nitrogen relationship
and buffers the effect of fluctuations in the supply of nitrogen for photosynthesis. Nonetheless, we note

GHIMIRE ET AL.

LEAF AND ROOT TRAITS IN CLM 610



QAG U Journal of Advances in Modeling Earth Systems  10.1002/2015ms000538

that many qualitative behaviors of the model are similar between the new and old structures, e.g., GPP and
WUE increase in response to elevated CO, and nitrogen deposition. Thus, many key model predictions con-
cerning carbon cycle responses to global change are qualitatively robust with respect to differing mechanis-
tic representation of leaf carbon-nitrogen coupling.

Most land models impose fixed C:N ratios for different plant parts to represent the effect of nitrogen limita-
tion on plant productivity. However, a few land models (e.g., O-CN) predict dynamic C:N ratios based on car-
bon and nitrogen allocation to plant growth. The new model structure in CLM4.5* allows us to predict a
dynamic C:N ratio, and determine the influence of climate, nutrient availability, and CO, fertilization on this
ratio. However, we found unrealistically high C:N ratio for broadleaf deciduous boreal shrub and C, grass
plant functional types in CLM4.5*. We hypothesize that these values are related to either lower mortality
rates for these plant functional types in CLM, or the high slope of the V., and leaf nitrogen relationship in
the TRY database, which causes higher photosynthesis and carbon accumulation for a given amount of leaf
nitrogen. This high slope could be related to biases in the TRY database, which is based on targeted sam-
pling at particular locations (as opposed to random sampling globally across different biomes), or lack of
one-to-one correspondence between plant functional types defined in CLM and those reported in Kattge
et al. [2009]. Future work will focus on further improving the representation of mortality rates and the Vax
and leaf nitrogen relationship in CLM4.5%,

Our current model developments motivate several future areas of research in improving the representation
of nitrogen cycling in models. We would like to investigate how the seasonal phases of different processes
differ between CLM4.5 and CLM4.5*. We also intend to incorporate dynamic carbon and nitrogen allocation
(as opposed to fixed allocation) by integrating effects of resource availability and allometric constraints.
Another area of future research relates to incorporating the costs and investment of plant carbon in acquir-
ing, transporting, and storing nutrients including active nitrogen uptake, passive nitrogen uptake, nutrient
retranslocation, nitrogen fixation, and mycorrhizal association. Another area of research relates to the com-
petition for nitrogen amongst different consumers (e.g., plants and microbial immobilization) and nitrogen
transformations (e.g., nitrification, denitrification, and leaching) in the model. In most land surface models
that include nitrogen cycling, this competition is determined based on a relative demand and supply
approach whereby nitrogen is partitioned to different consumers and transformations either in series,
where one consumer takes up nitrogen based on its demand with the residual available to other consum-
ers, or in parallel by simultaneously partitioning the supply based on the relative demands of different con-
sumers and transformations. An improved alternative to partitioning nitrogen supply would rely on ECA
kinetics [Tang and Riley, 2013, 2015; Zhu and Riley, 2015; Zhu et al., 2015] that improves on the Michaelis
Menten kinetics by incorporating competition amongst multiple consumers for multiple substrates.

In this study, we have assessed carbon cycling. However, land surface processes can also feedback to cli-
mate via changes in evapotranspiration and albedo [Bonan, 2008]. The net climate impact of land surface
processes is spatially heterogeneous and depends on the net balance of carbon and nitrogen trace-gases,
evapotranspiration, and albedo feedbacks, all of which are strongly coupled with atmospheric processes.
Further work is needed for a comprehensive assessment of the impact of land surface feedbacks via carbon,
energy, and water cycles using a fully coupled ESM framework.

5. Conclusion

This study presents improvements in modeling leaf and root physiology and nitrogen allocation in CLM4.5.
The model structural improvements in leaf physiology use global relationships for leaf nitrogen and photosyn-
thetic traits (e.g., Vemax). These improvements replace the GPP downregulation model framework that reduces
GPP if nitrogen is limiting. In the new CLM4.5* model structure, nitrogen impacts on GPP are predicted
directly with leaf nitrogen content, which is affected by root traits that affect plant nitrogen uptake. The repre-
sentation of root physiology was improved by incorporating root traits related to nitrogen uptake efficiency
and root biomass, and using Michaelis-Menten reaction kinetics to represent root and microbe competition.
The new model structure also incorporates a flexible carbon to nitrogen ratio, and improved carbon allocation
for tropical regions that is consistent with field-based data [Malhi et al., 2011].

We evaluated the model against multiple reference data sets for GPP, LAl, and biomass and a wide suite of
metrics using the ILAMB package. CLM4.5* has lower bias for GPP, LAIl, and biomass compared to the
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baseline version of CLM4.5. The mechanistic representation of leaf-level nitrogen allocation and a theoreti-
cally consistent treatment of plant nitrogen uptake lead to overall improvements in CLM4.5’s global carbon
cycling predictions. Several follow-on research areas are described, including incorporating dynamic carbon
and nitrogen allocation, carbon costs of nutrient acquisition, mechanistic representation of plant and micro-
bial competition for nutrients, and optimal allocation of leaf nitrogen for sub-processes in photosynthesis
and respiration.
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