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Abstract

Earth System Models (ESMs) have implemented nitrogen (N) cycles to account for N
limitation on terrestrial carbon uptake. However, representing inputs, losses and recycling
of N in ESMs is challenging. Here, we use global rates and ratios of key soil N fluxes,
including nitrification, denitrification, mineralization, leaching, immobilization and plant
uptake (both NH4" and NO3"), from the literature to evaluate the N cycles in the land
model components of two ESMs. The two land models evaluated here, ELMvI-ECA and
CLMS5.0, originated from a common model but have diverged in their representation of
plant/microbe competition for soil N. The models predict similar global rates of gross
primary productivity (GPP) but have ~2 to 3-fold differences in their underlying global
mineralization, immobilization, plant N uptake, nitrification and denitrification fluxes.
Both models dramatically underestimate the immobilization of NO3™ by soil bacteria
compared to literature values and predict dominance of plant uptake by a single form of
mineral nitrogen (NO3™ for ELM, with regional exceptions, and NH4" for CLM5.0).
CLMS5.0 strongly underestimates the global ratio of gross nitrification:gross
mineralization and both models likely substantially underestimate the ratio of
nitrification:denitrification. Few experimental data exist to evaluate this last ratio, in part
because nitrification and denitrification are quantified with different techniques and
because denitrification fluxes are difficult to measure at all. More observational
constraints on soil nitrogen fluxes like nitrification and denitrification, as well as greater
scrutiny of the functional impact of introducing separate NH4" and NO3™ pools into
ESMs, could help improve confidence in present and future simulations of N limitation

on the carbon cycle.
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Introduction

Coupled carbon-climate models have been faulted for overestimating the capacity of the
land biosphere to absorb fossil CO> by neglecting nitrogen (N) limitation [e.g., Hungate
et al., 2003; Zaehle et al. 2014; Wieder et al. 2015]. However, model simulations of N
limitation are challenged by the complexity of the N cycle and by limited understanding
of plant-soil-microbial competition for N [e.g., Thomas et al. 2015; Zhu et al. 2017,
Sulman et al. 2019]. The soil dynamics governing N limitation of the terrestrial carbon
(C) cycle are intricately related to multiple processes, including soil N mineralization,
immobilization, nitrification and denitrification. Accurate representation of these
processes is important for credible future projections of the coupled C-N cycle and the

ability of terrestrial ecosystems to sequester fossil carbon.

Experimental data are commonly used to parameterize N cycle processes in global land
models [Cleveland et al., 1999; Del Grosso et al., 2000; Parton et al., 2001; Kattge et al.,
2009]. However, these parameterizations are based on observed relationships, often from
laboratory incubations, at a limited number of sites, which are assumed to apply globally
without post hoc evaluation of that assumption. Furthermore, while experimental data
have been used to evaluate some aspects of modeled C-N cycling, such as NO3™ leaching

or effects on plant growth, they are seldom used to evaluate mineralization,



immobilization and nitrification [Zaehle et al., 2010; Thomas et al., 2013a; Zhu et al.,

2017; Cheng et al., 2019; Wieder et al., 2019].

Experimental approaches toward quantifying mineralization, immobilization and
nitrification have evolved over time, with an expansion from a focus on net fluxes
measured using “buried bag” techniques to also measuring gross fluxes using isotope
("°N) pool dilution techniques [Schimel and Bennett 2004]. Buried bag techniques
assume that plants are poor competitors for available soil N and can only access the N left
over after microbial demands are met. These techniques involve incubating soil cores in
a polyethylene bag that prevents NO3™ leaching losses as well as N uptake by tree roots.
The measured net changes in NH4" concentration and NOj3™ concentration within the bag
over the incubation period compared to the start are assumed to equal net mineralization

and net nitrification, respectively [ Nadelhoffer et al., 1983; 1984; Robertson et al. 1999].

Isotope ('°N) pool dilution studies have challenged the assumptions of buried bag
techniques by revealing substantial rates of gross mineralization and gross nitrification in
systems without obvious or evident net accumulation of mineral N in either oxidized
(NO3") or reduced (NH4") form [Davidson et al. 1992, Hart et al. 1994b, Neill et al.
1999]. Isotope dilution, which is described in more detail below, involves small
additions of '°N to a pair of soil cores, and observation of the change in >N composition

of the inorganic N pool between an initial and incubated core.



Denitrification is an additional land model output that is rarely evaluated against
observations. Denitrification is inherently challenging to measure due to its high degree
of spatial and temporal heterogeneity. Furthermore, its end product N> composes most of
the atmosphere, making it impossible to directly detect the resulting small increases in
N> concentrations [Groffman et al., 2006, Morse et al., 2015a,b]. N>O, an intermediate
gas produced during denitrification, is more easily and commonly measured than No».
However, N>O is also produced by nitrification but the mechanism of N>O production is
not discernible by conventional flux chamber methods [e.g., Groffiman et al., 2006;
Burgin and Groffman, 2012; Wieder et al., 2011]. Consequently, N>O fluxes are not
necessarily a reliable metric of the underlying nitrification and denitrification fluxes,
especially since uncertain assumptions must be made about the percent N>O yield of each
process [Del Grosso et al., 2000; Xu-Ri and Prentice, 2008]. However, new
experimental techniques may allow N>O fluxes due to nitrification and denitrification to

be more easily distinguished [/braim et al., 2020].

Among all the ESMs participating in the fifth phase of the Coupled Model
Intercomparison Project (CMIPS5), only two had land model components that attempted to
represent nitrogen limitation on terrestrial C—N biogeochemistry: the Community Earth
System Model (CESM) [Thornton et al., 2009; Koven et al., 2013] and the Norwegian
Earth System Model-ME (NorESM1) [Tjiputra et al., 2013]. Both CESM and NorESM 1
used the Community Land Model (CLM) version 4.0 [ Thornton et al., 2009] as their
terrestrial ecosystem model. Both predicted substantially lower net C uptake and storage

compared to the full suite of carbon-only climate models [ Wieder et al., 2015, 2019].



CLM4.0 was an early version of CLM that did not distinguish between NH4" and NOs’
pools or explicitly model nitrification. Model evaluations to date for CLM4.0 and its
successors (CLM4.5 and CLMS5.0) indicate that this model overestimates losses of N to
denitrification while underestimating loss of N to leaching [ Thomas et al. 2013a; Houlton
et al. 2015; Cheng et al. 2019].

In this paper, we review the scientific literature for ratios between mineralization,
immobilization, nitrification, denitrification, leaching and plant uptake, and how these
fluxes are partitioned between the two major mineral N species, NOs™ and NH4". We
focus primarily on flux ratios rather than individual fluxes to better examine fundamental
relationships among fluxes and because individual flux magnitudes vary widely across
different ecosystems and overall global flux totals are not well known. We compare the
observed ratios to output from two ESM land model components, ELMvI1-ECA and
CLMS5.0, both of which evolved from CLM4.5. This exercise reveals some major
discrepancies between model and observations, particularly with respect to nitrification

and microbial NO3™ assimilation.

Methods

Definition of fluxes and observational data

Our literature search for observed soil N fluxes and flux ratios was focused on
mineralization, immobilization, nitrification, denitrification, leaching and plant uptake,
and the partitioning of these fluxes between the two major mineral N species, NO3™ and
NH4" (Figure 1). We use the conventional definitions of gross mineralization as the

release of NH4" from organic matter during soil decomposition; immobilization (also



called assimilation) as the uptake of NO3™ or NH4" by decomposing microbes, generally
during the conversion of plant litter into soil organic matter; gross nitrification as the
oxidation under aerobic conditions of NH4" to NOs", largely by autotrophic bacteria, who
gain their energy from this reaction; and denitrification as the heterotrophic reduction of
NOs™ to N2, N2O and other gaseous forms, resulting in loss of fixed N from soil.
Denitrification is carried out under low-oxygen conditions by bacteria that use organic
carbon as their energy source. We also consider gross primary production (GPP), a
carbon flux defined as the amount of CO» fixed by plants into organic carbon (minus
their autotrophic respiration needs), which we use to sort model nitrogen fluxes into

higher and lower productivity grids.

Many of our observational N flux ratios were taken from the isotope (!*N) pool dilution
meta-analysis of Booth et al. [2005]. Isotope dilution involves small additions of '°N to
a pair of soil cores, and observation of the change in >N composition of the extractable
inorganic N pool between an initial and incubated core, as production of unlabeled ('*N)
from mineralization or nitrification dilutes the initial >N label. The method requires
assumptions that gross rates remain constant throughout the assay and that no significant
recycling of labeled N into the substrate pool occurs. Gross and net mineralization rates
of NH4" are computed using the isotope dilution model of Kirkham and Bartholomew
[1954]. Immobilization of NH4" is calculated as the difference between gross and net
mineralization. Similar equations are used to estimate gross and net nitrification and

immobilization of NO3™ [Davidson et al., 1992].



The meta-analysis of Booth et al. [2005] assembled data on gross nitrification,
mineralization and immobilization from 100 isotope dilution studies conducted in forest,
shrubland, grassland, and agricultural land, representing a wide variety of ecosystems.
Booth ef al. made scatterplots of various log-transformed fluxes and used the regression
slopes to quantify the relationships (i.e., ratios) between fluxes. In most cases, a single
ratio was reported without error bars, although the scatterplots indicated a substantial
range of uncertainty in the flux relationships. Booth ef al. did not attempt to estimate
global annual mean mineralization, nitrification or immobilization fluxes, suggesting
these global totals are not well known. We assumed that their flux ratios could be fairly
compared to the global model results from the ESMs described below, although their
dataset may not have represented all ecosystems, e.g., tropical forests, in proportion to
their relative global abundance. Another important caveat is that isotope dilution
experiments are carried out in soil cores (i.e., with no competition from plant uptake),

whereas plants compete with microbes for mineral N in the ESM results.

We also considered the two primary N loss pathways from soil, leaching and
denitrification, in our literature search. Common techniques to measure denitrification
empirically include (1) acetylene-based methods, (2) !N tracers, (3) direct

N> quantification in the lab, (4) N2:Ar ratio quantification, and (5) mass balance
approaches [Groffman et al., 2006]. All of these methods have their own set of strengths
and weaknesses. Globally, bottom-up estimates of terrestrial denitrification amount to ~
100 TgN/yr, although with high uncertainty [ Galloway et al., 2004; Gruber and
Galloway, 2008]. Our literature search yielded only limited information about global flux

ratios involving denitrification, due to the inherent difficulties of measuring



denitrification. Concurrently measured nitrification:denitrification ratios were
particularly difficult to find. However, the ratio of nitrification:denitrification is easily
computed from land model output and is a potentially useful metric of the relative rate of

recycling vs. loss of NOs™ (Figure 1).

Leaching, defined as the loss of soluble NO3™ from soil to groundwater, streams and
rivers, is more readily measured than denitrification, based on regular monitoring of
streamflow and dissolved N concentrations in streams and rivers [Kroeze and Seitzinger,
1998; Seitzinger et al., 2005; Yanai et al., 2013]. Bottom-up extrapolation of such
measurements yields global leaching estimates on the order of 100 Tg N/yr, which, when
combined with (highly uncertain) bottom-up estimates of denitrification, gives a global
denitrification: NO3™ leaching ratio in the range of 1:1 [e.g., Galloway et al., 2004].
Houlton and Bai [2009] proposed an alternative method based on isotopic data to
estimate the global denitrification: leaching ratio, obtaining a value of 0.5. Their ratio
suggests that (only) ~1/3 of N lost from the non-agricultural terrestrial biosphere is
denitrified, implying that the other ~2/3 is lost through leaching. Note that the Houlton
and Bai [2009] definition of N leaching also includes organic and particulate N leaching,
which may account for more than half of all N leaching [Seitzinger et al., 2005; Thomas
et al., 2015]. However, only NO3™ leaching is represented in the two land models

considered here.

Two additional N fluxes considered in our study, plant uptake of NH4+" and NOs", are

difficult to measure directly. Total plant N uptake is commonly estimated by measuring



components of plant NPP, then multiplying by the N concentration of each tissue

[ Whittaker et al. 1979]. Other techniques, which allow for the distinction between NO3”
and NH4" uptake, include adding alternatively "’NH4" or 1’NOs fertilizer to soil and
measuring the accumulation of >N in plant tissues [Daryanto et al., 2018]. These studies
have found wide variability in plant preference for NH4" vs. NOs", depending on plant
type and other environmental parameters [Zhang et al., 2018]. In principle, plant uptake
of NH4" is more energetically efficient than uptake of NOj3", since NH4" can be directly
incorporated into glutamate, whereas NO3™ must be reduced before assimilation.
Conversely, NO3™ is generally considered to be more mobile in soil and thus potentially
more accessible to plants, although this is not necessarily true in N-limited conditions

where NOs™ levels are low [ Wang and Macko, 2011].

Model analysis

Historical simulations of the ELMv1-ECA and CLMS5.0 land models were run from 1850-
2010, using historical N deposition [Lamarque et al. 2005], atmospheric CO> forcing from
Mauna Loa and land use change (without agricultural N inputs) [Lawrence et al., 2019;
Zhu et al., 2019]. The mean and standard deviation of the last 11 years (2000-2010) of
these historical simulations were used to approximate present-day condition of the modeled
N cycle. Meteorological forcing for both ELM and CLMS5.0 came from the Global Soil

Wetness Project (GSWP3 version 1, http://hydro.iis.u-tokyo.ac.jp/GSW P3/), with forcing

data available from 1901-2010 and cycled over 1901-1920 for years prior to 1901. To
initialize the historical simulations, each model was spun up to steady state in 1850 using
accelerated decomposition techniques and fixed preindustrial CO,, land use and

atmospheric N deposition [Lawrence et al., 2019]. Simulated N fluxes were sampled



including gross mineralization, gross nitrification, denitrification, leaching, immobilization
and plant uptake, with the latter two fluxes partitioned into NHs" and NOs". The linearity
of relationships among the above fluxes was analyzed based on scatterplots of global
annual mean data, one flux plotted against another. Where possible, key global flux ratios,
e.g., gross nitrification:gross mineralization, were calculated based on the slope of a
Deming regression fit to the scatterplot [Nagy, 2020]. The Deming regression is similar to
a standard least squares regression but assigns the same uncertainty to the X and Y axis
variables, rather than assuming all error is in the Y variable. When the flux relationships
were not linear, the ratio of the total global fluxes was calculated as an alternative metric.
Finally, the model flux ratios were compared to available measurements from the literature

[Booth et al., 2005].

Community Land Model v. 4.5, common ancestor

The Community Land Model (CLM) is the terrestrial component of the Community Earth
System Model (CESM). The coupled carbon/nitrogen cycle was introduced into CLM by
Thornton et al., [2002], with various updates over the years [ Thornton and Rosenbloom,
2005; Thornton et al., 2009]. The updates include a major revision by Koven et al.

[2013] to create CLM-BGC (biogeochemistry) v4.5, which resolves soil biogeochemistry
vertically and separates soil mineral nitrogen into explicit NH4" and NOs™ pools. CLM-
BGC v4.5 is the common ancestor of both models used in the current study, CLM v5.0

and ELMv1-ECA.

ELMvI-ECA



ELMv1-ECA is the terrestrial land model component of the E3SM earth system model
[Golaz et al., 2019; Zhu et al., 2019]. ELMvI1-ECA has departed from its parent model
CLM-BGC 4.5 in various ways, but particularly with respect to the treatment of soil C-N
biogeochemistry. ELMvI1-ECA represents below-ground nutrient competition between
plants, soil microbes and mineral surfaces using the Equilibrium Chemistry
Approximation (ECA), a functional coupling strategy to represent the multiple-
consumer, multiple- substrate competition network composed of plant roots, soil
microbes, and abiotic protection mechanisms [7ang and Riley, 2013; Zhu et al., 2017,
Medvigy et al., 2019]. The ECA scheme explicitly represents root traits that control
nutrient acquisition, including root nutrient carrier enzyme kinetics; activation and
deactivation of nutrient carrier enzymes controlled by plant nutritional level; direct plant
competition with other soil microbes; and nutrient carrier enzyme-mediated resource
uptake preference for NH4s" and NOs™. ELM includes nutrient limitation as part of a
generic dynamic allocation scheme based on water, light, N and phosphorus (P)
availability. The model uses flexible plant C:N:P nutrient stoichiometry, including
dynamic leaf C:N stoichiometry, with regulation of root nutrient uptake that maintains
plant tissue nutritional levels within the range of observed natural variability [Zhu et al.,
2020]. Since the variables pertaining to plant uptake and microbial immobilization of
NH4" and NOs™ were vertically resolved in ELM output, we integrated these over the soil

column for our analysis.



CLMv5.0

In contrast to ELMv1-ECA, soil decomposition processes and plant/microbe competition
are relatively unchanged in CLM5.0 with respect to CLM4.5. Both versions of CLM use
an equal competition scheme in which potential rates of nitrification, plant uptake and
microbial immobilization of NH4" at each soil depth are computed and then reduced
proportionally to match available mineral NHs" [Zhu et al., 2017]. Next, potential rates
of denitrification, plant uptake and microbial immobilization of NO3™ are computed and
reduced proportionally to match available NO3™. Finally, any remaining residual NOs"
becomes available for leaching, in an algorithm dependent on soil dissolved NO3

concentration, surface runoff and subsurface drainage.

However, CLMS5.0 also differs from CLM4.5 in multiple ways, including with respect to its
representation of soil and plant hydrology, agriculture, and plant N uptake [ Badger and
Dirmeyer, 2015; Levis et al., 2016; Ghimire et al., 2016; Lawrence et al., 2019]. Of
particular interest for our study, the treatment of biological nitrogen fixation has been
overhauled to incorporate the Fixation and Update of Nitrogen (FUN) model [Fisher et al.,
2010; Shi et al., 2016]. FUN is predicated on the concept that N uptake requires the
expenditure of energy in the form of carbon, and that plants will select among various
potential sources of N for those that are most energetically efficient. FUN calculates the
rate of symbiotic N fixation and delivers this N directly to the plant, bypassing the mineral
N pool. It also calculates a separate free living N> fixation flux based on ecosystem

evapotranspiration that is delivered to the soil NH4" pool, following the old CLM4.5



scheme. Plant uptake of NH4" and NOj3™ in FUN is quantified with a new set of variables

that distinguish active uptake via symbiotic N> fixation versus non-mycorrhizal uptake.

Results

ELMvI1-ECA (hereafter referred to as ELM) and CLMS5.0 (hereafter referred to as CLM)
have very similar global rates of GPP, N» fixation and N deposition (Table 1). In contrast
they have substantial (~ 2-fold) differences in their rates of gross mineralization (1322
and 2317 Tg N/yr), immobilization (874 and 1550 Tg N/yr) and total plant N uptake (375
and 887 Tg N/yr) (Table 1). Immobilization occurs almost entirely via NH4" in both
models. Plant N uptake is also highly polarized toward a single form of inorganic N in
the two models, but to opposite forms (Tables 1). The large majority of plant uptake in
CLM occurs via NH4", whereas NOs™ dominates plant uptake in ELM in most
ecosystems, with a notable exception in the tropics, where NH4* dominates (Figure 2a,b).
In comparison, the available experimental data are variable and suggest that plants can
prefer either mineral N species, depending on plant type and environmental conditions
[Daryanto et al., 2018; Zhang et al., 2018]. Zhang et al. noted that plants originating
from strongly acidic soils, such as in the humid subtropics, tend to prefer NH4", but that
plants originating from alkaline soils, such as in arid and semi-arid regions, tend to prefer

NOs.

The models differ in their absolute gross nitrification rates, with ELM exceeding CLM by
a factor of 3 (Table 1). They also differ in the fraction of NH4" produced by gross
mineralization that is subsequently nitrified (Figures 2¢,d). ELM predicts that 37% of

gross mineralization is nitrified (Table 2, Figure 1), with a positive, mainly linear



relationship between gross nitrification and gross mineralization in grids with lower GPP,
but a nonlinear relationship at higher GPP. This nonlinearity is largely due to productive
tropical regions where less than 10% of gross mineralization is nitrified (Figure 2c; 3a).
CLM predicts that only 7% of gross mineralization is nitrified on global average, with
little distinction between the tropics and the rest of the world (Table 2, Figure 1). In
contrast, the isotope dilution meta-analysis of Booth et al. [2005] found that gross
nitrification was a non-linear function of gross mineralization ranging from 63% at low

gross mineralization rates to 19% at high gross mineralization rates.

Both ELM and CLM predict a strong linear relationship between NH4" immobilization
and gross mineralization (Figure 3a,b). In both models, NH4" immobilization accounts
for 67% of gross NH4" mineralization (Figure 1, Table 2). In comparison, the observed
NH4" gross immobilization:gross mineralization relationship is also strong and linear,
with a somewhat larger slope of 84% [Booth et al., 2005]. However, these observations

are from isotope dilution studies that exclude competition from plant NH4" uptake.

Plants are not insignificant competitors for NH4" compared to microbes in the models,
especially CLM. Table 2 shows that nitrification, immobilization and plant uptake
account for 37%, 67% and 9% (ELM) and 7%, 67% and 35% (CLM), respectively, of
NH4" produced by gross mineralization. (These totals add up to 113% and 109% for
ELM and CLM, respectively, because plants and soil bacteria draw from additional
sources of NH4", e.g., existing soil reserves, such that NH4" production and consumption

are not in exact equilibrium.)



A particularly interesting result in both ELM and CLM is that NO3™ immobilization is
small to negligible (Tables 1) and accounts for < 1% and < 4% of NO;3™ produced by
nitrification, respectively (Table 2). In contrast, the Booth et al. [2005] meta-analysis
found that microbial NO3™ immobilization accounted for about 59% of gross nitrification

and that the two fluxes were positively and linearly correlated to NO3™ production.

Loss to denitrification is the single largest fate of NO3™ in CLM and is also an important
fate in ELM, which has an absolute rate of denitrification more than twice as high as
CLM (Table 1). In the most productive ecosystems, such as broadleaf forests and
tropical rainforests, the nitrification:denitrification ratio in CLM approaches 1:1,
implying nearly 100% of nitrification results in denitrification (Figure 2f). Furthermore,
nitrification rates tend to be relatively low in grid cells with high GPP, rarely exceeding 4
gN/m?/yr (Figure 3d; Appendix S1: Figure S1). Similarly, in ELM the
nitrification:denitrification ratio is generally lowest in productive ecosystems, although
with a notable exception in tropical South America and a small area of tropical Africa,
where the ratio exceeds 10:1 (Figure 2¢e). This seems to be largely a small denominator
effect associated with moderate nitrification rates and low denitrification rates in those
regions (Appendix S1: Figure S1). Both models predict large nitrification:denitrification
ratios of 10:1 in mountain and desert regions, where absolute rates of both fluxes are low
and soils are too dry or depleted in carbon for denitrification to occur (Figure 2e,f;
Appendix S1: Figure S1). ELM and CLM nitrification:denitrification ratios are 2.04 and
1.88, respectively, when computed as a scatterplot slope, which de-emphasizes points

that cluster near the origin, e.g., mountain and desert regions (Figure 3¢,d). When



computed from the simple ratio of global totals, these regions bring up the
nitrification:denitrification ratio to 2.7 in ELM and 2.1 in CLM (Table 2), meaning that
globally 37% and 47% of nitrification results in denitrification in ELM and CLM,

respectively.

Plant uptake accounts for most of the remaining half of NO3™ produced by nitrification in
in both models (Table 2). However, due to the low absolute nitrification flux in CLM,
NO3™ accounts for only a small fraction (~8%) of total plant uptake. In ELM, where the
absolute nitrification flux is much larger, plant NO3™ uptake accounts for about 68% of

total plant N uptake (Tables 1 and 2).

Leaching is a relatively minor fate of NO3™ in both models, accounting for about 10% of
nitrification. Again, due to the much higher rates of nitrification in ELM, this translates
to absolute fluxes of 50 Tg N/yr and 14 Tg N/yr in ELM and CLM, respectively. Both
models predict that denitrification dominates leaching as the major loss mechanism for

NOs, by a 3.5:1 and 5:1 ratio in ELM and CLM, respectively (Tables 1 and 2).

Discussion

In principle, the introduction of separate NH4" and NOs™ pools, linked by nitrification,
into land models has led to a more realistic simulation of the nitrogen cycle and its
regulation of the carbon cycle. In practice, the ELM and CLM models evaluated in this

study predict some surprising results, most notably widely different nitrification:gross



mineralization ratios, neither of which agree well with available observations, near

negligible NO3™ immobilization rates and, lastly, low nitrification:denitrification ratios of
close to 2:1. The latter seem at odds with the conceptual understanding of nitrification as
mechanism for recycling fixed N through plants and soil vs. denitrification as an external

or permanent loss of fixed N from soil.

As noted above, nitrification and denitrification traditionally are measured with very
different experimental approaches and denitrification is difficult to measure at all.
Consequently, these two fluxes are rarely reported concurrently in the literature, making
it difficult to critically evaluate the ELM and CLM results. However, our companion
paper [Nevison et al., 2022] based on observations at the Hubbard Brook LTER in New
Hampshire, suggests a nitrification:denitrification of 14:1 [ Morse et al., 2015b; Durdn et
al.,2016; Darby et al., 2020]. Although this value involves a wide range of uncertainty,
it supports the conceptual understanding that a recycling flux should be substantially
larger than a loss flux. The global denitrification flux predicted by CLM is 74 TgN/y
(Table 1), in the same ballpark as previous estimates [Galloway et al., 2004], suggesting
the primary reason for the low CLM nitrification:denitrification ratio may be inadequate
nitrification (although the true global nitrification rate is not well known). In contrast, the
low nitrification:denitrification ratio in ELM may result from some combination of low

nitrification and a relatively large (179 TgN/yr) denitrification flux.

The lack of substantial NO3~ immobilization in both CLMS5 and ELM is intriguing, given
the two models’ very different approaches to plant/microbe competition for inorganic N.

Empirical studies have shown that NO3™ immobilization can be an important pathway for



NOs" retention in some ecosystems, such as mature forests [Davidson et al., 1992]. Thus,
the surprisingly low microbial NO3™ immobilization flux in both ELM and CLM may
result in excessive loss of NO3™ through the pathways of leaching and denitrification. The
small-to-negligible NO3™ immobilization fluxes, together with the low
nitrification:denitrification ratios in both models, raise questions about whether the
introduction of separate NH4" and NO3™ pools into land models has truly led to a more

realistic coupled C-N cycle.

The global ratio of denitrification: NO3™ leaching also appears at odds with observations
in both models, although again observational constraints are scarce. It should be noted
that the mechanism of NO3 loss (i.e., denitrification vs. leaching) in principle is a
separate issue from unrealistic plant and/or immobilizer NO3™ uptake. Imbalances
between denitrification and leaching per se do not necessarily affect the functional
influence of inorganic nitrogen on the model carbon cycle. Indeed, Gerber et al. [2010]
argue that it is not necessary to distinguish leaching and denitrification of NO3™ to
accurately model C-N interactions. However, such imbalances render the two primary
inorganic N loss terms difficult to evaluate against observations. Furthermore, the two
loss mechanisms are not on equal footing in CLM, since denitrifiers compete directly
with plants and immobilizing bacteria for NO3™ while leaching occurs only when excess

NOs3™ remains in soil.

The observational constraints on the denitrification:leaching ratio, while quite uncertain
themselves, fall in the range of 0.5 to 1.0 (Table 2). Thus they appear incompatible with

the ELM denitrification:leaching ratio of 3.5 and the CLM ratio of 5:1. Previous



evaluations of CLM output have come to a similar conclusion, i.e., that the model
overestimates the fraction of fixed N lost from terrestrial ecosystems due to

denitrification at the expense of leaching [ Thomas et al., 2013a; Houlton et al., 2015].

Our findings provide insight into model/observed discrepancies with respect to retention
of N added in fertilization experiments, using various versions of CLM and comparing
model results to observed '°N tracer addition studies at northern temperate and boreal
forest sites. These studies generally have found that CLM overestimates the fraction of
added N recovered in vegetation while underestimating the fraction recovered in soil
[Thornton et al., 2009; Thomas et al., 2013a,b; Cheng et al., 2019]. Thomas et al.,
[2013b] used an earlier model version, CLM4.0, which lacked vertically-resolved soil
biogeochemistry and did not explicitly model NOs™ and NH4" as separate pools, and
consequently prescribed denitrification in an ad hoc manner as a fraction of excess soil
inorganic N. That study found that CLM4.0 overestimated the responsiveness of
aboveground NPP to N additions but ultimately underestimated total ecosystem N
retention, particularly in soils, likely because it overestimated the loss of soil N to

denitrification.

A more recent study with CLM5.0, which uses an empirically-based parameterization for
denitrification of NO3™ [Del Grosso et al., 2000], found a similar tendency of the model to
overestimate the amount of N recovered in plants, by a factor of 2 above observed plant
recovery in '°N tracer addition experiments, and correspondingly to underestimate
recovery of N in soil [Cheng et al., 2019]. Furthermore, soil N recovery in the model

was not due to direct immobilization of added N but rather proceeded indirectly via the



cycling of N through plants, in contrast to the results of tracer studies. Both the Thomas
et al. [2013b] and Cheng et al. [2019] results are consistent with some of the CLM5.0
behaviors described in our study, including excessive denitrification and very low NO3

immobilization rates.

It is unclear how strongly the N cycle disparities identified in our study influence the
carbon cycle in the two models examined here. ELM and CLM have quite similar global
GPP rates (109 and 117 PgClyr, respectively), despite global rates of nitrification that
differ by a factor of 3 and global rates of plant N uptake, immobilization, mineralization
and denitrification that differ by about a factor of 2. These differences speak to the fact
that the global rates of these N fluxes are not well known. Overall, the ELM vs. CLM
comparison suggest that models with different underlying N cycles can yield relatively

similar carbon cycle results.

Conclusion

Comparison of soil N flux ratios in two ESM land models against observations reveals
some interesting model deficiencies, particularly for processes involving soil NOs3".
While the two models employ very different strategies for modeling plant/microbe soil N
competition, both models dramatically underestimate NO3™ assimilation by immobilizing
bacteria. This may lead to exaggerated alternative fates, particularly denitrification, for
NOs". Both models simulate nitrification:denitrification ratios of ~ 2:1, which are likely
unrealistically low. In addition, CLM predicts that only 7% of gross mineralization

results in nitrification, well below observed values (19-63%), and consequently that NH,"



accounts for > 90% of plant uptake. In contrast, ELM predicts that nitrification accounts
for 37% of gross mineralization, with the main effect of shifting plant uptake toward
dominance by NO3™ (except in the tropics). These disparate soil N dynamics underlie

models that otherwise predict similar rates of GPP.

Our study highlights the need for more observational estimates of soil nitrogen fluxes and
flux ratios for evaluating ESMs and improving confidence in their simulation of N
limitation on the carbon cycle. We note that certain key fluxes like denitrification are
inherently uncertain and difficult to measure directly, while others such as NO3™ leaching
losses to streams and N>O production are more routinely measured. Model-data
comparison of soil N fluxes could prove especially useful for guiding models with

respect to the introduction of more sophisticated N cycle dynamics involving separate
NH4" and NOs™ pools. In principle, these new dynamics should improve the simulation of
the coupled nitrogen-carbon cycle, but our results suggest that more attention is needed to

the actual impact of separate NH4" and NO3™ pools on ESM results.
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Table 1. ELM v. CLMS5 global N cycle flux totals, mean and standard deviation for 2000-

2011
(Pg Clyr) (Tg N/yr)
ELMv1-ECA CLMS.0 ELMv1-ECA | CLMS.0
Global C Flux
GPP 109 +2 1172
Global N Flux
N> Fixation 96 + 4 93+ 1
N Deposition 63+0.4 63+0.4
Gross 1322 +£24 2317 £ 40
Mineralization
Total Plant Uptake 375+ 7 887** &
17

NH4" Plant Uptake 121 +4 761 + 16

NOs™ Plant Uptake 253£5 70 £2
Total 874 £ 15 1550 £22*
Immobilization

NH4" 872+ 14 1582 +36*
Immobilization

NOs’ 2+04 5.5+
Immobilization 0.8*
Gross Nitrification 486 + 11 157+5




Denitrification 179 £ 8 74+ 3

Leaching 50£3 14+ 1

* Total immobilization is from an archived historical simulation of CLM5.0 averaged over
2000-2010 [Lawrence et al., 2019]. NH4" and NOs™ immobilization fluxes were not
included in the archived output and thus were obtained as vertically-resolved fluxes from
a separate 11-year simulation, initialized in 2000 from the archived simulation. These
were integrated over the soil column to compute the NH4" and NOs™ immobilization
fluxes reported in Table 2. Their sum, 1587.5 Tg N/yr, is slightly different from the

archived total immobilization flux.

** Includes 55 + 1 TgN/yr fraction of N> fixation flux that goes directly to plants

(without passing through soil) under FUN scheme.



Table 2. ELM v. CLMS5 global N cycle flux ratios based alternatively on the ratio of

global annual totals and the Deming correlation slopes of global annual scatterplots

ELMv1-ECA CLMS5.0
Correlation Correlation
Flux Ratio Observed qubal Slope R qubal Slope R
ratios ratios
Gross .
Nitrification:Gross 0.19-0.63 0.37 0.30 0.60 | 0.07 0.05 0.34
Mineralization
NH4*
Immobilization: 0.84 0.67 0.67 0.98 | 0.67 0.67 0.99
Gross
Mineralization
NH4" plant
uptake/ N/A 0.09 0.14 0.75| 0.33 0.37 0.92
Gross
mineralization
NOs 059 | <0.01 | <001 036 0.0 0.0
Immobilization:
Nitrification
Nitrification: N/A 2.7 2.04 0.94 2.1 1.88 0.85
Denitrification
N.O3.' plaqt uptake: N/A 0.55 0.49 0.82 | 0.44 0.48 0.76
Nitrification
NO;" plant uptake: | ®0.48-0.81 0.68 0.57 0.67 | 0.08 0.05 0.19
Total plant uptake
Denitrification: ¢~0.5 3.5 6.4 0.20 5 0.86 0.04
NOs™ leaching

Notes. Observations are mean ratios derived from slopes of Deming regressions from
Booth et al., [2005] (gross N cycling from '°N pool dilution) unless otherwise noted. The
nitrogen flux ratios reported here are quantified alternatively based on the Deming
regression slopes of scatterplots of model annual mean fluxes, plotted one against the
other, and alternatively, based on the simple ratio of global annual mean results. In

general, we prefer the regression slope results, for consistency with Booth et al. [2005]



and report those in bold font, while reporting the global ratios in regular font. The flux
ratios are generally consistent across the two approaches, except in cases where the
correlation coefficient between the two fluxes is weak (R < 0.8) or visibly nonlinear, e.g.,
gross nitrification:gross mineralization in ELM (Figure 3). In such cases, the regression
slope is less meaningful and the font weighting scheme is reversed in Table 2 to

emphasize the simple ratio of global flux totals.

& Booth et al., 2005 reported gross nitrification:gross mineralization as a range of values
due to the nonlinearity of the relationship.
® Nadelhoffer et al., 1984; Zhang et al., 2018.

¢ Houlton and Bai, 2009.



Figure Captions

Figure 1. Schematic of coupled carbon-nitrogen cycle, with labeling of principal nitrogen
fluxes considered in this study. The orange box around soil NH4" and soil NO3
represents total soil inorganic nitrogen. Global annual fluxes for ELM and CLM are
given in green and purple font, respectively, both as absolute annual values and (in
parentheses) as a percentage of gross N mineralization. N deposition is treated as an
external flux in the models but in principle can derive from recycled NOx and NH3

emissions.

Figure 2. Comparison of annual mean plant N uptake, as the ratio of NH4":total N uptake
(a,b), the ratio of gross nitrification:gross mineralization (c,d), and the ratio of

nitrification:denitrification (e,f) in ELM (left column) and CLM (right column).

Figure 3. Scatterplot of annual mean gross nitrification vs. gross mineralization (a,b) and
gross nitrification vs. denitrification (c,d) from all model grid points for ELM (left
column) and CLM (right column). Data are color-coded, with cyan circles indicating
more productive grid cells where GPP > 1.5 kgC/m?/yr. Red lines and text show linear

regression slopes and correlation coefficients. Black curve in c,d shows the 1:1 line.
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