Kou-Giesbrecht et al., presented a new version of GFDL land model that considers symbiotic
fixation, competitive interactions between fixer and non-fixer plants. The model development is
convincing and well explained, while the following up model evaluation needs to be improved,
more discussions are needed to clarify the simulated C/N dynamics. Below are my major
comments and some specific suggestions.

1. Since the major development is N2 fixation, it will be good to emphasize the model evaluation
more on N2 fixation. Figure 6 showed that the LM4.1-BNF capture asymbiotic fixation rate for
the mature forests, however, the LM4.1-BNF performed worse than LM3-SNAP (or maybe
equal) for simulated symbiotic BNF rate along with the forest successional development.

One strategy could be using a part of the data to first tune the model parameters that are related
to N2 fixation processes (e.g., tNfix) and then use the rest for evaluation purposes.

A deep dive into LM4.1-BNF simulated N2 fixation rate is further needed. For example, what
are the temporal dynamics of Nodule biomass, NSC, Nstress, soil microbe biomass, how they
drive the changes of symbiotic and asymbiotic BNF?

AUTHORS’ RESPONSE:

This is an excellent suggestion. We have rewritten Section 4 to emphasise BNF. The new
version of Fig. 6b (below) shows similar simulated symbiotic BNF rates by LM4.1-BNF and
LM3-SNAP in early succession but a substantial difference between simulated symbiotic BNF
rates by LM4.1-BNF and LM3-SNAP in late succession: LM3-SNAP simulates a mean
symbiotic BNF rate over the final 100 years of 8 kg N ha’ yr’!, whereas LM4.1-BNF simulates
a mean symbiotic BNF rate over the final 100 years of 0 kg N ha'’ yr'’ which reflects
observations at Coweeta Hydrologic Laboratory of 0 kg N ha! yr! (Boring and Swank, 1984).
This is extremely important because overestimation of symbiotic BNF in late succession by
LM3-SNAP causes several problems. First, LM3-SNAP simulates lower total plant biomass C
than LM4.1-BNF (mean 44 vs. 173 Mg C ha™' over the final 100 years) because of the
sustained high C cost of symbiotic BNF. Observations suggest that total plant biomass C is
160 Mg C ha’l. Second, LM3-SNAP overestimates N losses in comparison to LM4.1-BNF,
especially NOs leaching rate (mean 8.3 vs. 0.1 kg N ha'! yr! over the final 100 years).
Observations suggest that NOs™ leaching rate is 0.1 kg N ha'! yr. Accurately estimating N
leaching rates is important given downstream consequences such as eutrophication and
acidification.

Following the reviewer’s suggestion (here and in the reviewer’s third major point), we
have conducted a sensitivity analysis of f qiiocnfixs Which is the parameter describing plant C
allocation to N-fixing bacteria (Fig. R1). This is the only parameter which was tuned rather
than derived from observations because there are no studies or available methodologies which
explicitly measure plant C allocation to N-fixing bacteria. Essentially, we examined a range of
parameter values for f qji0c nfix (0.01, 0.02, 0.05, 0.10, 0.20, 0.50, and 1.00). Then, we
compared nodule biomass C to literature observations which were not used for model
parameterisation (Boring and Swank, 1984). Parameter values were chosen such that
simulated nodule biomass C was most similar to observed nodule biomass C. We have added



this sensitivity analysis to Appendix C. As a result, early successional BNF simulated by
LM4.1-BNF was improved.

Additionally, we have added an analysis of the factors controlling both symbiotic and
asymbiotic BNF rate (Fig. D3 and D4 (below)). For symbiotic BNF we present nodule
biomass C, non-structural C, and N stress. For asymbiotic BNF we present soil microbe
biomass C, soil microbe biomass N, soil C, and soil N. The relationship between these factors
and BNF is specified by the model equations and we present figures for their visualization.

Figure 6 (new version):
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Figure R1: Sensitivity analysis of fuiioc,Nfix in LM4.1-BNF. This figure follows Fig. 6 in the
main text (and above) for different values of fanocNfix. Q. fatioe,Nfix = 0.01, b. fanioe,Nsix = 0.02, c.
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Figure D4: Controls of symbiotic BNF. a. Nodule biomass C, b. non-structural C, and c. N
stress.
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2. The LM4.1-BNF simulated C cycle is convincing (e.g., biomass, GPP, NPP), however, the N
cycle showed largely bias, compared with observations (e.g., Figure 7). LM4.1-BNF has too
much inorganic N (both NH4 and NO3), while very low soil organic N. Does it imply that the
soil nitrogen immobilization rate and soil organic matter formation rate are largely
underestimated? Or the soil organic matter C:N stoichiometry was problematic?

LM4.1-BNF had reasonable NO3 leaching loss, but overestimated N2O emission, which means
the system is too open/leaky. Is it part of the reason why less available inorganic nitrogen is
incorporated into soil organic nitrogen pool?

AUTHORS’ RESPONSE:



While the alignment between simulated and observed N cycling metrics are not perfect,
almost all simulated soil C and N cycling metrics (total soil C, total soil N, ammonium, nitrate,
N mineralization rate, net nitrification, N>O emission rate, NO emission rate, and NO3
leaching rate) are within two standard deviations of observations (with the exception of NH*
leaching rate, which was underestimated by LM4.1-BNF), and are thus reasonable
estimations. Generally, validation of land model N cycling is not as rigorous as our study,
which examined a multitude of pools and fluxes of N at the site scale. Additionally, it is
important to note that soil N cycling is notorious for its high variability (Kuzyakov and
Blagodatskaya, 2015). Simulated N:0 emission rate, which was not represented by LM3-
SNAP, is slightly overestimated by LM4.1-BNF but is within two standard deviations of
observations and is particularly notorious for its high variability (Barton et al., 2015).
Unfortunately, N immobilization rate and soil organic matter formation rate data are not
available for Coweeta Hydrologic Laboratory. It is possible that slightly underestimated total
soil C and total soil N but slightly overestimated soil inorganic N is due to the protection of
soil organic matter via physical occlusion in microaggregates or chemical adsorption to
mineral surfaces (Krull et al., 2003), which is currently not represented but will be represented
in the following version.

3. Model structure change versus parameterization. LM4.1-BNF improve the existing model
structure and showed some improvement in model performance at the site level. But 1) how
much of the performance improvement could be achieved just by tuning existing parameters; 2)
how much of additional model uncertainty is introduced by the model structure changes and by
adding new model parameters? I would suggest running some sensitivity tests (e.g., perturb
critical model parameters) for both LM4.1-BNF and LM3-SNAP to fully answer those questions.

AUTHORS’ RESPONSE:

A major accomplishment of LM4.1-BNF is that it combines LM4.1 (Shevliakova et al.,
in prep), which represents community dynamics but not N cycling, and LM3-SNAP (Sulman
et al., 2019), which represents N cycling but not community dynamics. LM4.1-BNF merges
their advantages, forming a land model that represents both community dynamics and N
cycling. Incorporating community dynamics and N cycling (independently and ultimately
together) are both a key focus of land model development.

The main parameter in LM3-SNAP that controls symbiotic BNF (note that asymbiotic
BNF is not represented in LM3-SNAP) is the efficiency of N-fixing bacteria (¢), which
describes plant C allocation to N-fixing bacteria. We have conducted a sensitivity analysis of ¢
(Fig. R2). It showed that, for all values of ¢, symbiotic BNF persists in late succession because
there is no competitive exclusion of N-fixing plants by non-fixing plants in LM3-SNAP, which
represents a single general plant C pool capable of BNF and cannot represent community
dynamics. As such, it would not be possible to effectively represent symbiotic BNF in LM3-
SNAP — including the representation of community dynamics from LM4.1 is critical.

Unfortunately, the uncertainty introduced by structure vs. parameterisation is not
feasible to address because of the multitude of features that have changed from LM4.1 and
LM3-SNAP in developing LM4.1-BNF by incorporating both community dynamics and N
cycling. However, we believe that the importance of their incorporation and the clear
improvements in the representations of asymbiotic and symbiotic BNF justify potential
uncertainty.



Note that all parameters in LM4.1-BNF were derived from observations with the
exception of f qiioc Nfixs @S described in our response to the reviewer’s first major point. We
have conducted a sensitivity analysis for f qiiocnfix (Fig. R1). Because all other parameters
were derived from observations, we did not conduct a sensitivity analysis for these parameters.

Figure R2: Sensitivity analysis of € in LM3-SNAP. This figure follows Fig. 6 in the main text
(and above) for different values of ¢. a. e = 0.1, b. ¢ = 0.2, c. £ = 0.4, and d. £ = 0.5.
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Specific comments:
P1L13 is important for nitrogen enabled land model

- AUTHORS’ RESPONSE: We have changed the wording of this sentence.
P21.47 another group of land models simulates N2 fixation with nitrogenase enzymatic activity
(e.g., Vmax, KM kinetic parameters), root nodulation, and temperature constraint (CABLE,
Wang 2007; ELM-ECA Zhu 2019).

- AUTHORS’ RESPONSE: Thank you for pointing us to these land models. We had

referenced CABLE in the following paragraph and we have added a reference to ELM
in the following paragraph.



P2L63 downregulation of N fixation under weak N limitation must be discussed together with
upregulation of N fixation under strong P limitation. Otherwise, the model will simulate an
extremely low N fixation rate over tropical ecosystems that has abundant N.

- AUTHORS’ RESPONSE: Because LM4.1 does not represent P cycling we
unfortunately cannot explore the relationships between BNF and P cycling in this
study. Additionally, the links between symbiotic BNF and P limitation are unclear.
While it has been previously suggested that N-fixing plants can invest N into P
acquisition (i.e., phosphatases), explaining their persistence in non-N-limited and P-
limited ecosystems such as tropical forests (Houlton et al., 2008), recent empirical
studies have found no relationship between symbiotic BNF and phosphatase activity
(Batterman et al., 2018; Sullivan et al., 2014). Furthermore, in a non-N-limited
tropical ecosystem, we would expect low symbiotic BNF (Batterman et al., 2013). Plant
N demand is satisfied by N mineralization, asymbiotic BNF, and atmospheric N
deposition (Hedin et al., 2009).

P3 L70-77. It will be good to add some discussion about the importance of asymbiotic N2
fixation so that the existing land model should include this flux. For example, how much of
global N2 fixation is from asymbiotic fixation, how efficient can plants get nitrogen from
asymbiotic pathway.

- AUTHORS’ RESPONSE: This is an excellent suggestion. We have added a description
of the importance of asymbiotic BNF at the global scale to the main text.

P4L101. It will make the model evaluation more concrete if the model could run at least two
sites (tropical site with abundant soil N versus the temperate site with relatively strong N
limitation).

- AUTHORS’ RESPONSE: We agree that an analysis of a tropical N-fixing tree / site
would be extremely interesting. However, this would be a substantial exercise on top of
the intensive study that we have already performed and would deserve its independent
journal article. Furthermore, it is common that land model development and initial
analyses are performed at a single site, then expanded in further work.

P4L.108-117 belongs to section 2. model description

- AUTHORS’ RESPONSE: We believe that it is important to provide a brief description
of the main analyses of our study in the “Introduction”. We have described these in
greater detail in the “Numerical experiments and evaluation description”.

P4L.122 Does LM4.1-BNF have to run at fixed spatial resolution (roughly 1degree by 1 degree)?
Or it could run at any resolution? How about the temporal resolution?

- AUTHORS’ RESPONSE: LM4.1-BNF can be simulated at a single grid cell (which is
approximately 100 km by 100 km), as in our study. LM4.1-BNF can also be simulated
at multiple grid cells or at the global scale, and can be coupled with the GFDL
atmosphere model to serve as a base for the GFDL climate and Earth system models
(Zhao et al., 2018a, 2018b). We have provided more detail on this in Section 2.1.
Additionally, LM4.1-BNF can be simulated for any length of time. We simulated
LMA4.1-BNF for 300 years because this is a reasonable time scale for forest succession.
In LMA4.1-BNF, different processes occur at different time scales to reflect
observations, as described in Appendix A.

P5L138-140. What are fine root, sapwood, heartwood, seed C:N ratios, how about soil organic
pools C:N ratios?



- AUTHORS’ RESPONSE: The C:N ratios for fine root, sapwood, heartwood and seed
are given in Table D2. We did not present them in Table 1 because they do not differ
between vegetation types. We added a reference to Table D2 to clarify. The soil C:N
ratio is not fixed. We added a description to the main text to clarify.

L6 Eql,2. How to parameterize rNfix? What is the functional shape of f(T)?

- AUTHORS’ RESPONSE: Thank you for pointing out that this was unclear. We have
added a description of the derivation of Ty to Appendix C. Essentially, 1 yy;, was
calculated with data from Bytnerowicz et al., (in review) which measured nodule
biomass % C and symbiotic BNF rate per unit nodule biomass using >N
incorporation. The shape of the soil temperature dependence function for symbiotic
BNF is a modified beta distribution (Yan and Hunt, 1999) and was previously
displayed in Fig. D1. We have moved this figure to the main text and provided more
details on its shape in the main text.

P7L180 One microbe pool for all soil microbial activities? Please justify.

- AUTHORS’ RESPONSE: Although combining decomposers, nitrifiers, denitrifiers,
and asymbiotic N-fixers in a single soil microbe C pool is a simplification, we believe
that representing separate soil microbe C pools for each function would introduce too
much complexity (equations and parameters) given that the results from a single soil
microbe C pool are reasonable.

P7L185 How to parameterize rNfixasymb? What is the functional shape of {(T)?

- AUTHORS’ RESPONSE: Thank you for pointing out that this was unclear. The

derivation of T yfix asymp was described in Appendix C. Essentially, we divided observed

asymbiotic BNF rate (Reed et al., 2011) by observed soil microbe biomass C (Chapin et
al., 2011; Scharlemann et al., 2014). The shape of the soil temperature dependence
Junction for asymbiotic BNF is a modified normal distribution function and was
previously displayed in Fig. D1. We have moved this figure to the main text and
provided more details on its shape in the main text.
P11L312 Did LM4.1-BNF-NPP and LM4.1-BNF-ET restart from steady-state of LM4.1-BNF
spinup simulation? Will LM4.1-BNF spinup steady-state differ dramatically from LM4.1-BNF-
NPP(/ET) steady-state?

- AUTHORS’ RESPONSE: LM4.1-BNF, LM4.1-BNFnpp, and LM4.1-BNFgr numerical
experiments were all initialised from the LM4.1-BNF spin up. Because the LM4.1-
BNF spin up only included Acer (which is a non-fixer), it is the same for LM4.1-BNF,
LM4.1-BNFnpp, and LM4.1-BNFer which only differ with respect to symbiotic BNF.

P13L365 Here need more discussion about the model bias in dbh growth rate. For example, is
that because N stress is too weak?

- AUTHORS’ RESPONSE: Even though the alignment between simulated and observed
dbh growth rates is not perfect, LM4.1-BNF makes reasonable estimations.
Additionally, the central improvement is that LM3-SNAP (and most other land models)
cannot distinguish between plant cohorts with different dbhs or distinguish between
Robinia and Acer (because they cannot represent community dynamics). As the
reviewer suggested in their first major point, this is not the focus of our study, so we
have rewritten Section 4 to emphasise BNF.

P16Figure3 The y-axis scale is misleading (suggest not using log-scale). The model vs data
difference is actually big. Again, discuss why and how it occur in LM4.1 model. How is the
LM4.1-SNAP simulated density, compared with FIA data?



- AUTHORS’ RESPONSE: Thank you for this suggestion. We have changed the
logarithmic scale to a linear scale. Similarly to our response to P15, even though the
alignment between simulated and observed dbh distributions is not perfect, LM4. 1-
BNF makes reasonable estimations. Additionally, the central improvement is that
LM3-SNAP (and most other land models) cannot distinguish between plant cohorts
with different dbhs or distinguish between Robinia and Acer (because they cannot
represent community dynamics). As the reviewer suggested in their first major point,
this is not the focus of our study, so we have rewritten Section 4 to emphasise BNF.

P25L480 and Figure 10. What’s the implication of zero BNF rate during the late succession
when the model initialized with mixed Acer and Robinnia? The whole ecosystem will rely on
soil mineralization generated inorganic N? Will all plants gradually die?

- AUTHORS’ RESPONSE: Low or zero BNF rate is expected in late succession (Boring
and Swank, 1984). Plant N demand is satisfied by N mineralization, asymbiotic BNF,
and atmospheric N deposition. Please see our response to the reviewer’s first major
point for more details.
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