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Abstract
How do nitrogen-fixing trees influence the extent to which forests mitigate and exacerbate
climate change?
Sian Kou-Giesbrecht

Nitrogen (N)-fixing trees can both mitigate climate change, by relieving N limitation of
plant growth which promotes carbon dioxide (CO2) sequestration in plant biomass, and
exacerbate climate change, by stimulating nitrification and denitrification which promotes
nitrous oxide (N2O) emissions from soils. The balance between the negative radiative forcing
(CO2 sequestration in plant biomass) and positive radiative forcing (N2O emissions from soils) of
N-fixing trees is unresolved. In this thesis I use a sequence of theoretical and empirical
approaches to investigate the influence of N-fixing trees on CO2 sequestration by forests and
N2O emissions from forest soils, i.e., the net CO2-N2O effect of forests. The first chapter
establishes a basis for the N2O effect of N-fixing trees with a meta-analysis, to accompany
existing meta-analyses of the CO2 effect of N-fixing trees. Chapter one demonstrates that Nfixing trees significantly increase N2O emissions from forest soils relative to non-fixing trees.
The second chapter explores the controls and potential global importance of the net CO2-N2O
effect of N-fixing trees using a theoretical ecosystem model. The third chapter explores the net
CO2-N2O effect of N-fixing trees under manipulations of these controls with a field experiment
paired with a modified version of the theoretical ecosystem model from the second chapter.
Together, chapters two and three suggest that the net CO2-N2O effect of N-fixing trees is
controlled by N limitation of plant growth and the extent to which N-fixing trees can regulate N
fixation: N-fixing trees mitigate climate change relative to non-fixing trees under N limitation of

plant growth, but N-fixing trees that cannot regulate N fixation exacerbate climate change
relative to non-fixing trees under non-N limitation of plant growth. The fourth chapter represents
the ecological mechanisms studied in chapters one, two and three in a land model: LM4.1-BNF
is a novel representation of biological N fixation (BNF) and an updated representation of N
cycling in the Geophysical Fluid Dynamics Laboratory Land Model 4.1 (LM4.1). LM4.1-BNF
includes a mechanistic representation of asymbiotic BNF by soil microbes, the competitive
dynamics between N-fixing and non-fixing plants, N limitation of plant growth, and N2O
emissions from soils. Together these chapters elucidate the influence of N-fixing trees on the
capacity of forests to mitigate and exacerbate climate change and establish a framework to
analyse and project the trajectory of the net CO2-N2O effect of forests under global change.
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Introduction
Global forests are a significant carbon dioxide (CO2) sink, removing a quarter of annual
anthropogenic CO2 emissions from the atmosphere (Pan et al. 2011a). However, forest soils are a
significant nitrous oxide (N2O) source (Bai et al. 2012, Tian et al. 2018), a potent greenhouse gas
that absorbs 265 times more heat than CO2 over 100 years (Myhre et al. 2013). Studies of the
role of forests in global biogeochemical cycles rarely address both greenhouse gases, generally
focusing exclusively on CO2 sequestration in plant biomass. Studying the net CO2-N2O effect of
forests, i.e., the balance between the negative radiative forcing of CO2 sequestration in plant
biomass and the positive radiative forcing of N2O emissions from soils, allows us to address a
crucial question: To what extent do global forests mitigate vs. exacerbate climate change?
The supply of plant-available nitrogen (N) determines both CO2 sequestration in plant
biomass and N2O emissions from soils: N is an essential limiting nutrient to plant growth (Elser
et al. 2007, LeBauer and Treseder 2008, Wright et al. 2018) but N is also consumed by
nitrification and denitrification which are the soil microbial processes that produce N2O
(Aronson and Allison 2012, Butterbach-Bahl et al. 2013). As such, elevated N supply can both
stimulate CO2 sequestration in plant biomass by relieving N limitation of plant growth and
stimulate N2O emissions from soils by stimulating nitrification and denitrification.
Biological N fixation (BNF), which is the conversion of atmospheric N2 gas to a plantavailable form of N by bacteria, is the dominant natural supply of N to the biosphere (Fowler et
al. 2013, Vitousek et al. 2013), and, as such, regulates the net CO2-N2O effect of forests. Of
particular relevance to the net CO2-N2O effect of forests are N-fixing trees. N-fixing trees are
symbioses between individual trees and bacteria that are capable of BNF housed in root nodules.
N-fixing trees play a key role in the supply of N to forests and thus forest growth and
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development (Batterman et al. 2013, Hulvey et al. 2013, Liao and Menge 2016, Menge and
Chazdon 2016, Brookshire et al. 2019). Furthermore, the influence of N-fixing trees on forest
dynamics will become progressively more important in the future because N-fixing trees are
expected to increase in abundance globally via a multitude of pathways. They are commonly
planted during reforestation (Jensen et al. 2012, Cunningham et al. 2015) because of their
potential to relieve N limitation of plant growth. They are common encroachers of grasslands,
savannahs, and shrublands (Archer 1995, Roques et al. 2001, Moleele et al. 2002, Asner et al.
2003a, Cabral et al. 2003, Liu et al. 2013), potentially due to their high water use efficiency
(Adams et al. 2016). Similarly, they are more abundant in arid ecosystems (Pellegrini et al. 2016,
Liao et al. 2017, Gei et al. 2018, Steidinger et al. 2019) suggesting that shifting precipitation
regimes from climate change could either increase or decrease N-fixing tree abundance (although
forecasted precipitation change in the United States and Mexico is projected to have a minor
influence on N-fixing tree abundance (Liao et al. 2017)). Finally, N-fixing tree abundance is
projected to increase due to elevated temperature from climate change (Liao et al. 2017).
N-fixing trees can mitigate climate change by sequestering CO2 either directly via their
own growth or indirectly via the enrichment of soil N which relieves N limitation of surrounding
plant growth. For example, Batterman et al. 2013 found that N-fixing trees satisfied the majority
of the N demand of plant growth in early successional forests in Panama, and Brookshire et al.
2019 found that N-fixing trees satisfied the majority of the N demand of plant growth in mature
forests in Trinidad. However, elevated soil N driven by N-fixing trees also stimulates
nitrification and denitrification and consequently promotes N2O emissions from soils,
exacerbating climate change. High N2O emissions from soils are commonly observed in forests
with high N-fixing tree abundance (Struwe and Kjøller 1989, Skiba et al. 1994, Mogge et al.
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1998, Brumme et al. 1999, Erickson et al. 2001, 2002, Schürmann et al. 2002, Von Arnold et al.
2005, Hall and Asner 2007, Ullah et al. 2009, Erickson and Perakis 2014, Rosenstock et al. 2014,
Bühlmann et al. 2017, Hall et al. 2018). Despite independent empirical evidence for CO2
sequestration in plant biomass and N2O emissions from soils driven by N-fixing trees, their net
CO2-N2O effect and its controls have not been explicitly studied and are unresolved.
Earth System Models (ESMs) are used by the Intergovernmental Panel on Climate
Change (IPCC) to inform climate policy (Cubasch et al. 2013). Incorporating N cycling into land
models, the terrestrial components of ESMs, is currently a central focus (Davies-Barnard et al.
2020) and many challenges remain to accurately simulating feedbacks between the C cycle, the
N cycle, and climate (Thomas et al. 2015, Stocker et al. 2016). The representation of BNF is a
key uncertainty in the representation of the N cycle in land models due to the complexity of its
underlying ecological mechanisms (Wieder et al. 2015a, Meyerholt et al. 2020). In particular,
BNF can dynamically respond to N limitation of plant growth (Vitousek et al. 2013, Menge et al.
2015). Most BNF representations in land models are phenomenological and cannot represent the
dynamic response of BNF to N limitation of plant growth (Davies-Barnard et al. 2020).
Developing a mechanistic BNF representation in land models is required to simulate forests
under global change, which modulates N limitation of plant growth, consequently modulating
BNF and the net CO2-N2O effect of forests: Elevated atmospheric CO2 stimulates photosynthesis
and plant growth which could intensify N limitation of plant growth (Walker et al. 2020).
Increased temperatures and shifting precipitation regimes from climate change could also
stimulate plant growth and thereby intensify N limitation of plant growth (Song et al. 2019).
Conversely, elevated N deposition could directly relieve N limitation of plant growth (Reay et al.
2008, Schulte-Uebbing and de Vries 2018). In particular, BNF has been empirically observed to
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increase in response to elevated atmospheric CO2 and decrease in response to elevated N
deposition (Zheng et al. 2019, 2020). As such, the representation of BNF in land models is
critical to projecting the trajectory of the net CO2-N2O effect of forests under global change.
In this thesis I present four papers that use a sequence of theoretical and empirical
approaches to establish how N-fixing trees influence the net CO2-N2O effect of forests. In the
first paper (Chapter 1) I used a meta-analysis to quantify the influence of N-fixing trees on the
N2O effect of forests. Existing meta-analyses quantify the influence of N-fixing trees on the CO2
effect of forests (Hulvey et al. 2013). This chapter establishes a basis for the N2O effect of Nfixing trees to accompany the established basis for the CO2 effect of N-fixing trees. The metaanalysis suggests that N-fixing trees significantly increase N2O emissions from forest soils
relative to non-fixing trees.
In the second paper (Chapter 2) I used a theoretical ecosystem model that captures the
pools and fluxes of C and N in an ecosystem to explore the controls of the net CO2-N2O effect of
N-fixing trees. The model predicts CO2 sequestration in plant biomass and N2O emissions from
soils of an ecosystem, which are compared using the global warming potential of N2O. I
compared the net CO2-N2O effect of ecosystems containing both non-fixing trees and N-fixing
trees to ecosystems containing only non-fixing trees, isolating the net CO2-N2O effect of Nfixing trees. The model suggests that N limitation of plant growth and the extent to which Nfixing trees can regulate N fixation control the net CO2-N2O effect of N-fixing trees. Under N
limitation of plant growth N-fixing trees mitigate climate change relative to non-fixing trees.
Under non-N limitation of plant growth N-fixing trees that cannot regulate N fixation exacerbate
climate change relative to non-fixing trees. Furthermore, the model suggests that N-fixing trees
could significantly influence the net CO2-N2O effect of forests at the global scale. This chapter is
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published as Kou-Giesbrecht and Menge 2019 “Nitrogen-fixing trees could exacerbate climate
change under elevated nitrogen deposition” in Nature Communications.
In the third paper (Chapter 3) I empirically confirmed how the net CO2-N2O effect of Nfixing trees is influenced by N limitation of plant growth, which I established as a key control of
the net CO2-N2O effect of N-fixing trees in Chapter 2. I conducted a field experiment in New
York, US and measured the net CO2-N2O effect of a N-fixing tree (Robinia pseudoacacia) and a
reference non-fixing tree (Betula nigra) under an unfertilized and N fertilized treatment. I
parameterized a modified version of the theoretical ecosystem model from Chapter 2 with data
from the field experiment to investigate the net CO2-N2O effect of N-fixing trees over time.
Although Chapter 3 only empirically confirms the results of Chapter 2 for a single N-fixing tree
species, the alignment between its theoretical and empirical results supports the results of
Chapter 2, suggesting that N-fixing trees are relevant to the net CO2-N2O effect of forests. This
chapter is currently in revision after a first review at Ecology as Kou-Giesbrecht, Funk, Perakis,
Wolf, and Menge “Nitrogen supply mediates the radiative balance of N2O emissions and CO2
sequestration of N-fixing vs. non-fixing trees”.
In the fourth paper (Chapter 4) I developed a novel representation of BNF and an updated
representation of N cycling in the Geophysical Fluid Dynamic’s (GFDL) Land Model 4.1
(LM4.1), which is the land model for the GFDL’s Earth System Model 4 (Zhao et al. 2018a,
2018b). Specifically, I implemented a mechanistic representation of asymbiotic BNF by soil
microbes and the competitive dynamics between N-fixing and non-fixing plants, as well as
refined the representation of N limitation of plant growth and N2O emissions from soils. I
validated LM4.1-BNF at Coweeta Hydrologic Laboratory in North Carolina, US. I compared
estimates of the major C and N pools and fluxes by LM4.1-BNF to the previous version of
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LM4.1 with N cycling (LM3-SNAP) and to previous representations of BNF in land models
generally (phenomenological representations and those without representations of asymbiotic
BNF and/or competitive dynamics between N-fixing and non-fixing plants). This chapter is
currently submitted to Biogeosciences as Kou-Giesbrecht, Bytnerowicz, Malyshev, Martinez
Cano, Pacala, Shevliakova, and Menge “A novel representation of biological nitrogen fixation
and competitive dynamics between nitrogen-fixing and non-fixing plants in a land model (GFDL
LM4.1-BNF)”.
Together, the results of this thesis establish that N-fixing trees are fundamental to
understanding and estimating the net CO2-N2O effect of forests at the global scale. Additionally,
these results have direct applications to ESMs and the climate policy that ESMs inform. The
novel representation of BNF in a land model that I present in Chapter 4, as informed by my work
in Chapters 1, 2, and 3, is a framework that can be extended to address a host of questions
involving the response of BNF and the net CO2-N2O effect of forests to global change. Can BNF
sustain CO2 sequestration in plant biomass under elevated atmospheric CO2, increased
temperature, and shifting precipitation regimes? Alternatively, will BNF stimulate N2O
emissions from soils given elevated N deposition? Will N-fixing trees mitigate or exacerbate
climate change?
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Chapter 1: Nitrogen-fixing trees increase soil nitrous oxide
emissions: a meta-analysis
Sian Kou-Giesbrecht and Duncan N. L. Menge

1.1 Introduction
Nitrogen-fixing tree symbioses, in which bacteria that live in tree root nodules convert
atmospheric N2 gas into a plant-available form of nitrogen (N), play a key role in nutrient
cycling. They are an important N source to natural terrestrial ecosystems and can fuel primary
production, driving CO2 sequestration and mitigating climate change (Batterman et al. 2013,
Brookshire et al. 2019). However, they can also exacerbate climate change through a mechanism
that has not received widespread attention: fixed N could stimulate soil nitrous oxide (N2O)
emissions via the bacterial processes of nitrification and denitrification (Butterbach-Bahl et al.
2013). N2O is a potent greenhouse gas with a global warming potential approximately 265 times
that of CO2 and it is the dominant ozone-depleting anthropogenic emission (Myhre et al. 2013).
Natural terrestrial ecosystem soils are a significant N2O source (6.5 ± 1.2 Tg N yr-1; Tian et al.
2018) that is approximately equal to anthropogenic N2O sources (6.9 Tg N yr-1; Ciais et al.
2013). In particular, forest, shrubland, and savannah soils are estimated to account for over 77%
of soil N2O emissions from natural terrestrial ecosystems (Bai et al. 2012).
Although it is generally hypothesised that N-fixing trees will stimulate soil N2O
emissions, the overall trend in magnitude (and even the direction) of the influence of N-fixing
trees on soil N2O emissions has not been studied. Mechanistically, N-fixing trees could increase
soil N2O emissions by enriching the soil N pool by either of two processes. First, the turnover
and decomposition of their N-rich tissues (Adams et al. 2016) supplies more N to the soil N pool.
Second, N-fixing trees could take up less N from the soil N pool by meeting part of their N
7

demand through N fixation (Nygren et al. 2012). Alternatively, N-fixing trees could decrease soil
N2O emissions by depleting the soil N pool: Due to their high N demand to maintain their N-rich
tissues, N-fixing trees could take up more N from the soil N pool. Empirically, there are
examples for both increased and decreased soil N2O emissions under N-fixing trees relative to
non-fixing trees, but the general influence of N-fixing trees on soil N2O emissions has not been
quantitatively synthesised.
Reforestation is currently a major focus as an effective strategy for climate change
mitigation (Smith et al. 2016, Bastin et al. 2019a, 2019b). Reforestation projects often plant Nfixing trees due to their rapid growth on N-poor soil and their potential to relieve N limitation
and facilitate neighbouring trees (Jensen et al. 2012, Cunningham et al. 2015). However,
calculations of climate change mitigation of reforestation focus on CO2 sequestration and do not
account for the influence of N-fixing trees on soil N2O emissions. As such, a clearer
understanding of the influence of N-fixing trees on soil N2O emissions is not only important for
interpreting the substantial spatial heterogeneity in N2O emissions from natural terrestrial
ecosystem soils (Butterbach-Bahl et al. 2013) which is often controlled at the individual tree
scale (Van Haren et al. 2010, Waring et al. 2015), but also for projecting the magnitude of the
future natural terrestrial ecosystem soil N2O source. Here we used a meta-analysis that included
52 comparisons to quantify the influence of N-fixing trees on soil N2O emissions and how it
varies across ecosystem types, climatic and geographic drivers, and N-fixing bacterial symbiosis
type. We also estimated the impact that reforestation with N-fixing trees could have on soil N2O
emissions at the global scale.

1.2 Methods
Data
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We extracted soil N2O flux data from studies conducted in savannahs and shrublands that
compared soil N2O fluxes under the canopy of N-fixing trees to soil N2O fluxes outside the
canopy of N-fixing trees (bare soil, dominated by herbaceous plants and biological soil crusts).
We extracted soil N2O flux data from studies conducted in forests that either compared soil N2O
fluxes under the canopy of N-fixing trees to soil N2O fluxes under the canopy of non-fixing trees
or compared soil N2O fluxes under stands of N-fixing trees to soil N2O fluxes under stands of
non-fixing trees.
First, we conducted a Web of Science search of journal articles with (“nitrous oxide” or
“N2O” or “N* gas*” or “gas* N*”), (((“nitrogen” or “N” or “N2”) and “fix*”) or “legum*”), and
(“tree*” or “forest*”). Second, we conducted a Web of Science search of journal articles with
(“nitrous oxide” or “N2O” or “N* gas*” or “gas* N*”) and the genus of important N-fixing trees
in agroforestry identified in Rosenstock et al. 2014 for tropical forests (Acacia, Calliandra,
Erythrina, Faidherbia, Gliricidia, Inga, Sesbania, and Tephrosia) and in Jose et al. 2004 for
temperate forests (Albizia, Alnus, Leucaena, Prosopis, and Robinia). Combined, these searches
yielded 370 journal articles of which 28 journal articles met our selection criteria (given below).
For the journal articles that met the selection criteria, we checked their references. If the
referenced journal articles also met the selection criteria, we checked their references. We
continued checking the references of each new journal article until no referenced journal articles
met the selection criteria. This yielded 8 additional journal articles that met our selection criteria.
We also searched journal articles in the Stehfest and Bouwman 2006 soil N2O flux database that
were classified as “natural ecosystems” with vegetation type “legume.” This yielded one
additional journal article that met our selection criteria.
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We did not include studies that only measured soil N2O fluxes under N-fixing trees
without concurrently measuring soil N2O fluxes outside the canopy of N-fixing trees or under
non-fixing trees. We did not include studies that measured soil N2O fluxes under mixed stands of
N-fixing and non-fixing trees. We included studies that measured soil N2O fluxes in the field as
well as studies that collected soils and measured soil N2O fluxes in the laboratory. We did not
include studies that only measured nitrifying and/or denitrifying soil enzyme activity without
also including soil N2O fluxes.
Our search yielded 38 journal articles with 52 soil N2O flux comparisons. We considered
a journal article to have multiple soil N2O flux comparisons if it presented soil N2O flux
comparisons at different sites. Additionally, our search yielded 123 N-fixing tree replicates and
156 control replicates. Replicates were used for weighing comparisons when calculating the
effect size of N-fixing trees relative to the control (below). A given soil N2O flux comparison
could have multiple replicates of N-fixing trees and/or multiple replicates of the control. For
comparisons between soil N2O fluxes under the canopy of N-fixing trees to soil N2O fluxes
outside the canopy of N-fixing trees or under the canopy of non-fixing trees, the number of
replicates was the number of individual trees (not the number of soil N2O flux measurements).
For comparisons between soil N2O fluxes under stands of N-fixing trees to soil N2O fluxes under
stands of non-fixing trees, the number of replicates was the number of stands (not the number of
soil N2O flux measurements).
When data were not given either in the text or in a table, we extracted them from figures
using WebPlotDigitizer. We recorded latitude, longitude, and N-fixing tree species. If latitude
and longitude were not given, we extracted them from Google Maps based on the site
description. We determined mean annual temperature (MAT) and mean annual precipitation
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(MAP) from latitude and longitude using WorldClim 2 (Fick and Hijmans 2017). We designated
ecosystems as either “savannah/shrubland”, “natural forest”, or “anthropogenic forest” (which
includes experimental forests, plantations, and reforestations). We designated N-fixing trees as
either rhizobial or actinorhizal according to the database from Tedersoo et al. 2018.
Effect size of N-fixing trees relative to the control
We evaluated our dataset using the effect size from Aronson and Allison 2012:
𝑅! =

N-fixerN2 O,i "controlN2 O,i

(1)

#N-fixerN2 O,i #$#controlN2 O,i #

where 𝑅! is the effect size of comparison i, N-fixerN2 O,i is the soil N2O flux under the canopy of
N-fixing trees or under stands of N-fixing trees from comparison i (average of replicates), and
controlN2 O,i is the soil N2O flux outside the canopy of N-fixing trees, under the canopy of nonfixing trees, or under stands of non-fixing trees from comparison i (average of replicates). Note
that |𝑥| indicates the absolute value of 𝑥.
This effect size metric was designed specifically for soil gas fluxes which can be either
positive (emission) or negative (consumption) because the natural logarithm of the response ratio
(which is the common effect size used in meta-analyses) cannot accommodate negative numbers
(Hedges et al. 1999). However, when N-fixerN2 O,i and controlN2 O,i have opposite signs, the effect
size defaults to +1 (N-fixerN2 O,i > 0 and controlN2 O,i < 0) or -1 (N-fixerN2 O,i < 0 and
controlN2 O,i > 0). In our dataset, this only occurred in 3 comparisons (in which N-fixerN2 O,i > 0
and controlN2 O,i ≈ 0).
We calculated the mean effect size (𝑅*) as a weighted average of comparisons:
∑ &'
𝑅* = ∑! &! !
!

(2)

!
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where 𝑤! is the weight of comparison i. We weighted each comparison by the number of
replicates in the comparison following Adams et al. 1997 and van Groenigen et al. 2011:
(

(

𝑤! = ( N-fixer,i$(control,i
N-fixer,i

(3)

control,i

where 𝑛N-fixer,i is the number of replicates of N-fixing trees in comparison i and 𝑛control,i is the
number of replicates of the control in comparison i. We generated 𝑅* and its 95% confidence
interval using a non-parametric bootstrap with 5000 iterations following Adams et al. 1997 and
van Groenigen et al. 2011. We also conducted these analyses with 𝑅* as an unweighted average
and obtained similar results (Table A1).
A mean effect size was considered significant if the 95% confidence interval did not
overlap with zero. Mean effect sizes were considered significantly different from each other if
the 95% confidence intervals did not overlap with each other. Note that there was no significant
difference in the mean effect size between comparisons that measured soil N2O fluxes in the
field and comparisons that measured soil N2O fluxes in the laboratory (Table A2).
For presentation, we transformed 𝑅* to the response percentage of soil N2O fluxes under
N-fixing trees relative to the control. In this calculation we assumed that N-fixerN2 O,i > 0 and
controlN2 O,i > 0 because this held for 48 of the 52 comparisons. Of the 4 comparisons for which
it did not hold, in 3 comparisons N-fixerN2 O,i > 0 and controlN2 O,i < 0 and in one comparison
N-fixerN2 O,i < 0 and controlN2 O,i < 0. As such, we calculated the response percentage of soil
N-fixerN2 O

N2O emissions under N-fixing trees relative to the control (i.e., 100 × control

N2 O

, where

N-fixerN2 O and controlN2 O are soil N2O emissions under N-fixing trees and the control
,$'-

respectively) as 100 × ,"'- . Note that in the text we refer to soil N2O fluxes as soil N2O
emissions.
12

MAT, MAP, and latitude analysis
We tested whether effect sizes were related to MAT, MAP, and absolute latitude using
the following linear regression models:
𝑅! = 𝛽, 𝑀𝐴𝑇! + 𝛽. 𝑀𝐴𝑃! + 𝛽/ 𝑀𝐴𝑇! ∗ 𝑀𝐴𝑃! + 𝛽0 + 𝜀

(4)

𝑅! = 𝛽1 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒! + 𝛽2 + 𝜀

(5)

where 𝑀𝐴𝑇! is the mean annual temperature of comparison i, 𝑀𝐴𝑃! is the mean annual
precipitation of comparison i, 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒! is the absolute latitude of comparison i, 𝛽, through 𝛽2
are coefficients of the linear models, and 𝜀 is the normally distributed error.
We also tested whether soil N2O fluxes (rather than effect sizes) were related to MAT,
MAP, and absolute latitude using the following linear regression models:
𝑁. 𝑂! = 𝛽, 𝑀𝐴𝑇! + 𝛽. 𝑀𝐴𝑃! + 𝛽/ 𝑀𝐴𝑇! ∗ 𝑀𝐴𝑃! + 𝛽0,3 + 𝜀

(6)

𝑁. 𝑂! = 𝛽1 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒! + 𝛽2,3 + 𝜀

(7)

𝑁. 𝑂! = 𝛽,,3 𝑀𝐴𝑇! + 𝛽.,3 𝑀𝐴𝑃! + 𝛽/,3 𝑀𝐴𝑇! ∗ 𝑀𝐴𝑃! + 𝛽0,3 + 𝜀

(8)

𝑁. 𝑂! = 𝛽1,3 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒! + 𝛽2,3 + 𝜀

(9)

where 𝑗 indicates either N-fixing trees or the control. In Equations 6 and 7, only the intercept
varies between N-fixing trees and the control, whereas in Equations 8 and 9 all coefficients vary
between N-fixing trees and the control.
Global reforestation projection
To estimate the influence of N-fixing trees on soil N2O fluxes from reforestation at the
global scale, we first calculated the difference between soil N2O fluxes under N-fixing and nonfixing trees:
∆! = N-fixerN2 O,i − controlN2 O,i

(10)

13

where ∆! is the difference between soil N2O fluxes under N-fixing and non-fixing trees from
comparison i. We only included comparisons that measured soil N2O fluxes in the field because
comparisons that measured soil N2O fluxes in the laboratory gave soil N2O fluxes per unit soil
mass and manipulated soils in the laboratory such that measured soil N2O fluxes did not reflect
field-based soil N2O fluxes. We converted the units of soil N2O fluxes to kg N2O-N ha-1 yr-1
where necessary. Note that this conversion assumes that soil N2O fluxes measured during the
study period represent annual soil N2O fluxes, which is a simplification due to seasonal variation
in soil N2O fluxes.
Then, we calculated the mean difference between soil N2O fluxes under N-fixing and
non-fixing trees (∆*) as a weighted average of comparisons:
∑ &∆
∆*= ∑! &! !
!

(11)

!

where 𝑤! is the weight of comparison i (Equation 3). Last, we scaled ∆*:
* 𝐴𝑝
𝐸=∆

(12)

where 𝐸 is the global change in soil N2O fluxes due to reforestation with N-fixing trees relative
to reforestation with exclusively non-fixing trees, 𝐴 is canopy cover area available for
reforestation, and 𝑝 is the N-fixing tree proportion of canopy cover area. Note that Equation 12
assumes uniform scaling of the influence of N-fixing trees on soil N2O fluxes. In the main text,
we used a more conservative estimate of canopy cover area available for reforestation that
excludes tundra, boreal forests, deserts, savannahs, shrublands, and grasslands: we calculated 𝐸
with comparisons in forests and used 𝐴 = 0.299 × 105 ha (Veldman et al. 2019). In Appendix
A, we used a more liberal estimate of canopy cover area available for reforestation that includes
tundra, boreal forests, deserts, savannahs, shrublands, and grasslands: we calculated 𝐸 with
comparisons in forests and used 𝐴 = 0.479 × 105 ha (Bastin et al. 2019a) and we calculated 𝐸
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with comparisons in savannahs and shrublands and used 𝐴 = 0.427 × 105 ha (Bastin et al.
2019a), then we summed the results. Note that, for savannahs and shrublands, we examined
studies that compared soil N2O fluxes under the canopy of N-fixing trees to soil N2O fluxes
outside the canopy of N-fixing trees, which may not accurately reflect the difference between
soil N2O fluxes under N-fixing and non-fixing trees. We generated 𝐸 and its 95% confidence
interval using a non-parametric bootstrap with 5000 iterations as above.
To calculate the increase in the natural terrestrial ecosystem soil N2O source, we divided
𝐸 by the magnitude of the natural terrestrial ecosystem soil N2O source (6.5 ± 1.2 Tg N yr-1; Tian
et al. 2018). To calculate the climate change mitigation of reforestation (CO2 sequestration)
offset by soil N2O emissions, we first converted 𝐸 from units of N2O-N to units of CO2-C using
the global warming potential of N2O (265; Myhre et al. 2013). We then divided 𝐸 by the
magnitude of climate change mitigation of reforestation. For the analysis in the main text that
used a more conservative estimate of canopy cover area available for reforestation, we examined
two estimates of climate change mitigation of reforestation: 1.4 Gt C yr-1 (Veldman et al. 2019)
and 2.2 Gt C yr-1 (Bastin et al. 2019a). For the analysis in Appendix A that used a more liberal
estimate of canopy cover area available for reforestation, we examined two estimates of climate
change mitigation of reforestation: 3.4 Gt C yr-1 (Lewis et al. 2019) and 6.8 Gt C yr-1 (Bastin et
al. 2019a). We used multiple estimates of climate change mitigation of reforestation due to
various uncertainties in its calculation. To calculate the magnitude of climate change mitigation
of reforestation, we divided the total C sequestration of reforestation provided by Bastin et al.
2019a, Veldman et al. 2019, and Lewis et al. 2019 by 30 years, as in Skidmore et al. 2019. Note
that these calculations assume that there is no difference in CO2 sequestration between
reforestation with N-fixing and non-fixing trees.
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All analyses were conducted in R version 4.0.0 using the package boot.

1.3 Results
Overall, N-fixing trees more than doubled soil N2O emissions relative to the control (nonfixing trees or bare soil), i.e., a 2.30-fold increase (Figure 1a,b and Table A3).
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Figure 1: Influence of N-fixing trees on soil N2O emissions.
a. Effect size of N-fixing trees relative to the control. b. Soil N2O emissions under Nfixing trees and the control. The dashed line is the 1:1 line. c. Effect size across ecosystem
types. “A” and “N” represent anthropogenic and natural forests, respectively. d. Effect size
across N-fixing bacterial symbiosis type. In acd, means and 95% confidence intervals are
shown along with the response percentage of soil N2O emissions under N-fixing trees
relative to the control. An effect size was considered significant if the 95% confidence
interval did not overlap with zero.

In forests, N-fixing trees increased soil N2O emissions relative to non-fixing trees by a
mean of 2.17-fold (Figure 1b,c and Table A3). The influence of N-fixing trees on soil N2O
emissions did not differ significantly between natural forests and anthropogenic forests (planted
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for agriculture, research, or reforestation), although the effect size tended to be greater in natural
forests than in anthropogenic forests. In savannahs and shrublands, N-fixing trees increased soil
N2O emissions relative to bare soil by a mean of 2.64-fold (Figure 1b,c).
N-fixing trees are either actinorhizal (non-legumes that form symbioses with Frankia
bacteria) or rhizobial (legumes that form symbioses with Rhizobia bacteria). The influence of Nfixing trees on soil N2O emissions did not differ significantly between actinorhizal and rhizobial
N-fixing trees, although the effect size tended to be greater in actinorhizal N-fixing trees (3.00fold increase) than in rhizobial N-fixing trees (2.07-fold increase; Figure 1b,d).
The influence of N-fixing trees on soil N2O emissions was not significantly related to
mean annual temperature, mean annual precipitation, or absolute latitude (Figures A1 and A2).
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Figure 2: Global impact of reforestation with N-fixing trees on soil N2O emissions for
different abundances of N-fixing trees planted in reforestation.
a. Increase in soil N2O emissions. b. Increase in the natural terrestrial ecosystem soil
N2O source. c. The extent to which soil N2O emissions offset climate change mitigation of
reforestation (CO2 sequestration). Note that we examined two estimates of climate change
mitigation of reforestation (Bastin et al. 2019a, Veldman et al. 2019). Bars indicate means and
95% confidence intervals. See Figure A3 for this analysis with a more liberal estimate of
canopy cover area available for reforestation (Bastin et al. 2019a).

1.4 Discussion
Our results suggest that afforestation and reforestation with N-fixing trees could amplify
soil N2O emissions. Reforestation projects generally plant a monoculture (despite the benefits of
biodiversity for primary production (Hulvey et al. 2013) and protection against invasive species
and species-specific pathogens (Chazdon 2008)). Our dataset was not sufficient to analyse
individual species, but we investigated whether N-fixing bacterial symbiosis type (actinorhizal
and rhizobial, which aligns with genus), determines the influence of N-fixing trees on soil N2O
emissions. However, the influence of N-fixing trees on soil N2O emissions did not differ
significantly between actinorhizal and rhizobial N-fixing trees. The high variability within each
category could be in part due to the enormous spatio-temporal variability of soil N2O emissions
(Butterbach-Bahl et al. 2013), reinforcing the need for more empirical studies.
Given that N-fixing trees stimulate soil N2O emissions to a substantial degree relative to
non-fixing trees, we estimated the impact that reforestation with N-fixing trees could have on
soil N2O emissions at the global scale. Given intense debate about the calculations and suitability
of tundra, boreal forests, deserts, savannahs, shrublands, and grasslands for reforestation (Bastin
et al. 2019a, 2019b, Lewis et al. 2019, Veldman et al. 2019), we used two estimates of canopy
cover area available for reforestation. Our main analysis uses an estimate that excludes these
biomes (0.3 billion ha; Veldman et al. 2019), but we also conduct an analysis that includes these
biomes (0.9 billion ha; Bastin et al. 2019a) in Appendix A.
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To estimate an upper bound of the global impact of reforestation with N-fixing trees on
soil N2O emissions, we compared a scenario in which all trees planted in reforestation are Nfixing trees to a scenario in which all trees planted in reforestation are non-fixing trees.
Reforestation with exclusively N-fixing trees would stimulate 0.27 Tg N2O-N yr-1 (Figure 2a),
increasing the natural terrestrial ecosystem soil N2O source by 4.1% (Figure 2b) and offsetting
climate change mitigation of reforestation (CO2 sequestration) by up to 4.4% (Figure 2c). We
also compared the scenarios in which 50% and 10% of trees planted in reforestation are N-fixing
trees to the scenario in which all trees planted in reforestation are non-fixing trees. Reforestation
with 50% and 10% canopy cover composed of N-fixing trees would stimulate 0.13 Tg N2O-N yr1

and 0.03 Tg N2O-N yr-1 respectively (Figure 2a).
Note that these calculations assume that there is no difference in CO2 sequestration

between reforestation with N-fixing and non-fixing trees. We make this assumption for
simplicity, but we also note that, even though N-fixing trees are generally suggested for
reforestation based on the theory that they relieve N limitation and facilitate neighbouring trees
(Jensen et al. 2012, Hulvey et al. 2013, Cunningham et al. 2015), some recent studies have found
a negative influence or no influence of N-fixing trees on neighbouring trees (due to strong
competition with neighbouring trees) (Chapin III et al. 2016, Lai et al. 2018, Taylor et al. 2019,
Xu et al. 2020, Staccone et al. 2021), suggesting that even minor stimulation of soil N2O
emissions by N-fixing trees could counteract their benefits to climate change mitigation.
Soil N2O emissions are expected to increase due to increasing temperatures (ButterbachBahl et al. 2013), elevated atmospheric CO2 concentrations (van Groenigen et al. 2011), and, in
particular, intensifying N deposition (Deng et al. 2020). Elevated soil N2O emissions due to these
global change forces are projected to offset climate change mitigation of natural terrestrial
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ecosystems. Our meta-analysis shows that N-fixing trees are quantitatively important to the
natural terrestrial ecosystem soil N2O source and that reforestation with N-fixing trees could
further decrease climate change mitigation of natural terrestrial ecosystems. Furthermore, the
abundance of N-fixing trees in natural forests is expected to increase due to elevated temperature
(Liao et al. 2017), amplifying their influence on soil N2O emissions. In addition to prospective
afforestation with N-fixing trees, the abundance of N-fixing trees is increasing in grasslands,
savannahs, and shrublands because they are common invaders of these ecosystems (Liu et al.
2013) due to their high water use efficiency (Adams et al. 2016). Our results suggest that this
could further amplify soil N2O emissions. Estimates of the magnitude of the future natural
terrestrial ecosystem soil N2O source and climate change mitigation of natural terrestrial
ecosystems should incorporate the influence of N-fixing trees.
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Chapter 2: Nitrogen-fixing trees could exacerbate climate change
under elevated nitrogen deposition
Sian Kou-Giesbrecht and Duncan N. L. Menge

2.1 Introduction
Forests currently sequester a quarter of annual anthropogenic CO2 emissions (Pan et al.
2011a, Ciais et al. 2013). Nitrogen-fixing tree symbioses, in which bacteria living in root nodules
convert atmospheric N2 gas to a plant-available form of nitrogen (N), can provide much of the N
needed to drive forest growth (Gehring et al. 2005, Batterman et al. 2013). N-fixing trees thus
mitigate climate change by sequestering CO2, either directly via their own growth or indirectly
via the turnover of their N-rich tissues whose decomposition increases surrounding soil N and
plant growth. However, in addition to driving CO2 sequestration, elevated soil N driven by the
decomposition of N-rich plant litter can also drive soil emissions of nitrous oxide (N2O) (see
Chapter 1), a potent greenhouse gas (Myhre et al. 2013). What is the current balance of the CO2
and N2O effects of N-fixing trees, i.e., the net CO2-N2O effect, and to what degree will it be
modified by global change?
Studies on another major N input to forests, atmospheric N deposition, offer insight into
the net CO2-N2O effect of N enrichment. N deposition rates are increasing globally due to fossil
fuel and fertilizer use (Dentener et al. 2006). Although intensifying N deposition is expected to
stimulate CO2 sequestration (Magnani et al. 2007), it is also expected to stimulate soil N2O
emissions (Reay et al. 2008, Liu and Greaver 2009, Zaehle et al. 2011, Tian et al. 2015) that will
offset 18-90% of the negative radiative forcing of this CO2 sequestration (Reay et al. 2008).
These studies demonstrate the potential for elevated soil N2O emissions to substantially offset
CO2 sequestration driven by N enrichment. However, the balance of the CO2 and N2O effects of
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biological N fixation, which has fundamentally different dynamics than those of N deposition, is
unresolved.
Unlike N deposition, biological N fixation has the capacity to self-regulate, feeding back
to ecosystem-scale soil N levels (Menge et al. 2015). A deficiency of N can stimulate N fixation,
which can promote plant growth and CO2 sequestration. An excess of N can inhibit N fixation,
which is physiologically costly, reducing ecosystem-scale soil N excess and its associated soil
N2O emissions. However, the strength of this feedback varies across N-fixing species. Some Nfixing species exhibit a facultative N fixation strategy and feed back to soil N levels (Barron et
al. 2011, Batterman et al. 2013, Sullivan et al. 2014, Menge et al. 2015), down-regulating N
fixation rates from over 30 kg N ha-1 yr-1 to 0 kg N ha-1 yr-1 at the ecosystem scale (Batterman et
al. 2013). However, other N-fixing species do not regulate their N fixation rate in response to
soil N levels, exhibiting an obligate N fixation strategy (Binkley et al. 1994, Menge and Hedin
2009, Menge et al. 2015). In this case, N fixation at the ecosystem scale is only down-regulated
when these species are competitively excluded. However, before competitive exclusion occurs,
obligate N-fixing trees can drive substantial soil N2O emissions (see Chapter 1). The strong
connection between N fixation, soil N enrichment and soil N2O emissions calls for the explicit
consideration of N fixation strategies when estimating the net CO2-N2O effect of forests.
Here, we use a theoretical modelling approach to ask two main questions: How do Nfixing trees influence the net CO2-N2O effect of forests, i.e., do N-fixing trees mitigate or
exacerbate climate change? How will their influence change under elevated N deposition rates?
We use the terms mitigate and exacerbate to highlight that the influence of N-fixing trees is
relative to ongoing greenhouse gas effects. In forests, the cooling effect of CO2 sequestration is
partially offset by the warming effect of soil N2O emissions (Ciais et al. 2013), resulting in a net
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cooling CO2-N2O effect. We are not suggesting that N-fixing trees can or will change the
direction of the net CO2-N2O effect of forests from cooling to warming. The question we address
is how N-fixing trees modify CO2 sequestration in comparison to how they modify soil N2O
emissions relative to non-fixing trees.
We use a differential equation ecosystem model that captures the fluxes and pools of
carbon (C) and N in an ecosystem, and includes competition between N-fixing and non-fixing
trees. We validated the model against literature estimates of the relevant fluxes and pools of C
and N in tropical, temperate and boreal forests. The model predicts CO2 sequestration (CO2
effect) and soil N2O emissions (N2O effect) of an ecosystem with a given dominant N fixation
strategy. We compute the net CO2-N2O effect of the ecosystem with two complementary
methods. The first method compares accumulated CO2 sequestration to accumulated soil N2O
emissions after 100 years of ecosystem succession using the global warming potential of N2O.
The second method computes the net radiative forcing from continuous CO2 sequestration and
soil N2O emissions over 100 years of ecosystem succession. To evaluate the CO2 and N2O
effects of N-fixing trees, we compare model ecosystems of non-fixing trees to model ecosystems
that contain both N-fixing trees and non-fixing trees. Model ecosystems with N-fixing trees
contain one of three empirically-supported N fixation strategies (Menge et al. 2015): obligate (fix
N at a constant rate per unit biomass), perfectly facultative (down-regulate N fixation to perfectly
meet their N demand after taking up soil N; hereafter facultative), and incomplete regulator
(down-regulate N fixation similarly to the facultative strategy but sustain N fixation at a constant
minimum rate). The difference in the net CO2-N2O effect between a model ecosystem of nonfixing trees and a model ecosystem with N-fixing trees is the net CO2-N2O effect attributed to the
N-fixing trees and is inherently relative to the net CO2-N2O effect of non-fixing trees. To
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estimate the magnitude of the net CO2-N2O effect of N-fixing trees at the global scale, we
parameterized the model for tropical, temperate and boreal forests, and simulated the model
under past (low; pre-Anthropocene (Galloway et al. 2008)), recent (intermediate; 2001 (Vet et al.
2014) and 2006 (Dentener et al. 2006)) and future N deposition rates (high; 2030 for the SRES
A2 scenario (Nakicenovic and Swart 2000, Dentener et al. 2006)). The model suggests that Nfixing trees can either mitigate or exacerbate climate change relative to non-fixing trees,
contingent on their N fixation strategy and on N deposition. As N deposition intensifies, N-fixing
trees stimulate substantial soil N2O emissions but promote minimal CO2 sequestration,
exacerbating climate change relative to non-fixing trees. The goal of this study is not to generate
a quantitatively accurate prediction of the net CO2-N2O effect of N-fixing trees. Rather, the
objectives are to estimate its potential magnitude, and to generate and explore hypotheses of how
N-fixing trees could mitigate or exacerbate climate change. Ultimately, these hypotheses should
be analyzed empirically and with Earth System Models.

2.2 Methods
Model description
Our model is an extension of a simple differential equation ecosystem model (Vitousek et
al. 1998, Menge et al. 2015). It includes a N-fixer biomass C pool (BF, kg C ha-1), a non-fixer
biomass C pool (B0, kg C ha-1), a plant-unavailable soil N pool (D, kg N ha-1; detritus) and a
plant-available soil N pool (A, kg N ha-1; nitrate, ammonium and forms of organic N that are
accessible to plants). The rates of change of these pools satisfy the following ordinary
differential equations (represented by the box diagram in Figure B1):
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The per capita growth rates of BF and B0 are represented by the functions gF and g0,
respectively:
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The growth rate of Bi (i = F represents N-fixers, i = 0 represents non-fixers) is determined by
Liebig’s law of the minimum. When Bi is N-limited, gi is a function of the nutrient use efficiency
of N (ωi), N uptake rate (νi), and, for BF, N fixation rate per unit biomass C (F). When Bi is not
N-limited, gi is limited by some unspecified resource (such as phosphorus, light or space),
represented by a density-dependent function that decreases with increasing total biomass (BF +
B0). For non-N-limited growth, βi is the maximum growth rate and γi is the coefficient that
determines the extent to which gi is decreased by total biomass. The parameter µi represents the
turnover rate, m represents the mineralization rate, φ represents the loss rate of plant-unavailable
soil N, I represents the abiotic N input flux, k represents the loss rate of plant-available soil N
other than gaseous losses of N2O (leaching and gaseous losses of nitric oxide (NO), ammonium
(NH3) and nitrogen gas (N2)), and η represents the gaseous loss rate of plant-available soil N as
N2O. We assume that the N2O gaseous loss rate is a linear function of A, following 2006 IPCC
Guidelines for National Greenhouse Gas Inventories (De Klein et al. 2006). Thus, the
atmospheric N2O pool (E; in kg N2O-N ha-1) satisfies the following equation:
6E
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The parameter ψ represents the atmospheric N2O removal rate (through photolysis and oxidation
reactions (Myhre et al. 2013)) and is the inverse of the lifetime of N2O in the atmosphere.
Different N fixation strategies (obligate, facultative and incomplete regulator) are
represented by the following equation, which gives N fixation rate per unit biomass C:
𝐹 = MAX \𝐹FGH ,MIN ]=
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The parameter Fmin represents the sustained minimum N fixation rate, and thus describes the
gradient of N fixation strategies from obligate N-fixers (Fmin = Fmax, i.e., F is constant), to
incomplete regulator N-fixers (0 < Fmin < Fmax), to facultative N-fixers (Fmin = 0). The parameter
Fmax is the maximum N fixation rate per unit biomass C.
Model simulations
Simulations of the model were conducted in R using the package deSolve. We
parameterized our model for tropical, temperate and boreal forests (Table B1) and conducted the
following simulations for each parameterization. We simulated four versions of the model
(ecosystems containing only non-fixers, ecosystems containing non-fixers and obligate N-fixers,
ecosystems containing non-fixers and facultative N-fixers, and ecosystems containing non-fixers
and incomplete regulator N-fixers) for 100 years. We simulated each of the four versions of the
model under three N deposition rates: past (low; pre-Anthropocene; from Galloway et al. 2008),
recent (intermediate; 2001 and 2006; from Vet et al. 2014 and Dentener et al. 2006 respectively)
and future N deposition rates (high; 2030 for the SRES A2 scenario (Nakicenovic and Swart
2000); from Dentener et al. 2006) (Table B3). N deposition rates for tropical, temperate and
boreal forests were estimated using weighted averages with tropical, temperate and boreal forest
areas (from the 2015 Global Forest Resources Assessment (MacDicken 2015)). The range of N
deposition rates can also be representative of varying degrees of N enrichment from other
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sources (rock weathering N input, turnover, mineralization, etc.). Additionally, we simulated
each of the four versions of the model under low, intermediate and high initial soil N pool sizes
(Table B4).
CO2 effect, N2O effect and net CO2-N2O effect
We calculated the CO2 and N2O effects of the ecosystem with two complementary
methods. The first method quantifies total change in the sizes of the biomass C pools and the
atmospheric N2O pool, converting N2O to CO2 radiative equivalents using global warming
potentials. The second method quantifies net radiative forcing from continuous changes in the
sizes of the biomass C pools and the atmospheric N2O pool. Both methods calculate the CO2 and
N2O effects of the ecosystem over 100 years, similar to the IPCC’s SRES and Representative
Concentration Pathways. The first method is easier to compare to studies of standing biomass C
pools, whereas the second method gives a more accurate accounting of net radiative forcing.
Results given in the main text are from the first method, but both methods give similar results.
For the first method, the CO2 and N2O effects of the ecosystem were calculated as
follows:
CO2 effect = −
N2 O effect =

MI7" (,::)$7# (,::)J"I7" (:)$7# (:)JN
100 yr

IE(8)"E(:)J
100 yr

×

44 kg N2 O
28 kg N

×

×

44 kg CO2
12 kg C

298 kg CO2

(21)
(22)

kg N2 O

The global warming potential of N2O over a 100 year time horizon (298 kg CO2 kg N2O-1; Myhre
et al. 2013) was used to find the CO2 radiative equivalent of soil N2O emissions. The CO2 effect
and N2O effect are both given in units of kg CO2 ha-1 yr-1.
For the second method, we adapted an equation for the radiative forcing of a continuous
emission pulse from Alvarez et al. 2012:
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𝑔OP$ (𝑡Q ) is the sequestration of CO2 at time tE. ai and 𝜏OP$ ,! are constants and lifetimes
respectively that represent the time scales of different CO2 removal processes (Joos et al. 2013).
Removal of CO2 by the terrestrial sink is already included in these CO2 removal processes, and,
as such, Equation 23 is not an ideal representation of the CO2 effect but is effective at
demonstrating its general trend. A(tE) is the available soil N pool at time tE. REGHG is the
radiative efficiency of the greenhouse gas and was calculated using the following formula from
Myhre et al. 2013 that converts radiative efficiency from units of W m-2 ppbv-1 (standard) to
units of W m-2 kg-1:
[- ,:0
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REGHG,ppbv is the radiative efficiency in units of W m-2 ppbv-1, MA is the mean molar mass of air,
MGHG is the molar mass of the greenhouse gas, and TM is the total mass of the atmosphere.
Parameter values and descriptions are available in Table 5A. Results and figures corresponding
to those available in the main text are displayed in Table B6 and Figure B2.
For both methods, the net CO2-N2O effect reflects the balance of CO2 sequestration and
soil N2O emissions and is thus calculated as the sum of the CO2 effect and N2O effect. A
negative net CO2-N2O effect indicates a cooling effect (CO2 sequestration exceeds soil N2O
emissions) and a positive net CO2-N2O effect indicates a warming effect (soil N2O emissions
exceed CO2 sequestration).
Model validity
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The model accurately estimates CO2 sequestration and soil N2O emissions under recent N
deposition rates. For tropical forests, the total biomass C equilibrium of the model is 124 Mg C
ha-1 (see Appendix B.2), which is similar to Batterman et al. 2013 which reported 128 Mg C ha-1
in old growth tropical forests. For temperate forests, the total biomass C equilibrium of the
model is 145 Mg C ha-1, which is similar to Pregitzer and Euskirchen 2004 which reported 171
Mg C ha-1 in old growth temperate forests. For boreal forests, the total biomass C equilibrium of
the model is 75 Mg C ha-1, which is similar to Pregitzer and Euskirchen 2004 which reported 81
Mg C ha-1 in old growth boreal forests.
For tropical forests, the soil N2O emission rate of the model ranges between 0 and 6.97
kg N2O-N ha-1 yr-1. This is less than the default value used by the IPCC for tropical forests (16
kg N2O-N ha-1 yr-1; De Klein et al. 2006) but is similar to values from Stehfest and Bouwman
2006 (1.37 kg N2O-N ha-1 yr-1). For temperate forests, the soil N2O emission rate of the model
ranges between 0 and 0.29 kg N2O-N ha-1 yr-1. This is again less than the default value used by
the IPCC for temperate forests (8 kg N2O-N ha-1 yr-1; De Klein et al. 2006) but is similar to
values from Stehfest and Bouwman 2006 (0.64 kg N2O-N ha-1 yr-1). For boreal forests, the soil
N2O emission rate of the model ranges between 0 and 0.13 kg N2O-N ha-1 yr-1. This is similar to
values from Pihlatie et al. 2007 (-0.67 kg N2O-N ha-1 yr-1 – 0.39 kg N2O-N ha-1 yr-1).
For tropical forests, the N fixation rate of the model ranges between 0 and 29 kg N ha-1
yr-1, which is similar to values from Batterman et al. 2013 (0 - 29 kg N ha-1 yr-1), Sullivan et al.
2014 (1.2 - 14.4 kg N ha-1 yr-1) and Winbourne et al. 2018 (0.3 – 22.75 kg N ha-1 yr-1). For
temperate forests, the N fixation rate of the model ranges between 0 and 10 kg N ha-1 yr-1, which
is similar to values from Menge and Hedin 2009 (11 kg N ha-1 yr-1). For boreal forests, the N
fixation rate of the model ranges between 0 and 6 kg N ha-1 yr-1, which is similar to values from
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Blundon and Dale 1990 (0.3 kg N ha-1 yr-1). Other reported N fixation rates for temperate forests
(33 – 150 kg N ha-1 yr-1; Boring and Swank 1984, Binkley et al. 1994) and boreal forests (38 –
107 kg N ha-1 yr-1; Uliassi and Ruess 2002, Ruess et al. 2009) are substantially higher, but Nfixing trees are often rare or absent in temperate and boreal forests (Menge et al. 2014). As such,
the average N fixation rates across temperate and boreal forests are likely within the range of the
N fixation rates of our model.
Global scale estimate
We applied the net CO2-N2O effect calculated with tropical, temperate and boreal forest
parameterizations to tropical, temperate and boreal forest areas (from the 2015 Global Forest
Resources Assessment (MacDicken 2015)) respectively. Many forests are recovering from a past
disturbance, imparting a variegated age distribution on global forests (Pan et al. 2011b). Because
the net CO2-N2O effect (Equations 23 and 24) is averaged over the first 100 years of ecosystem
succession, it roughly encompasses the age distribution of global forests.

2.3 Results
Net CO2-N2O effect of N-fixing trees at the ecosystem scale
Our model suggests that N-fixing trees can either mitigate climate change relative to nonfixing trees (a negative net CO2-N2O effect of N-fixing trees relative to non-fixing trees) or
exacerbate climate change relative to non-fixing trees (a positive net CO2-N2O effect of N-fixing
trees relative to non-fixing trees). The main controls that determine this balance are N fixation
strategy and N deposition rate (Figure 3 displays results for tropical forests and Figures B3 and
B4 display results for temperate and boreal forests respectively; because patterns are analogous
between tropical, temperate and boreal forests we hereafter focus on tropical forests). For Nfixing trees that exacerbate climate change relative to non-fixing trees, soil N2O emissions do not
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necessarily offset the absolute level of CO2 sequestration (see Figure B5 for the absolute net
CO2-N2O effects of ecosystems with and without N-fixing trees). Rather, the offset of CO2
sequestration by soil N2O emissions for ecosystems with N-fixing trees is greater than the offset
of CO2 sequestration by soil N2O emissions for ecosystems without N-fixing trees. Similarly, for
N-fixing trees that mitigate climate change relative to non-fixing trees, the offset of CO2
sequestration by soil N2O emissions for ecosystems with N-fixing trees is lower than the offset
of CO2 sequestration by soil N2O emissions for ecosystems without N-fixing trees. Generally,
under low N deposition rates, N-fixing trees promote CO2 sequestration but only minimal soil
N2O emissions relative to non-fixing trees (Figure 3a), whereas under high N deposition rates, Nfixing trees stimulate soil N2O emissions but only minimal CO2 sequestration relative to nonfixing trees (Figure 3c).

Figure 3: CO2 and N2O effects of nitrogen-fixing trees relative to non-fixing trees.
a. The CO2 and N2O effects of N-fixing trees relative to non-fixing trees under low N
deposition rates (Galloway et al. 2008). b. The CO2 and N2O effects of N-fixing trees relative
to non-fixing trees under intermediate N deposition rates (Dentener et al. 2006). c. The CO2
and N2O effects of N-fixing trees relative to non-fixing trees under high N deposition rates
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(Dentener et al. 2006). Units are CO2 radiative equivalents, which balance the greenhouse
effects of CO2 and N2O using the global warming potential of N2O. A positive net CO2-N2O
effect of N-fixing trees relative to non-fixing trees indicates that N-fixing trees have a
warming effect relative to non-fixing trees (i.e., N-fixing trees warm more than non-fixing
trees but do not necessarily warm overall). A negative net CO2-N2O effect of N-fixing trees
relative to non-fixing trees indicates that N-fixing trees have a cooling effect relative to nonfixing trees (i.e., N-fixing trees cool more than non-fixing trees but do not necessarily cool
overall). The model has a tropical forest parameterization.

Obligate and incomplete regulator N-fixers sustain N fixation after satisfying their N
demand, whereas facultative N-fixers shut off N fixation after satisfying their N demand (Figure
4a). Over succession, obligate and incomplete regulator N-fixers promote greater N supply to the
ecosystem via sustained N fixation than facultative N-fixers (indicated by the vertical lines in
Figure 4b,c). Under low N deposition, N supplied via N fixation by obligate and incomplete
regulator N-fixing trees facilitates non-fixing trees in meeting their N demand, amplifying
ecosystem-scale CO2 sequestration to a greater extent than that by facultative N-fixing trees
(Figure 4b). However, this N supplied via N fixation also stimulates soil N2O emissions (Figure
4c). This is especially pronounced for obligate N-fixers, which sustain N fixation at a higher rate
than incomplete regulator N-fixers. As such, under low N deposition rates, incomplete regulator
N-fixing trees exhibit the greatest net CO2-N2O cooling effect because of their high CO2 effect
(Figure 3a). They are followed by obligate N-fixing trees, which have a similarly high CO2 effect
but a higher N2O effect (Figure 3a). Facultative N-fixing trees, which have a substantially lower
CO2 effect, have the lowest net CO2-N2O cooling effect (Figure 3a).
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Figure 4: Mechanisms that drive the CO2 and N2O effects of nitrogen-fixing trees.
a. N fixation rate as a function of available soil N for the three N fixation strategies
examined in the model. b. CO2 effect. CO2 sequestration increases with increasing N fixation
rate when N is limiting. When N supply to the ecosystem is sufficient to alleviate N
limitation, CO2 sequestration plateaus. This occurs at a lower N fixation rate under high N
deposition than under low N deposition. c. N2O effect (displayed in units of CO2 radiative
equivalents). Increasing N fixation rate does not stimulate soil N2O emissions when N is
limiting. When N supply to the ecosystem is sufficient to alleviate N limitation, soil N2O
emissions increase with increasing N fixation rate. This occurs at a higher N fixation rate
under low N deposition than under high N deposition. The black curves in b and c represent
the CO2 and N2O effects respectively of an ecosystem with a tropical forest parameterization,
a single biomass C pool and a prescribed constant N fixation rate per unit biomass C. The
vertical purple, orange and green lines in b and c represent average N fixation rates over 100
years for the three N fixation strategies examined in the model (the vertical gray line
represents a zero N fixation rate over 100 years for non-fixing trees). The corresponding
brackets indicate the range of N fixation rates over 100 years for the three N fixation
strategies examined in the model. The low N deposition rate is from Galloway et al. 2008 and
the high N deposition rate is derived from Dentener et al. 2006. Overall, a-c show that N
fixation drives cooling when N is limiting (low N fixation and/or N deposition) and warming
when N is not limiting (high N fixation and/or N deposition).

Increased N supply to the ecosystem via elevated N deposition induces N-fixing trees to
down-regulate N fixation to the greatest extent possible (Figure 4a): facultative N-fixers
completely down-regulate N fixation and incomplete regulator N-fixers partially down-regulate
N fixation, whereas obligate N-fixers do not down-regulate N fixation. Because facultative Nfixing trees completely down-regulate N fixation (Figure 4a), they have a negligible net CO234

N2O effect relative to non-fixing trees under high N deposition rates (Figure 3c). Under high N
deposition rates, N demand is satisfied by N deposition. As such, N fixed by obligate and
incomplete regulator N-fixing trees due to sustained N fixation does not contribute to CO2
sequestration (Figure 4b). Rather, it contributes to soil N2O emissions, which increase
indefinitely with increasing N fixation (Figure 4c). Thus, obligate and incomplete regulator Nfixing trees exhibit a considerable N2O effect, yielding a net CO2-N2O warming effect relative to
non-fixing trees (Figure 3c).
Initial soil N pool sizes do not strongly influence the net CO2-N2O effect of N-fixing
trees relative to non-fixing trees (differ by < 1 kg CO2 ha-1 yr-1 between low and high initial soil
N pool sizes; Figure B6).
Net CO2-N2O effect of N-fixing trees at the global scale
To ascertain how important the climate impacts of N-fixing trees could be, we estimated
the net CO2-N2O effect of N-fixing trees at the global scale. Although N-fixing trees play a
crucial role in forests, the global distribution of N fixation strategies is not well established
(Vitousek et al. 2013). Accordingly, we made estimates of the global net CO2-N2O effect of Nfixing trees first by examining three basic scenarios: all N-fixing trees are obligate, all N-fixing
trees are facultative, and all N-fixing trees are incomplete regulators. Because forests around the
globe include an assemblage of these three N fixation strategies (Menge et al. 2014, 2015), the
maximum and minimum of these three basic scenarios provide bounds to the global net CO2N2O effect of N-fixing trees. We ran each basic scenario under future N deposition rates (for the
SRES A2 scenario). Our model suggests that, if all N-fixing trees are facultative, they will have
an insignificant influence on estimates of the net CO2-N2O effect of global forests (Table 1). At
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the opposite extreme, if all N-fixing trees are obligate, N-fixing trees will decrease estimates of
the net CO2-N2O effect of global forests by the radiative equivalent of 0.77 Pg C yr-1 (Table 1).
Table 1: Modeled global net CO2-N2O effect of forests and of N-fixing trees relative
to non-fixing trees under future N deposition rates (2030 for the SRES A2 scenario).
Scenarios displayed are: All N-fixing trees are obligate, all N-fixing trees are
facultative, and all N-fixing trees are incomplete regulators. Units are C radiative
equivalents, which balance the greenhouse effects of CO2 and N2O using the global warming
potential of N2O. Negative values in the centre column indicate a net cooling CO2-N2O effect
of forests. Positive values in the right-hand column, which are the differences from the nonfixer row in the centre column, indicate that N-fixing trees have a net warming CO2-N2O
effect relative to non-fixing trees.

Global forest composition
Obligate N-fixer and non-fixer

Global net CO2-N2O effect
of forests (Pg C yr-1)
-2.98

Global net CO2-N2O effect
of N-fixing trees (Pg C yr-1)
+0.77

Facultative N-fixer and non-fixer

-3.72

+0.03

Incomplete regulator N-fixer and
non-fixer
Non-fixer

-3.40

+0.36

-3.76

NA

In a further analysis, we determined the global net CO2-N2O effects of N-fixing trees
relative to non-fixing trees for a range of relative abundances of ecosystems containing obligate
N-fixing trees and ecosystems containing facultative N-fixing trees under a range of N
deposition rates (Figure 5a). Under recent N deposition rates, our assumptions of the relative
abundances of ecosystems containing obligate and facultative N-fixing trees have a negligible
influence on the global net CO2-N2O effect of N-fixing trees relative to non-fixing trees (Figure
5b and Table B2), whereas under future N deposition rates these assumptions can change this
global scale estimate by up to 0.77 Pg C yr-1 (Figure 5b and Table 1).
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Figure 5: Global CO2 and N2O effects of nitrogen-fixing trees relative to non-fixing
trees.
a. Global net CO2-N2O effect of N-fixing trees relative to non-fixing trees for a range
of relative abundances of ecosystems containing obligate N-fixing trees and ecosystems
containing facultative N-fixing trees under a range of N deposition rates. Global forest
composition ranges from the scenario in which all N-fixing trees are facultative to the
scenario in which all N-fixing trees are obligate, i.e., the relative abundances of ecosystems
containing obligate N-fixing trees and ecosystems containing facultative N-fixing trees range
from 0% to 100% and 100% to 0% respectively. Red represents a warming effect and blue
represents a cooling effect relative to non-fixing trees. Global N deposition rate ranges from
the minimum recent N deposition rate derived from Vet et al. 2014 or Dentener et al. 2006, to
the future N deposition rate derived from Dentener et al. 2006. b. Global net CO2-N2O effect
of N-fixing trees relative to non-fixing trees under recent and future N deposition rates. The
curves in b are cross sections of the extremes of the surface displayed in a. The dotted line is
at zero, representing the transition between a cooling effect and a warming effect relative to
non-fixing trees. Fac. represents ecosystems containing facultative N-fixing trees and Ob.
represents ecosystems containing obligate N-fixing trees.

2.4 Discussion
Our model identifies N fixation strategy and N deposition rate as the main controls of the
net CO2-N2O effect of N-fixing trees at both the ecosystem and global scales (Figures 3 and 5).
In particular, under elevated N deposition rates, our model suggests that N fixation strategy is the
key determinant of the net CO2-N2O effect of forests: obligate N-fixing trees exacerbate climate
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change relative to non-fixing trees, whereas facultative N-fixing trees influence climate change
in the same manner as non-fixing trees. The net CO2-N2O effect of N-fixing trees at the global
scale under future N deposition rates – up to 0.77 Pg C yr-1 according to our model – is highly
uncertain, given the numerous caveats associated with scaling a simple model up to the globe.
However, the magnitude of this estimate suggests that N-fixing trees could have a critical
influence on the extent to which forests will mitigate climate change. Below, we will discuss our
current understanding of N fixation strategies and the CO2 and N2O effects of N-fixing trees,
how other global change factors could influence the net CO2-N2O effect of N-fixing trees, and
extensions of our results to forest management and Earth System Models.
According to our model, N fixation strategies are a key determinant of how N-fixing trees
will influence climate change, but the global distribution of N fixation strategies is not well
established. There is observational evidence that actinorhizal N-fixing trees in temperate forests
are obligate (Binkley et al. 1994, Menge and Hedin 2009) but that rhizobial N-fixing trees in
tropical forests down-regulate N fixation (either with a facultative or an incomplete regulator N
fixation strategy) (Barron et al. 2011, Batterman et al. 2013, Sullivan et al. 2014). Theoretical
evidence suggests that a transition from facultative N fixation strategies at lower latitudes to
obligate N fixation strategies at higher latitudes could explain the order of magnitude drop in Nfixing tree abundance (Menge et al. 2014) and the differences in successional patterns of Nfixing tree abundance between tropical and temperate forests (Menge et al. 2010, Gei et al.
2018). Theory also suggests why an obligate N fixation strategy could be more adaptive at higher
latitudes: Low decomposition rates at low temperatures could lead to sustained N limitation,
favouring obligate N fixation (Sheffer et al. 2015). However, there is limited empirical evidence
to support these theories because N fixation strategies are difficult to establish experimentally
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(Menge et al. 2015). Our study emphasizes the need for a more accurate and extensive
description of the distributions of different N fixation strategies given their significant influence
on predictions of the net CO2-N2O effect of global forests.
The CO2 sequestration component of our model relies on the theory that N-fixing trees
drive forest growth by meeting its N demand, which has some (Gehring et al. 2005, Batterman et
al. 2013) but not universal (Chapin III et al. 2016, Taylor et al. 2017, Lai et al. 2018) support. For
example, Batterman et al. 2013 found that, in a 300-year forest chronosequence in Panama, Nfixing trees provided over 50% of the N demand of early successional forest growth. However,
another study from the same region of Panama showed a negligible influence of N-fixing trees
on forest growth (Lai et al. 2018). Furthermore, recent studies in Alaska (Chapin III et al. 2016)
and Costa Rica (Taylor et al. 2017) have shown that N-fixing trees can even inhibit the growth of
surrounding trees and thus inhibit forest growth. These results could be due to non-N-limitation
and strong competitive effects of N-fixing trees on surrounding trees, although these mechanisms
remain speculative. Further research is necessary to determine the predominance and controls of
non-facilitative effects of N-fixing trees on forest growth. Additional studies on how N-fixing
trees drive soil N2O emissions are also necessary. It is well established that soil N drives soil
N2O emissions (Hall and Matson 1999, Aronson and Allison 2012). However, studies of the
extent to which N-fixing trees enrich soil N and stimulate soil N2O emissions are rare, although
they demonstrate that N-fixing trees can substantially increase soil N2O emissions (soil N2O
emissions can be up to twelve-fold greater under stands of N-fixing trees than under stands of
non-fixing trees; see Chapter 1). The magnitude of our estimate of the net CO2-N2O effect of Nfixing trees at the global scale highlights the need for further research on the impact of N-fixing
trees on soil N2O emissions.
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Our analysis focused on a single global change factor - intensifying N deposition - due to
its clear link to N supply. However, global change factors beyond N deposition such as
increasing temperature, changing precipitation, and CO2 fertilization could also influence the net
CO2-N2O effect of N-fixing trees. N-fixing trees are projected to increase in abundance due to
increasing temperatures (Liao et al. 2017), which would amplify their net CO2-N2O effect.
Additionally, increasing temperatures will increase soil N2O emission rates (Smith et al. 2003,
Griffis et al. 2017). N-fixing trees generally have a greater water use efficiency than non-fixing
trees (Adams et al. 2016), and are more abundant in arid conditions (Pellegrini et al. 2016, Liao
et al. 2017, Gei et al. 2018), suggesting that changing precipitation could either increase or
decrease N-fixing tree abundance and their net CO2-N2O effect (although forecasted changes in
precipitation in the United States and Mexico are projected to have only a minor influence on Nfixing tree abundance (Liao et al. 2017)). Additionally, soil moisture strongly controls soil N2O
emission rates (Smith et al. 2003, Griffis et al. 2017). CO2 fertilization has been suggested to
promote N limitation via increased forest growth (Wieder et al. 2015b), although empirical
evidence is mixed (McCarthy et al. 2010, Norby et al. 2010). Intensifying N limitation could
promote increasing N fixation rates (Hungate 2004, van Groenigen et al. 2006) and a net CO2N2O cooling effect of N-fixing trees relative to non-fixing trees, although this response could be
limited by other nutrients (Hungate 2004, van Groenigen et al. 2006). Our study only addresses
intensifying N deposition as it has a direct influence on N limitation, but other global change
factors should also be considered for a comprehensive analysis of how N-fixing trees will
mitigate or exacerbate climate change.
Forest management studies have recommended planting N-fixing trees during
reforestation to alleviate regenerating forests from N limitation (Macedo et al. 2008,
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Cunningham et al. 2015). However, our study suggests that planting obligate and incomplete
regulator N-fixing trees may actually exacerbate climate change relative to non-fixing trees
under elevated N deposition rates. This finding complements recent empirical evidence that Nfixing trees might not promote forest growth (Chapin III et al. 2016, Taylor et al. 2017, Lai et al.
2018). However, we emphasize that, in our study, the net CO2-N2O effect of all forest
ecosystems is a cooling effect (Figure B5), and we are addressing the relative merit of N-fixing
trees (with different N fixation strategies) vs. non-fixing trees. Furthermore, our analysis does
not consider the merits of biodiversity or other site-specific factors that could influence the net
CO2-N2O effect of N-fixing trees.
Biological N fixation is a significant source of uncertainty in the climate projections of
Earth System Models (Wieder et al. 2015a, Stocker et al. 2016). Our results suggest that
including the regulation of biological N fixation in Earth System Models and explicitly
considering soil N2O emissions, rather than CO2 sequestration alone, could considerably
decrease estimates of the extent to which global forests will mitigate climate change. Global
forests currently sequester 2.4 Pg C yr-1 (Pan et al. 2011a), representing a negative radiative
forcing. Our analysis suggests that a single functional group, N-fixing trees, could decrease the
magnitude of this negative radiative forcing of forests by up to 32% as N deposition intensifies.
The theoretical modelling approach we employ here is only a basic framework for generating
hypotheses and exploring their potential limits. We do not claim to have made accurate
predictions for the net CO2-N2O effect of N-fixing trees, but rather seek to stimulate discussion
on their climate role and suggest further research. In particular, empirical work is necessary to
quantify the net CO2-N2O effect of N-fixing trees and improve its representation in Earth System
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Models, allowing the development of an accurate estimate of the extent to which N-fixing trees
and global forests will mitigate or exacerbate climate change.
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Chapter 3: N supply mediates the radiative balance of N2O
emissions and CO2 sequestration driven by N-fixing vs. non-fixing
trees
Sian Kou-Giesbrecht, Jennifer L. Funk, Steven S. Perakis, Amelia A. Wolf, and Duncan N. L.
Menge

3.1 Introduction
Reforestation is the focus of several international initiatives that aim to mitigate climate
change and has the potential to store between 42 and 205 Pg C globally (Bastin et al. 2019a,
Veldman et al. 2019). To achieve this goal, reforestation projects generally select tree species
that maximize CO2 sequestration in plant biomass (Chazdon 2008). Nitrogen (N)-fixing trees
(symbioses in which bacteria living in tree root nodules convert atmospheric N2 gas to a plantavailable form of N) are often recommended for reforestation because of their rapid growth on
N-poor soil (Cunningham et al. 2015). However, N-fixing trees can also stimulate significant
nitrous oxide (N2O) emissions from soils (see Chapter 1), proposed to be caused by their
enrichment of soil N via the turnover and decomposition of their N-rich tissues (Adams et al.
2016) or by satisfying the majority of their N demand through N fixation thereby reducing soil N
uptake (Nygren et al. 2012). N2O has a global warming potential 265 times that of CO2 over 100
years, and thus N2O emissions from soils can radiatively offset CO2 sequestration in plant
biomass. It is unresolved whether the radiative balance of CO2 sequestration in plant biomass vs.
N2O emissions from soils (hereafter, the “net CO2-N2O effect”) is greater for N-fixing trees or
for non-fixing trees. N-fixing trees could mitigate climate change more than non-fixing trees if
the stronger CO2 sequestration in N-fixing vs. non-fixing tree biomass outweighs the stronger
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N2O emissions from soils under N-fixing vs. non-fixing trees. Alternatively, N-fixing trees could
mitigate climate change less than non-fixing trees if the stronger N2O emissions from soils under
N-fixing vs. non-fixing trees outweigh the stronger CO2 sequestration in N-fixing vs. non-fixing
tree biomass. Resolving the net CO2-N2O effect of N-fixing trees relative to non-fixing trees
addresses the key management question: Under what conditions should N-fixing trees be planted
during reforestation to maximize climate change mitigation?
There is empirical evidence for the CO2 effect (Hulvey et al. 2013) and the N2O effect
(see Chapter 1) of N-fixing trees, but the net CO2-N2O effect of N-fixing trees relative to nonfixing trees has not been studied empirically. Modelling work suggests that N-fixing trees could
mitigate climate change either more or less than non-fixing trees depending on how N supply
(which includes atmospheric N deposition, rock N weathering, free-living N fixation, and N
mineralization but not symbiotic N fixation) compares to N demand (Kou-Giesbrecht and Menge
2019): Under lower N supply, N-fixing trees promote CO2 sequestration more than non-fixing
trees by relieving N limitation of plant growth. Under higher N supply, plant growth is not Nlimited, hence N-fixing trees promote N2O emissions more than non-fixing trees without
promoting CO2 sequestration more than non-fixing trees. Another key theoretical finding was
that the net CO2-N2O effect of N-fixing trees relative to non-fixing trees depends on the degree
to which N-fixing trees down-regulate N fixation under higher N supply: N-fixing trees that
sustain N fixation stimulate more N2O emissions than non-fixing trees, whereas N-fixing trees
that completely down-regulate N fixation stimulate similar N2O emissions to non-fixing trees. As
a ballpark figure, the model suggested that N2O emissions driven by N-fixing trees could
radiatively offset up to 32% of CO2 sequestration at the global scale. This potential magnitude of
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the net CO2-N2O effect of N-fixing trees relative to non-fixing trees is substantial, emphasizing
the need for empirical tests.
Here we conducted a field experiment in a temperate forest in New York, USA to
compare CO2 sequestration in plant biomass (CO2 effect) to N2O emissions from soils (N2O
effect) driven by a N-fixing tree (Robinia pseudoacacia) and a co-occurring non-fixing tree
(Betula nigra). Robinia, which is the dominant N-fixing tree in the USA (Staccone et al. 2020),
is common across temperate forests, and is often planted during reforestation in temperate forests
(Cierjacks et al. 2013), is a representative N-fixing tree species across temperate forests. Betula
is a common non-fixing tree that shares similar ecological characteristics with Robinia (e.g. it is
a shade-intolerant pioneer species (Menge et al. 2010)) aside from the capacity for N fixation.
We evaluated their net CO2-N2O effects and the mechanisms underlying their CO2 and N2O
effects under lower (+0 g N m–2 y–1) and higher N additions (+10 g N m–2 y–1) at the individual
tree scale (the scale at which CO2 and N2O effects are controlled (Lovett et al. 2004)). Then, we
developed and analyzed a theoretical model that represents the principal C and N pools and
fluxes of an ecosystem to extend the results of our field experiment over time. The model
simulates a N-fixer and a non-fixer under lower (+0 g N m–2 y–1) and higher (+10 g N m–2 y–1) N
inputs and is parameterized with our field data. We simulated the model over 100 years to
examine the persistence of the net CO2-N2O effect over time.

3.2 Methods
The field experiment was located in Black Rock Forest, New York, USA (41.41˚ N,
74.02˚ W), which has Typic Dystrudepts and Fragiudults soils (Denny 1938) and low N
deposition (< 1 g N m–2 y–1; National Atmospheric Deposition Program 2018). In May 2015, 32
pairs of Robinia pseudoacacia and Betula nigra saplings (~ 45 cm height, 0.5 cm basal diameter,
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1 year) were planted in an open habitat. Trees in a pair were separated by 5 m and each tree was
at least 12 m from trees in other pairs.
Fertilizer treatments were randomly assigned to tree pairs in eight blocks at four levels:
+0 g N m–2 y–1, +10 g N m–2 y–1, +15 g N m–2 y–1, and +15 g N m–2 y–1 / 15 g P m–2 y–1 treatments
(Appendix C.2). Due to mortality after planting, of the 16 trees originally planted in each
fertilizer treatment, 10 trees remained in the +0 g N m–2 y–1 treatment (4 Robinia and 6 Betula)
and in the +10 g N m–2 y–1 treatment (5 Robinia and 5 Betula) in 2018.
Tree size (height, basal diameter, canopy length, and canopy width) was measured at the
beginning (April) and end (October) of each growing season. Biomass (𝐵; kg indiv–1) was
calculated with the following allometric equations (D.N.L.M., unpublished data):
𝐵']^!(!_ = expg𝛽,,']^!(!_,B + 𝛽.,']^!(!_,B ln(𝐷. 𝐻)h

(26)

𝐵7`8ab_ = expg𝛽,,7`8ab_,B + 𝛽. ln(𝐷) + 𝛽/ ln(𝐻)h

(27)

𝐷 is basal diameter (cm), 𝐻 is height (cm), and 𝛽,,c,B , 𝛽.,c,B , 𝛽. , and 𝛽/ are coefficients (where 𝑆
represents species (Robinia or Betula) and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1, +10
g N m–2 y–1, +15 g N m–2 y–1, or +15 g N m–2 y–1 / 15 g P m–2 y–1); Table C1). C was assumed to
be 47% of biomass (Ma et al. 2018).
Trace-level 15N-labelled fertilizer was applied to soils under all trees to measure N
fixation via 15N dilution (Appendix C.2). Foliar N and 15N were measured at the end of each
growing season with an elemental analyzer (PDZ Europa ANCA-GSL, Sercon Limited,
Cheshire, UK) coupled to an isotope ratio mass spectrometer (PDZ Europa 20-20, Sercon
Limited, Cheshire, UK). The percentage of plant N derived from symbiotic N fixation activity
(%𝑁6d_ ) was calculated with the following stable isotope mixing model (Menge et al. 2015):
%𝑁6d_ =

&9
&9
78e23(456 " 78e:;<!=!6
&9
78e23(456 ":./22/

(28)
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,1
>g 𝑁c

is foliar atom % 15N at the end of a growing season (where 𝑆 represents species (Robinia or

Betula)) and 0.3663 is atom % 15N of atmospheric N2.
Gas fluxes were sampled throughout the growing season of 2018, at least two weeks after
fertilizer application (to allow the N2O flux pulse from the N fertilization to subside) (Appendix
C.2). Gas samples were collected at 50 cm from tree base for all trees in the +0 and +10 g N m–2
y–1 treatments. Gas samples were collected with a gas flux chamber at 0, 20, 40, and 60 min after
placing the gas flux chamber. They were analyzed on a gas chromatograph (SRI 8610C, SRI
Instruments, Torrance, CA, USA) fitted with two HayeSep D columns and an electron capture
detector to determine N2O concentration. N2O flux rate per ground area (𝑁. 𝑂; mg N2O-N m–2
hr–1) was calculated as:
𝑁. 𝑂 = 𝑚e$ h

mol N2 O
,:? µmol N2 O

00.:, g N2 O g 1000 mg N2 O
mol N2 O

'\

g N2 O

ℎ

1000L .s.:, g N
m3

00.:, g N2 O

(29)

𝑚e$ h is slope of the linear regression of N2O concentration over the four time points (μmol mol–
1

hr–1), 𝑃 is atmospheric pressure (0.957 atm at 400 m above sea level), 𝑅 is the ideal gas

constant (0.08205 L atm mol–1 K–1), 𝑇 is soil temperature (K), and ℎ is height of the gas flux
chamber (m) (Appendix C.2). N2O flux rates per ground area (Figure C1a) were multiplied by
crown area to determine N2O flux rates per individual tree.
Mineral soils were sampled throughout the growing season of 2018. Four sets of two
composited soil cores (10 cm depth, 1.5 cm diameter) spaced evenly around tree base were
collected 50 cm from tree base and 10 cm apart. 5 g soil samples were extracted with 0.030 L of
2M KCl and analyzed on a discrete analyzer (SmartChem 170, Unity Scientific, Milford, MA,
USA) to determine NH4+ and NO3- concentrations (summed to obtain inorganic soil N
concentration). Inorganic soil N per ground area (𝑁! ; g N m–2) was calculated as:
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tA [0.030 L]

𝑁! = (,"%y

!

[

(30)

$
$ h) [1 g wet soil] ~M0.015 mN
$

𝑐e! is inorganic soil N concentration (g N L–1), %𝐻. 𝑂 is gravimetric soil moisture (%; g H2O g
wet soil–1), and 𝑀 is average dry mass of a soil core (g). Inorganic soil N per ground area was
multiplied by crown area to determine inorganic soil N per individual tree.
To assess significant differences in the empirical data between species / fertilizer
treatment combinations, we developed linear mixed models for absolute and relative biomass C
growth rates, foliar N, %Ndfa, inorganic soil N, N2O flux rate, soil moisture, and soil temperature
as response variables. For each response variable, the linear mixed model contained a fixed
effect for the species / fertilizer treatment combination and a random effect for individual tree.
Additionally, absolute and relative biomass C growth rates contained a fixed effect for biomass
C. We considered a difference between species / fertilizer treatment combinations as significant
if the standard errors of coefficients corresponding to species / fertilizer treatment combinations
did not overlap (Appendix C.2).
To extrapolate instantaneous N2O flux rates to annual N2O emission rates (accounting for
annual variation in soil temperature and moisture) and to compare CO2 and N2O effects with
propagation of uncertainty we used Bayesian statistical models. We represented N2O flux rate as
a function of soil temperature and moisture (Appendix C.2).
𝑁. 𝑂 ~ negative/0-inflated lognormal g𝐸(𝑁. 𝑂), 𝜎e.$ h , 𝜙h

(31)

𝐸(𝑁. 𝑂) = 𝛽, 𝑇 + 𝛽. 𝑀 + 𝛽/,c,B

(32)

𝑁. 𝑂 is N2O flux rate (from Equation 29; Figure C2a), 𝐸(𝑁. 𝑂) is the expected value of the
lognormal distribution, 𝜎e.$ h is variance of the lognormal distribution, 𝜙 is the probability of a
negative or zero N2O flux rate, 𝑇 is soil temperature (˚C), 𝑀 is soil moisture (%), and 𝛽, , 𝛽. , and
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𝛽/,c,B are coefficients (where 𝑆 represents species (Robinia or Betula) and 𝐹 represents fertilizer
treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1); Table C2). The model was built with soil
temperature and moisture data measured with manual probes concurrently with taking a gas
sample (to a depth of 10 cm within 20 cm of the gas flux chamber). Continuous soil temperature
and moisture data measured with automated sensors every 5 min and 1 hr respectively from
January 1 2018 to December 31 2018 (to a depth of 5 cm and 10 cm respectively) were input into
the model to determine the annual N2O emission rate.
∆𝐵~ gamma g𝑟𝑎𝑡𝑒c,B , 𝑠ℎ𝑎𝑝𝑒h

(33)

∆𝐵 is the absolute biomass C growth rate (from Equations 26 and 27; Figure C2b), and 𝑟𝑎𝑡𝑒c,B
and 𝑠ℎ𝑎𝑝𝑒 are the rate and shape parameters of the gamma distribution respectively (where 𝑆
represents species (Robinia or Betula) and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1 or
+10 g N m–2 y–1)). This determines the annual CO2 sequestration rate. We ran the models for
10,000 iterations starting from over-dispersed initial parameter values with uninformative priors
(mean 0 and precision 0.001) in the rjags package of R version 4.0.2. We tested convergence
with the Gelman and Rubin diagnostic.
The theoretical model is an extension of a simple ordinary differential equation model
(Kou-Giesbrecht and Menge 2019; Appendix C.2; Figure C3). One version of the model
represents a N-fixer biomass C pool, whereas the other represents a non-fixer biomass C pool.
Each version contains a plant-unavailable and plant-available soil N pool and represents the
processes of N fixation, plant N uptake, plant turnover, N mineralization, N2O loss, non-N2O
loss (leaching and other gaseous loss), and N input (free-living N fixation, rock N weathering,
atmospheric N deposition, and N fertilization). Plant growth is either N-limited or limited by an
unspecified resource (e.g., light, water, or phosphorus). We parameterized the model using our
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field data where possible and literature values elsewhere (Appendix C.2, Table C3). With the
deSolve package of R version 4.0.2, we simulated the N-fixer and non-fixer versions of the
model with N input rates at 0 and 10 g N m–2 y–1 to reflect our field experiment.
The empirical and modelled CO2 effects (kg CO2 indiv–1 y–1) are based on measured and
modelled rates of CO2 sequestration in plant biomass (Appendix C.2):
CO2 effect = [annual CO2 sequestration rate] ×

44 kg CO2

(34)

12 kg C

The empirical and modelled N2O effects (kg CO2 indiv–1 y–1) are based on measured and
modelled rates of N2O emissions from soils (Appendix C.2):
N2 O effect empirical = [annual N2 O emission rate] ×

44 kg N2 O
28 kg N

×

265 kg CO2
kg N2 O

(35)

3.3 Results
The CO2 effect of Betula tended to be weaker in the +0 g N m–2 y–1 (hereafter, +0) than in
the +10 g N m–2 y–1 (hereafter, +10) treatment, whereas the CO2 effect of Robinia tended to be
similar in both fertilizer treatments (Figure 6a). This occurred because Betula was N-limited in
the +0 treatment whereas Robinia was not N-limited in either fertilizer treatment (Figure 7a) as
N fixation enabled Robinia to overcome N limitation of plant growth. Between the two species,
the CO2 effect of Robinia was stronger because Robinia had a higher absolute growth rate
(Figure C4).
The N2O effect of Robinia tended to be stronger than that of Betula in both the +0 and
+10 treatments (Figure 6b). Higher N2O emissions from soils under Robinia than under Betula
(Figure 6b) corresponded to higher inorganic soil N under Robinia than under Betula (Figure
7b,c). N fixation by Robinia enriches soil N via two pathways. First, N fixation enables Robinia
to maintain tissues with higher N content than Betula (Figure 7d) which turn over and
decompose. Second, Robinia satisfies the majority of its N demand through N fixation (Figure
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7e) thereby reducing soil N uptake. Critically, Robinia sustained N fixation in the +10 treatment
(Figure 7e), continuing to reduce soil N uptake. The N2O effects of both Robinia and Betula in
the +10 treatment were stronger than in the +0 treatment (Figure 6b) due to elevated inorganic
soil N (Figure 7b,c). Note that soil moisture and temperature were not significantly different
between species or fertilizer treatments (Figure C5).
Combining the CO2 and N2O effects using global warming potentials, we found that
Robinia mitigated climate change more than Betula in both fertilizer treatments (Figure 6c). To
examine the persistence of the net CO2-N2O effect over time we used the theoretical model.
First, to validate the model, we simulated the model for three years (the length of our field
experiment) and compared the modelled CO2 and N2O effects to the empirical CO2 and N2O
effects. Critically, the model was not tuned to the empirical CO2 and N2O effects – the
underlying mechanisms of the CO2 and N2O effects (which are represented by the model) were
parameterized with our field data, but the modelled CO2 and N2O effects emerge from these
underlying mechanisms. The model predicted the empirical CO2 effects to within the 95%
credible interval (Figure 6a) and captured the proximate mechanism of the CO2 effects observed
in the field experiment – N limitation of non-fixer growth in the +0 treatment but no N limitation
of N-fixer growth in either fertilizer treatment. The model was not as accurate in predicting the
empirical N2O effects, but predicted their general trend across species and fertilizer treatments
(Figure 6b). As with the CO2 effect, the model captured the proximate mechanism of the N2O
effect observed in the field experiment – enriched soil N driven by the N-fixer and by N
fertilization. Overall, for both the empirical and modelled results, sustained N fixation by the Nfixer was the ultimate mechanism underlying the differences between the CO2 and N2O effects
because it relieved N limitation of plant growth and enriched soil N.
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To examine the persistence of the net CO2-N2O effect over time, we simulated the model
over 100 years (Figures 8, S6, and S7). In the +0 treatment N-fixers continued to mitigate
climate change more than non-fixers (Figure 8a) because of their persisting stronger CO2 effect
from overcoming N limitation of plant growth. In the +10 treatment N-fixers initially mitigated
climate change more than non-fixers, as we observed empirically, because of their transient
stronger CO2 effect from their higher absolute growth rate (Figures 8b and C4). However, after
approximately 10 years, N-fixers shifted to mitigating climate change less than non-fixers
because of their stronger N2O effect from enriched soil N and similar CO2 effects from not Nlimited plant growth (Figure 8b). Accumulated over 100 years, N-fixers mitigate climate change
more than non-fixers in the +0 treatment but mitigate climate change less than non-fixers in the
+10 treatment. Overall, accumulated over 100 years, N-fixers mitigated climate change more
than non-fixers for N inputs less than approximately 1 g N m–2 y–1, but N-fixers mitigated
climate change less than non-fixers for N inputs more than approximately 1 g N m–2 y–1 (Figure
8c).
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Figure 6: Radiative effects of N-fixing and non-fixing trees.
a. CO2 sequestration (negative radiative forcing), b. N2O emissions (positive radiative
forcing; given in CO2 radiative equivalents of N2O), and c. radiative balance of CO2
sequestration and N2O emissions, for the field experiment (light bars) and theoretical model
(dark bars; simulated for the length of the field experiment, i.e., 3 years). A negative net CO2N2O effect indicates that the CO2 effect outweighs the N2O effect (negative radiative forcing)
and vice versa. Empirical CO2, N2O, and net CO2-N2O effects are projected with a statistical
model; error bars indicate its 95% credible intervals. +0 and +10 indicate +0 and +10 g N m–2 y–
1 treatments respectively.
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trees.
a. Relative biomass C growth rate (indicates N limitation of plant growth). b. N2O flux
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Figure 8: Modelled radiative effects of N-fixers and non-fixers.
Net CO2-N2O effects of N-fixers and non-fixers and the difference in the net CO2-N2O
effect between N-fixers and non-fixers (∆N-fixer–non-fixer net CO2-N2O effect) in the a. +0 and b.
+10 g N m–2 y–1 treatments. A negative ∆N-fixer–non-fixer net CO2-N2O effect indicates that N-fixers
mitigate climate change more than non-fixers and vice versa. The vertical gray line indicates
the length of the field experiment, i.e., 3 years. c. Accumulated ∆N-fixer–non-fixer net CO2-N2O
effect over 100 years across a range of N input.

3.4 Discussion
Together, our field experiment and model suggest that whether N-fixing trees mitigate
climate change more or less than non-fixing trees depends on N supply relative to N demand.
When N supply is lower, N-fixing trees mitigate climate change more than non-fixing trees
because they stimulate CO2 sequestration in plant biomass relative to non-fixing trees.
Conversely, when N supply is higher, N-fixing trees mitigate climate change less than non-fixing
trees because sustained N fixation drives substantial N2O emissions from soils but does not
stimulate CO2 sequestration in plant biomass relative to non-fixing trees.
Although our model is parameterized for our field experiment, three lines of reasoning
suggest that it is informative for temperate forests broadly. First, Robinia and its key traits are
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common. Robinia is the dominant N-fixing tree in the USA (Staccone et al. 2020) and is
abundant in Europe and Asia as well (Cierjacks et al. 2013). Key traits underlying the net CO2N2O effect – high tissue N content and sustained N fixation – are observed in other N-fixing
trees (Binkley et al. 1992, Nygren et al. 2012, Adams et al. 2016).
Second, although the combined CO2-N2O effect has not been studied elsewhere, its
components have and the CO2 and N2O effects we observed in our field experiment resemble
those observed in other empirical syntheses of temperate forests: For the CO2 effect, 2.74 kg C
indiv-1 (in the +0 treatment) in comparison to 3.10 kg C indiv-1 (Webb et al. 1983) and, for the
N2O effect, 2.03 kg N2O-N ha-1 y-1 (in the +0 treatment) in comparison to 0.64 kg N2O-N ha-1 y-1
(Stehfest and Bouwman 2006).
Finally, our study is relevant to temperate forests because the field experiment and model
capture a range in the baseline degree of N limitation of plant growth (i.e., N supply relative to N
demand), which determines whether N-fixing trees mitigate climate change more or less than
non-fixing trees and is dependent on site-specific factors. Plant growth at our field site is Nlimited (Figure C8), which is common in temperate forests (LeBauer and Treseder 2008). The N
input threshold at which N-fixing trees transition from mitigating climate change more than to
less than non-fixing trees estimated by the model for our field site is 1 g N m–2 y–1, which is a
modest N input for temperate forests (free-living N fixation, rock N weathering, and atmospheric
N deposition are 0.2, 0.4, and 0.4 g N m–2 y–1 respectively (Appendix C.2)). While this N input
threshold is site-specific, given the alignment between the CO2 and N2O effects observed in our
field experiment with those observed in other empirical studies, it is likely a reasonable estimate.
Importantly, the modelled pattern is generalizable. Extensive temperate forest regions receive
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elevated anthropogenic N deposition, which drives CO2 sequestration in some areas (Thomas et
al. 2010) but N2O emissions in other areas (Aber et al. 1989).
In natural temperate forests, N-fixing trees are typically competitively excluded over
succession (Menge et al. 2010), raising the question: Does the net CO2-N2O effect of N-fixing
trees influence that of forests over succession? In our field experiment (and model) we study the
individual tree scale which is empirically tractable but does not include competitive dynamics.
However, two arguments suggest that N-fixing trees are important for the net CO2-N2O effect of
forests over succession. First, some N-fixing trees persist in late successional temperate forests:
Robinia maintains approximately 25% of its maximum relative abundance at 100 years in forests
in the USA (Menge et al. 2010). Second, our previous modelling work explores the role of
competitive dynamics and suggests that, before being competitively excluded by non-fixing
trees, N-fixing trees can have a significant influence on the net CO2-N2O effect of forests over
100 years (Kou-Giesbrecht and Menge 2019).
Our study has important implications for reforestation. While our results apply directly to
the common practice of monoculture reforestation (Liu et al. 2018), recent empirical studies
suggest that N-fixing trees, which are often recommended for reforestation to relieve N
limitation of neighboring plant growth (Hulvey et al. 2013, Cunningham et al. 2015), do not
always promote neighboring plant growth (Staccone et al. 2021). Overall, our results suggest
caution in planting N-fixing trees during reforestation and emphasise the need for further study
of their biogeochemical role.
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Chapter 4: A novel representation of biological nitrogen fixation
and competitive dynamics between nitrogen-fixing and non-fixing
plants in a land model (GFDL LM4.1-BNF)
Sian Kou-Giesbrecht, Sergey Malyshev, Isabel Martinez Cano, Stephen W. Pacala, Elena
Shevliakova, Thomas A. Bytnerowicz, and Duncan N. L. Menge

4.1 Introduction
The terrestrial carbon (C) sink is controlled by the availability of nitrogen (N) for plant
growth (Elser et al. 2007, LeBauer and Treseder 2008, Wright et al. 2018). Land models are
applied to project the terrestrial C sink (Arora et al. 2020) and are progressively incorporating
representations of N cycling and N limitation of plant growth (Medvigy et al. 2009, Yang et al.
2009, Wang et al. 2010, Zaehle and Friend 2010, Smith et al. 2014, Goll et al. 2017, Lawrence et
al. 2019). However, the degree to which N limitation of plant growth will constrain the terrestrial
C sink under elevated atmospheric CO2 concentration is unresolved (Terrer et al. 2019), as there
is substantial variation between different land models (Wieder et al. 2015b).
The representation of biological N fixation (BNF), the primary natural input of N to
terrestrial ecosystems (Fowler et al. 2013, Vitousek et al. 2013), is a key challenge to
incorporating N cycling into land models because of its complexity (Thomas et al. 2015, Wieder
et al. 2015a, Stocker et al. 2016, Davies-Barnard et al. 2020, Meyerholt et al. 2020). BNF occurs
in multiple niches across terrestrial ecosystems: by symbioses between N-fixing bacteria living
in root nodules of plants (hereafter, symbiotic BNF) and by a host of other organisms such as soil
microbes, bryophytes, and lichens (hereafter, asymbiotic BNF for simplicity although some of
these organisms are symbiotic associations; see Reed et al. 2011). Symbiotic and asymbiotic
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BNF are regulated by a myriad of abiotic and biotic controls, that vary temporally, spatially, and
among different niches (Zheng et al. 2019). In particular, symbiotic BNF responds dynamically
to N limitation of plant growth: it is up-regulated under N limitation of plant growth and downregulated under non-N limitation of plant growth (Vitousek et al. 2013). BNF could, as such, be
pivotal to overcoming N limitation of plant growth under elevated atmospheric CO2
concentration (Liang et al. 2016, Terrer et al. 2016, 2018).
Many coupled C-N land models use the empirical relationship of BNF with either net
primary production (NPP; Goll et al. 2017) or evapotranspiration (ET; Yang et al. 2009, Zaehle
and Friend 2010, Smith et al. 2014) to represent BNF. However, these are simplified
phenomenological relationships that are not based on the ecological mechanisms underlying
BNF (Cleveland et al. 1999). Furthermore, implementing and comparing a NPP-based and ETbased representation of BNF within a land model (CLM5) resulted in projections of the
terrestrial C sink that differed by 50 Pg C in 2100 under the representative concentration
pathway 8.5 (RCP8.5; Wieder et al. 2015a). Finally, a recent meta-analysis of BNF found no
evidence for the empirical relationship of BNF with either NPP or ET (Davies-Barnard and
Friedlingstein 2020).
Recent coupled C-N land models have simulated symbiotic BNF mechanistically rather
than phenomenologically as responding dynamically to N limitation of plant growth. The
Geophysical Fluid Dynamics Laboratory (GFDL) Land Model 3 (LM3) can include the
Symbiotic Nitrogen Acquisition by Plants (SNAP) model (Sulman et al. 2019), in which plant C
allocation to N-fixing bacteria is optimized to maximize plant growth. However, LM3-SNAP as
well as other land models that have implemented a mechanistic representation of symbiotic BNF
such as CLM5 (Lawrence et al. 2019) and CABLE (Wang et al. 2010, Haverd et al. 2018, Peng
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et al. 2020), represent a single general plant C pool capable of BNF and cannot represent
community dynamics. In observed ecosystems, symbiotic BNF responds dynamically to N
limitation of plant growth at both the population scale (via individual-scale regulation of
symbiotic BNF rate; Menge et al. 2015) and at the community scale (via competitive dynamics
between N-fixing and non-fixing plants; Boring and Swank 1984, Chapin III et al. 1994, Menge
and Hedin 2009): Under strong N limitation, N-fixing plants up-regulate symbiotic BNF rate and
have a competitive advantage over non-fixing plants, but, under weak N limitation, N-fixing
plants down-regulate symbiotic BNF rate and are competitively excluded by non-fixing plants
because of the high C cost of symbiotic BNF (Gutschick 1981, Sheffer et al. 2015). As such, the
competitive dynamics between N-fixing and non-fixing plants is a key ecological mechanism
that could determine ecosystem-scale symbiotic BNF. Finally, the abundance of N-fixing trees is
spatially variable (Menge et al. 2019, Staccone et al. 2020), but its representation is not possible
in land models that represent a single general plant C pool capable of BNF although is necessary
to accurately estimate regional symbiotic BNF.
Asymbiotic BNF is generally not included in coupled C-N land models.
Phenomenological representations of BNF merge asymbiotic and symbiotic BNF, although they
are regulated by different controls (Zheng et al. 2019). Mechanistic representations of BNF
either merge asymbiotic and symbiotic BNF (e.g. LM3-SNAP; Sulman et al. 2019), represent
asymbiotic BNF as a constant from averaged observations (e.g. CABLE; Wang and Houlton
2009), or represent asymbiotic BNF phenomenologically as a function of ET (e.g. CLM5;
Lawrence et al. 2019). Importantly, although asymbiotic and symbiotic BNF exhibit different
temperature responses (Bytnerowicz et al. n.d.), the symbiotic BNF temperature response is,
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when included, derived primarily from asymbiotic BNF observations (Houlton et al. 2008), and
the asymbiotic BNF temperature response is omitted.
Here, we present LM4.1-BNF, a novel representation of BNF and an updated
representation of N cycling in the GFDL Land Model 4.1 (LM4.1; Shevliakova et al. n.d.).
LM4.1 includes height-structured competition for light and water between plant cohorts using
the perfect plasticity approximation (Purves et al. 2008, Strigul et al. 2008, Weng et al. 2015,
Martinez Cano et al. 2020). LM4.1-BNF builds on the framework of LM4.1, including
competition for light, water, and N between plant cohorts that associate with N-fixing bacteria
and non-fixer plant cohorts. LM4.1-BNF introduces several improvements to the representation
of N cycling in LM3-SNAP by incorporating novel representations of the following ecological
mechanisms:
1. Symbiotic BNF and competitive dynamics between N-fixing and non-fixing plants: Plant
cohorts with a N-fixer vegetation type conduct symbiotic BNF and compete with plant
cohorts with a non-fixer vegetation type.
2. Asymbiotic BNF: Soil microbes conduct asymbiotic BNF, as well as decomposition,
nitrification, and denitrification.
3. BNF temperature response: Asymbiotic and symbiotic BNF have different temperature
responses derived from asymbiotic BNF observations (Houlton et al. 2008) and symbiotic
BNF observations (Bytnerowicz et al. n.d.) respectively.
4. N limitation: N limitation is determined by current stored non-structural N relative to the
demand for non-structural N. N limitation increases active root uptake of inorganic N and
decreases root N exudation following observations (Nacry et al. 2013, Canarini et al.
2019).
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5. Dynamic plant C allocation to growth and N uptake: N limitation decreases the growth of
leaves, sapwood, and seeds, proportionally increasing the growth of fine roots following
observations (Poorter et al. 2012). N limitation stimulates C allocation to N uptake
(including symbiotic BNF) relative to growth. C limitation, which is determined by
current stored non-structural C relative to the demand for non-structural C, stimulates C
allocation to growth relative to N uptake. Thereby, plant C allocation is optimized to
maximize growth following observations (Rastetter and Shaver 1992).
We focus our analysis on temperate forests which are generally N-limited (Elser et al.
2007, LeBauer and Treseder 2008). We parameterise a N-fixer vegetation type based on Robinia
pseudoacacia (black locust), which is the most abundant N-fixing tree species in the coterminous
US, accounting for 64% of tree-associated BNF in the coterminous US (Staccone et al. 2020).
We compare Robinia to a non-fixer vegetation type based on Acer rubrum (red maple), which is
the most abundant non-fixing tree species in the North region of the coterminous US (Oswalt et
al. 2019). We evaluate LM4.1-BNF at Coweeta Hydrologic Laboratory in North Carolina, US,
which has observations on symbiotic BNF by Robinia (Boring and Swank 1984).
We conduct three analyses to assess the performance of LM4.1-BNF in estimating major
C and N pools and fluxes in comparison to previous representations of BNF in land models
generally. In the first analysis, we compare mechanistic and phenomenological representations of
BNF; We compare LM4.1-BNF (with BNF represented mechanistically as described above) to
LM4.1-BNF with BNF represented as a function of NPP and to LM4.1-BNF with BNF
represented as a function of ET. In the second analysis, we examine the role of competitive
dynamics between N-fixing and non-fixing plants; We compare LM4.1-BNF simulations with
both Robinia and Acer to LM4.1-BNF simulations with only Acer and LM4.1-BNF simulations
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with only Acer that can associate with N-fixing bacteria, which are representative of land models
that represent a single general plant C pool capable of BNF and cannot represent community
dynamics. In the third analysis, we examine the role of asymbiotic BNF; We compare LM4.1BNF simulations with asymbiotic BNF to LM4.1-BNF simulations without asymbiotic BNF,
which is representative of land models that do not include asymbiotic BNF.

4.2 Methods
Overview of a land tile and vegetation types
We provide an overview of LM4.1-BNF with a focus on the novel elements relative to
LM4.1 (Shevliakova et al. n.d.) and LM3-SNAP (Sulman et al. 2019). A complete description of
LM4.1-BNF is available in Appendix D.1.
LM4.1-BNF consists of a grid, in which grid cells are approximately 100 km by 100 km.
LM4.1-BNF represents the heterogeneity of the land surface as a mosaic of land tiles within a
grid cell. Each land tile represents a fraction of the grid cell area and does not have an associated
location within the grid cell. A land tile may represent natural vegetation at a given stage of
recovery post-disturbance, urban area, pastureland, rangeland, or cropland. Land tiles are created
dynamically due to a disturbance, such as human land use, fire, or natural mortality of
vegetation.
A land tile contains multiple plant cohorts that compete for light and water following the
Perfect Plasticity Approximation (Purves et al. 2008, Strigul et al. 2008, Weng et al. 2015,
Martinez Cano et al. 2020) and compete for N (presented below). Plant cohorts consist of
identical individual trees belonging to a vegetation type that occupy a given canopy layer and
that have a spatial density (determined by recruitment and mortality). A vegetation type can be
associated with exclusively arbuscular mycorrhizae (AM), exclusively ectomycorrhizae (EM),
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both AM and N-fixing bacteria, or both EM and N-fixing bacteria. A land tile can contain
multiple plant cohorts of the same or of different vegetation types. As such, there is intraspecific
competition (among plant cohorts of the same vegetation type within a tile) and interspecific
competition (among plant cohorts of different vegetation types within a tile). Growth is based on
allometric equations (Equations D40-D42) and is modulated by N availability. Recruitment and
mortality follow Weng et al. 2015 and Martinez Cano et al. 2020 and are not directly influenced
by N availability but are indirectly influenced by N availability via its effect on growth.
There are six plant tissue C and N pools: leaf, fine root, sapwood, heartwood, seed, and
non-structural C or N. The C:N ratios of the leaf, fine root, sapwood, heartwood, and seed tissue
pools are fixed (for a given vegetation type). There are three soil organic C and N pools (labile
plant-derived, labile microbe-derived, and recalcitrant) and two soil inorganic N pools
(ammonium (NH4+) and nitrate (NO3-)) in each soil layer. There are 20 soil layers of varying
thickness to a total depth of 10 m. Soil C and N are transferred between soil layers via leaching.
Figure 9 displays a diagram of key C and N pools and fluxes.
We define a N-fixer vegetation type with a parameterisation based on Robinia
pseudoacacia and a non-fixer vegetation type with a parameterisation based on Acer rubrum.
Both Acer and Robinia associate with AM. We used the US Forest Inventory and Analysis (FIA)
database (US Forest Service 2020a), the US FIA Forest Health Monitoring database (US Forest
Service 2020b), and the Biomass and Allometry Database (BAAD; Falster et al. 2015) to
parameterise the allometries of these vegetation types (Equations D40-D42; Appendix D.3). The
vegetation types also differed in other key traits (Table 2). In particular, the C:N ratio of leaves
differed between vegetation types that associated with AM, EM, and N-fixing bacteria (Adams et
al. 2016, Averill et al. 2019). See Table D1 for all vegetation type-specific parameters. Other
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model parameters are from Weng et al. 2015 or Sulman et al. 2019 or are derived from published
observations (Appendix D.3). Some parameters were not well constrained by available
observations and were tuned to fit to observed patterns of C and N cycling in temperate forests
(Appendix D.3). See Table D2 for general parameters.
Table 2: Key parameter differences between vegetation types.
See Table D1 for remaining vegetation type-specific parameters.

Vegetation type

Leaf C:N ratio

Acer rubrum
Robinia
pseudoacacia

30 kg C kg N-1
14 kg C kg N-1

(a) AM

Maximum rate
of carboxylation
(Vcmax) at 15˚C
17 µmol m-2 s-1
23 µmol m-2 s-1

(b) AM + BNF
CO2

340 kg C m-3
280 kg C m-3

0.0482 kg C m-2
0.0380 kg C m-2

(d) EM + BNF
CO2
CO2

leaf

leaf

leaf
NSC

Leaf mass per
area

(c) EM

CO2

seed

Wood C density

NSN

seed

wood

NSC

NSN

seed

N

NSC

NSN

seed

wood

wood

AM

leaf

AM

N

N

root

NSN

wood

EM

N

EM

N

BNF

BNF
root

NSC

N

root

N

root

N

Figure 9: Diagram of key C and N pools (boxes) and fluxes (arrows).
C pools and fluxes are indicated in blue. N pools and fluxes are indicated in orange.
NSC represents non-structural C and NSN represents non-structural N. Orange and blue
boxes have a fixed C:N ratio. Plant turnover, symbiont turnover, and soil C and N pools and
fluxes are not displayed for visual clarity. The black dashed box represents the rhizosphere.
a) Vegetation type that associates with arbuscular mycorrhizae (AM). (b) Vegetation type that
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associates with AM and N-fixing bacteria. (c) Vegetation type that associates with
ectomycorrhizae (EM). (d) Vegetation type that associates with EM and N-fixing bacteria.

Symbiotic BNF and N uptake by roots, AM, and EM
All vegetation types take up inorganic N via passive and active root uptake. Passive root
uptake of inorganic N follows LM3-SNAP (Equation D1). Active root uptake of inorganic N
follows LM3-SNAP but is modified to increase with N stress following observations (Nacry et
al. 2013) (described in further detail below; Equation 51). AM take up inorganic N following
LM3-SNAP (Equation D4). EM decompose and take up organic C and N following LM3-SNAP
but is modified to additionally take up inorganic N following observations (Phillips et al. 2013)
(Equation D8).
The symbiotic BNF rate by N-fixing bacteria (𝑁ed!Š ; [kg N indiv-1 yr-1]) is
𝑁ed!Š = 𝑟ed!Š 𝐵ed!Š 𝑓(𝑇)

(36)

where 𝑟ed!Š is a rate constant, 𝐵ed!Š is the biomass C of the nodule (includes both plant and Nfixing bacteria tissue) [kg C indiv-1], and 𝑓(𝑇) is the soil temperature dependence function. For
Robinia,
𝑓(𝑇) = max \0.0, Ž
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(37)

where 𝑇 is the average soil temperature across soil layers [K]. This reaches its maximum at 31.9
˚C (Figure D1). This is derived from Bytnerowicz et al. n.d..
Respiration associated with symbiotic BNF is 𝑐𝑜𝑠𝑡ed!Š 𝑁ed!Š , where 𝑐𝑜𝑠𝑡ed!Š is the C
cost of symbiotic BNF per unit N (Equation D52).
Note that the description of EM is included although both Acer and Robinia associate
with AM.
Asymbiotic BNF
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Soil microbes are represented as a single C pool that conducts decomposition,
nitrification, denitrification, and asymbiotic BNF. The rates of C and N decomposition, rates of
C and N decomposition during denitrification, rates of change of biomass C and N, and
maintenance respiration rate of soil microbes follow LM3-SNAP (Equations D11-D19). The N
surplus or deficit of soil microbes and C and N growth rates of soil microbes are modified to
include asymbiotic BNF (Equations D22-D24).
The asymbiotic BNF rate of soil microbes in soil layer k (𝑁ed!Š _Œ•Ž^ (𝑘); [kg N m-2 yr1

]) is

𝑁ed!Š _Œ•Ž^ (𝑘) = 𝑟ed!Š _Œ•Ž^ 𝐶[ (𝑘)𝑓g𝑇(𝑘)h

(38)

where 𝑟ed!Š _Œ•Ž^ is a rate constant, 𝐶[ (𝑘) is the biomass C of soil microbes in soil layer k [kg
C m-2], and 𝑓g𝑇(𝑘)h is the soil temperature dependence function.
𝑓g𝑇(𝑘)h = 𝑒 "..2$:..,(\(•)".‹/.,1)M,"

#.9(N(O)'$LH.&9)
N
$K.K

(39)

which reaches its maximum at 24.4 ˚C (Figure D1). This is derived from the observations
compiled by Houlton et al. 2008 with the study of symbiotic BNF removed (Schomberg and
Weaver 1992) and is normalized to a maximum of 1.
N limitation, plant C allocation to growth, and plant C allocation to rhizosphere priming
The non-structural C pool (𝑁𝑆𝐶; [kg C indiv-1]) gains C from photosynthesis. 𝑁𝑆𝐶 loses
C to respiration and C allocation to growth, symbionts, and root C exudation. The rate of change
of 𝑁𝑆𝐶 (
6ec•
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6ec•
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; [kg C indiv-1 yr-1]) is

= 𝑃 − 𝑅 − g𝐺•,b + 𝐺•,‘ + 𝐺•,Œ& + 𝐺•,Œ``6 h − 𝐶_bb]t − 𝐿•,`Ša6_8`

(40)

where 𝑃 is the photosynthesis rate [kg C indiv-1 yr-1], 𝑅 is the respiration rate (maintenance and
growth) [kg C indiv-1 yr-1], 𝐺•,b is the growth rate of the leaf C pool (𝐶b ; [kg C indiv-1]) [kg C
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indiv-1 yr-1], 𝐺•,‘ is the growth rate of the fine root C pool (𝐶‘ ; [kg C indiv-1]) [kg C indiv-1 yr-1],
𝐺•,Œ& is the growth rate of the sapwood C pool (𝐶Œ& ; [kg C indiv-1]) [kg C indiv-1 yr-1], 𝐺•,Œ``6 is
growth rate of the seed C pool (𝐶Œ``6 ; [kg C indiv-1]) [kg C indiv-1 yr-1], 𝐶_bb]t is the rate of C
allocation to symbionts (Equations D43-D46), and 𝐿•,`Ša6_8` is the rate of root C exudation
(Equation D38). Note that sapwood is converted to heartwood following Martinez Cano et al.
2020.
The non-structural N pool (𝑁𝑆𝑁; [kg N indiv-1]) gains N from N uptake via roots and
symbionts. 𝑁𝑆𝑁 loses N to N allocation to growth, symbionts, and root N exudation. The rate of
change of 𝑁𝑆𝑁 (
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where 𝑈 is the N uptake rate via roots and symbionts (Equation D55) [kg N indiv-1 yr-1], 𝐶: 𝑁b is
the fixed C:N ratio of leaves, 𝐶: 𝑁‘ is the fixed C:N ratio of fine roots, 𝐶: 𝑁Œ& is the fixed C:N
ratio of sapwood, 𝐶: 𝑁Œ``6 is the fixed C:N ratio of seeds, 𝑁_bb]t is the rate of N allocation to
symbionts (Equation D47), and 𝐿e,`Ša6_8` is the rate of root N exudation (Equation D39).
Non-N-limited growth is calculated according to Weng et al. 2015 and Martinez Cano et
al. 2020. The total allocation of 𝑁𝑆𝐶 to growth is determined by the target 𝑁𝑆𝐶 (𝑁𝑆𝐶8_‘@`8 ; [kg
C indiv-1]) and minimizes the deviation between 𝑁𝑆𝐶 and 𝑁𝑆𝐶8_‘@`8 . 𝑁𝑆𝐶8_‘@`8 is a multiple of
the target 𝐶b (𝐶b,8_‘@`8 ; [kg C indiv-1]), which reflects the ability of a plant to refoliate after
defoliation (Hoch et al. 2003, Richardson et al. 2013), and is calculated as
𝑁𝑆𝐶8_‘@`8 = 𝑞 𝐶b,8_‘@`8

(42)

where 𝑞 is a proportionality constant. The allocation of 𝑁𝑆𝐶 to the growth of each tissue depends
on the total allocation of 𝑁𝑆𝐶 to growth and the target C pool of each tissue, and minimizes the
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deviation between the C pool of each tissue and the target C pool of each tissue. The target C
pool of each tissue is dynamic and is determined by allometry (Equations D40-D42), canopy
position, and phenology.
In LM4.1-BNF, 𝐺•,b , 𝐺•,‘ , 𝐺•,Œ& , and 𝐺•,Œ``6 are adjusted to include N limitation and are
calculated as
𝐺•,b = (1 − 𝑁Œ8‘`ŒŒ )∆b

(43)

𝐺•,‘ = ∆‘

(44)

𝐺•,Œ& = (1 − 𝑁Œ8‘`ŒŒ )∆Œ&

(45)

𝐺•,Œ``6 = (1 − 𝑁Œ8‘`ŒŒ )∆Œ``6

(46)

where 𝑁Œ8‘`ŒŒ is N stress [unitless] and ∆b , ∆‘ , ∆Œ& , and ∆Œ``6 are the non-N-limited growth rates
of 𝐶b , 𝐶‘ , 𝐶Œ& , and 𝐶Œ``6 respectively [kg C indiv-1 yr-1] following Weng et al. 2015 and Martinez
Cano et al. 2020. Because plants increase C allocation to fine roots relative to other tissues when
N-limited (Poorter et al. 2012), 𝐺•,‘ is not adjusted to include N limitation.
In LM4.1-BNF, 𝑁Œ8‘`ŒŒ is the relative difference between 𝑁𝑆𝑁 and 𝑁𝑆𝑁8_‘@`8 and is
calculated as
𝑁Œ8‘`ŒŒ = max ]0,

ece(6RV3( "ece
ece(6RV3(

^

(47)

where 𝑁𝑆𝑁8_‘@`8 is the target 𝑁𝑆𝑁 [kg N indiv-1]. 𝑁Œ8‘`ŒŒ is smoothed with a low-pass filter over
30 days to reflect the persisting influence of N stress (Mooney et al. 1991). 𝑁𝑆𝑁8_‘@`8 is
calculated as
𝑁𝑆𝑁8_‘@`8 =

ec•(6RV3(

(48)

•:e5
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This is similar to LM3-SNAP, which compared the target leaf and root N pools to 𝑁𝑆𝑁, but is
modified to reflect the treatment of 𝑁𝑆𝐶8_‘@`8 in LM4.1 by including the target sapwood and
seed N pools.
Plant turnover decreases 𝐶b , 𝐶‘ , and 𝐶Œ& and from 𝑁b , 𝑁‘ , and 𝑁Œ& at a constant tissuespecific rate. A fraction of the turnover of 𝐶b and 𝑁b is retranslocated into 𝑁𝑆𝐶 and 𝑁𝑆𝑁
respectively.
Under N limitation, plants increase root C exudation to stimulate N mineralization in the
rhizosphere (rhizosphere priming; Cheng et al. 2014, Finzi et al. 2015). 𝐿•,`Ša6_8` increases with
𝑁Œ8‘`ŒŒ and is calculated as
𝐿•,`Ša6_8` = 𝑟b`_•_@`,• 𝑁𝑆𝐶 𝑁Œ8‘`ŒŒ

(49)

where 𝑟b`_•_@`,• is a rate constant.
Under N limitation, plants decrease root N exudation (Canarini et al. 2019). 𝐿e,`Ša6_8`
decreases with 𝑁Œ8‘`ŒŒ and is calculated as
𝐿e,`Ša6_8` = 𝑟b`_•_@`,e 𝑁𝑆𝑁 (1 − 𝑁Œ8‘`ŒŒ )

(50)

where 𝑟b`_•_@`,e is a rate constant.
Under N limitation, plants increase active root uptake of inorganic N (Nacry et al. 2013).
The rate of active root uptake of inorganic N in soil layer k (𝑁_t8!”` (𝑘); [kg N indiv-1 yr-1])
increases with 𝑁Œ8‘`ŒŒ and is calculated as
𝑁_t8!”` (𝑘) = 𝑓g𝑁𝑂/ (𝑘), 𝑁𝐻0 (𝑘), 𝑓‘•!– (𝑘)h𝑁Œ8‘`ŒŒ

(51)

where 𝑓g𝑁𝑂/ (𝑘), 𝑁𝐻0 (𝑘), 𝑓‘•!– (𝑘)h is a function of the NH4+ pool in soil layer k (𝑁𝐻0 (𝑘); [kg
N m-2]), the NO3- pool in soil layer k (𝑁𝑂/ (𝑘); [kg N m-2]), and the rhizosphere volume fraction
of soil layer k (𝑓‘•!– (𝑘); [m3 m-3]), and is given in Equation D3.
Plant C allocation to symbionts (AM, EM and N-fixing bacteria)
69

The rate of C allocation to AM (𝐶_bb]t,>[ ; [kg C indiv-1 yr-1]) is
𝐶_bb]t,>[ = 𝑓_bb]t,>[ 𝑁𝑆𝐶

(52)

where 𝑓_bb]t,>[ is the fraction of 𝑁𝑆𝐶 allocated to AM per unit time. 𝐶_bb]t,>[ is not related to
𝑁Œ8‘`ŒŒ because, although AM increase N uptake, AM is maintained by the plant primarily for
phosphorus uptake (Smith and Smith 2011).
The rate of C allocation to EM (𝐶_bb]t,E[ ; [kg C indiv-1 yr-1]) is
𝐶_bb]t,E[ = 𝑓_bb]t,E[ 𝑁𝑆𝐶 𝑁Œ8‘`ŒŒ

(53)

where 𝑓_bb]t,E[ is the maximum fraction of 𝑁𝑆𝐶 allocated to EM per unit time. 𝐶_bb]t,E[ is a
function of 𝑁Œ8‘`ŒŒ because biomass C of EM increases with N limitation (Phillips et al. 2013).
Plants that associate with N-fixing bacteria can regulate symbiotic BNF to different
extents, termed their BNF strategy (Menge et al. 2015). For plants with a perfectly facultative
BNF strategy, symbiotic BNF increases with N limitation. For plants with an incomplete BNF
strategy, symbiotic BNF increases with N limitation but is maintained at a minimum. For plants
with an obligate BNF strategy, symbiotic BNF is constant. For plants with either a facultative or
an incomplete BNF strategy, the rate of C allocation by the plant to N-fixing bacteria (𝐶_bb]t,ed!Š ;
[kg C indiv-1 yr-1]) is
𝐶_bb]t,ed!Š = max—𝑓_bb]t,ed!Š 𝑁𝑆𝐶 𝑁Œ8‘`ŒŒ , 𝑓_bb]t,ed!Š,Ž!( 𝑁𝑆𝐶˜

(54)

where 𝑓_bb]t,ed!Š is the fraction of 𝑁𝑆𝐶 allocated to N-fixing bacteria per unit time and
𝑓_bb]t,ed!Š,Ž!( is the minimum fraction of 𝑁𝑆𝐶 allocated to N-fixing bacteria per unit time. For
plants with a perfectly facultative BNF strategy 𝑓_bb]t,ed!Š,Ž!( = 0 and for plants with an
incomplete down-regulator BNF strategy 𝑓_bb]t,ed!Š,Ž!( > 0. Robinia has an incomplete downregulator BNF strategy.
For plants with an obligate BNF strategy, 𝐶_bb]t,ed!Š is
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𝐶_bb]t,ed!Š = 𝑓_bb]t,e d!Š 𝑁𝑆𝐶

(55)

Additionally, plants allocate a small quantity of N to symbionts such that symbiont
growth can be initiated. The rate of N allocation by the plant to symbionts (𝑁_bb]t,3 ; j = AM, EM,
N-fixing bacteria; [kg N indiv-1 yr-1]) is
•

655;W,X
𝑁_bb]t,3 = •:e

(56)

655;W

where 𝐶: 𝑁_bb]t is the C:N ratio of C and N allocated to symbionts by the plant.
Plant C allocation to symbionts increases biomass C of symbionts, which increases plant
N uptake via symbionts (Appendix D.1.1 and D.1.6).
Dynamic plant C allocation to growth and N uptake
The order of plant C allocation to growth, symbionts, and rhizosphere priming is
determined by C limitation relative to N limitation (Treseder 2004, Poorter et al. 2012, Cheng et
al. 2014, Finzi et al. 2015, Zheng et al. 2019). If a plant is more C-limited than N-limited,
𝑁𝑆𝐶 < 𝑁𝑆𝑁 ∙ 𝐶: 𝑁b`_d , the plant allocates C to growth, then to N-fixing bacteria (if associated)
and EM (if associated), then to rhizosphere priming, and finally to AM. If a plant is more Nlimited than C-limited, 𝑁𝑆𝐶 > 𝑁𝑆𝑁 ∙ 𝐶: 𝑁b`_d , the plant allocates C to N-fixing bacteria (if
associated) and EM (if associated), then to rhizosphere priming, then to growth, and finally to
AM.
Soil N2O and NO emissions
Soil N2O and NO emissions occur during nitrification (aerobic oxidation of NH4+ with
oxygen as an electron acceptor, which produces N2O and NO as by-products) and denitrification
(anaerobic oxidation of organic C with NO3- as an electron acceptor, which produces N2O as a
by-product).
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Following LM3V-N (Huang and Gerber 2015), soil N2O emission rate in soil layer k
(𝑁. 𝑂(𝑘); [kg N m-2 yr-1]) is
𝑁. 𝑂(𝑘) = 𝛾e$ h,(!8 𝑛𝑖𝑡(𝑘) +

,
,$FKL—/.1.,.. ˜LXM":.s

AYH (O)
[(O)
N™ FKLš:.,,:.:,1
":./.›
Z:(O)
[S6(

𝑑𝑒𝑛𝑖𝑡(𝑘) (57)

where 𝛾e$ h,(!8 is the proportion of the nitrification rate that is emitted as N2O, 𝑛𝑖𝑡(𝑘) is
nitrification rate in soil layer k [kg N m-2 yr-1] (Equation D56), 𝐻𝑅(𝑘) is heterotrophic
respiration in soil layer k [kg C m-2 yr-1], 𝜃(𝑘) is volumetric soil water content of soil layer k [m3
m-3], 𝜃Œ_8 is saturation volumetric soil water content, and 𝑑𝑒𝑛𝑖𝑡(𝑘) is denitrification rate in soil
layer k [kg N m-2 yr-1] (Equation D57).
Following LM3V-N (Huang and Gerber 2015), soil NO emission rate in soil layer k
(𝑁𝑂(𝑘); [kg N m-2 yr-1]) is

⎛
𝑁𝑂(𝑘) = ⎜15.2 +
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(58)

⎠

Phenomenological representations of BNF (LM4.1-BNFNPP and LM4.1-BNFET)
To compare mechanistic and phenomenological representations of BNF in our first
analysis, we developed LM4.1-BNFNPP and LM4.1-BNFET which have phenomenological
representations of BNF. In LM4.1-BNFNPP, BNF is represented as a function of NPP in LM4.1BNF. BNF rate (𝐵𝑁𝐹egg ; [kg N m-2]) is
𝐵𝑁𝐹egg = 𝑎egg (1 − 𝑒 ^A88 egg )

(59)

where 𝑁𝑃𝑃 is net primary production [kg C m-2 yr-1], and 𝑎egg and 𝑏egg are constants from
Meyerholt et al. 2016.
In LM4.1-BNFET, BNF is represented as a function of ET in LM4.1-BNF. BNF rate
(𝐵𝑁𝐹E\ ; [kg N m-2]) is
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𝐵𝑁𝐹E\ = 𝑎E\ 𝐸𝑇 + 𝑏E\

(60)

where 𝐸𝑇 is evapotranspiration [mm yr-1] and 𝑎E\ and 𝑏E\ are constants from Meyerholt et al.
2016.
𝐵𝑁𝐹egg and 𝐵𝑁𝐹E\ enter 𝑁𝐻0 (𝑘) (distributed across all soil layers proportional to
thickness). In LM4.1-BNFNPP and LM4.1-BNFET, growth and turnover of symbionts and plant C
allocation to symbionts do not occur, and asymbiotic BNF does not occur. All other components
of C and N cycling in LM4.1-BNFNPP and LM4.1-BNFET are the same as LM4.1-BNF.
Numerical experiments description
We ran numerical experiments for the grid cell containing Coweeta Hydrological
Laboratory (CHL) in North Carolina, US (35.05˚N, 83.45˚W), which is part of the Long-Term
Ecological Research Network and has observations on symbiotic BNF by Robinia (Boring and
Swank 1984).
We ran the LM4.1-BNF spin up for 1000 years at pre-industrial atmospheric CO2
concentration (284.26 ppm) to allow the soil C and N pools to reach an approximate steady state.
Then, we initialised LM4.1-BNF, LM4.1-BNFNPP, and LM4.1-BNFET numerical experiments
with seedlings (removed vegetation C and N pools from the spin up) and the LM4.1-BNF spin
up soil C and N pools. We ran numerical experiments for another 300 years at current
atmospheric CO2 concentration (324.53 ppm). See Table D3 for a summary of atmospheric CO2
concentration (Meinshausen et al. 2017, Dlugokencky and Tans 2020), meteorological forcings
(Sheffield et al. 2006), and N deposition rates (Dentener 2006) used in the spin up and numerical
experiments. We initialised the LM4.1-BNF spin up with Acer seedlings, and we initialised
LM4.1-BNF numerical experiments with both Acer and Robinia seedlings. To compare
mechanistic and phenomenological representations of BNF in our first analysis (Table 3), we
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initialised LM4.1-BNFNPP and LM4.1-BNFET numerical experiments with only Acer seedlings.
To examine the role of competitive dynamics between N-fixing and non-fixing plants in our
second analysis (Table 3), we initialised LM4.1-BNF numerical experiments with both Acer and
Robinia seedlings, only Acer seedlings or only Acer seedlings that can associate with N-fixing
bacteria (N-fixer Acer). To examine the role of asymbiotic BNF in our third analysis (Table 3),
we initialised LM4.1-BNF numerical experiments with both Acer and Robinia seedlings, only
Acer seedlings, or only N-fixer Acer seedlings. LM4.1-BNF, LM4.1-BNFNPP, and LM4.1-BNFET
simulations are initialised such that all plant cohorts have the same height (0.5 m; Table D4) and
dbh is determined from height by allometry (Equation D41; Table D4). See Table D4 for a
summary of initial density, height, and dbh of seedlings in numerical experiments.
We ran the LM3-SNAP spin up for 1000 years at pre-industrial atmospheric CO2
concentration to allow the soil C and N pools to reach an approximate steady state. Then, we
initialised LM3-SNAP numerical experiments with seedlings and the LM3-SNAP spin up soil C
and N pools. We ran numerical experiments for another 300 years at current atmospheric CO2
concentration. See Table D3 for a summary of atmospheric CO2 concentration, meteorological
forcings, and N deposition rates used in the spin up and numerical experiments. We initialised
the LM3-SNAP spin up and the LM3-SNAP numerical experiments with a temperate deciduous
vegetation type.
Table 3: Description of numerical experiments.
In the first analysis, we compare mechanistic and phenomenological representations
of BNF. In the second analysis, we examine the role of competitive dynamics between Nfixing and non-fixing plants. In the third analysis, we examine the role of asymbiotic BNF.

Analysis

BNF representation

Species

1. Mechanistic and
phenomenological
representations of BNF

LM4.1-BNF
LM4.1-BNFNPP
LM4.1-BNFET

Robinia and Acer
Robinia and Acer
Robinia and Acer
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Asymbiotic
BNF
represented
-

2. Competitive dynamics
between
N-fixing and non-fixing plants
3. Asymbiotic BNF

LM4.1-BNF
LM4.1-BNF
LM4.1-BNF
LM4.1-BNF
LM4.1-BNF
LM4.1-BNF

Robinia and Acer
Robinia and Acer
Acer
Acer
N-fixer Acer
N-fixer Acer

represented
represented
represented
-

Evaluation description
We evaluated the LM4.1-BNF numerical experiment initialised with both Acer and
Robinia seedlings. To evaluate LM4.1-BNF at the population scale (individuals of the same
species in an ecosystem), we compared the diameter at breast height (dbh) growth rate of each
vegetation type (Acer and Robinia) of the numerical experiments to US FIA database tree data
(Figure 10; US Forest Service 2020a). To evaluate LM4.1-BNF at the community scale
(populations in an ecosystem), we compared the dbh distribution of the numerical experiments to
US FIA database tree data (Figure 11; US Forest Service 2020a) and we compared the basal area
fraction of each vegetation type (Acer and Robinia) over time of the numerical experiments to
US FIA database tree data (Figure 12; US Forest Service 2020a). To evaluate LM4.1-BNF at the
ecosystem scale, we made four comparisons. First, we compared total plant biomass C to US
FIA database tree data (Figure 13; US Forest Service 2020a) and site observations from CHL
(Figure 13; Boring and Swank 1984). Second, we compared asymbiotic and symbiotic BNF rate
to site observations from CHL (Figure 14; Todd et al. 1978, Boring and Swank 1984). Third, we
compared soil C and N pools and fluxes to US FIA database soil data (Figure 15; US Forest
Service 2020a), site observations from CHL (Figure 15; Swank and Waide 1988, Binkley et al.
1992, Knoepp 2009a, 2009b, 2018), and a meta-analysis of temperate forests (Figure 15; Stehfest
and Bouwman 2006). Fourth, we compared ecosystem C fluxes to a meta-analysis of temperate
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forests (Figure 16; Anderson-Teixeira et al. 2018). See Appendix D.3 for data availability and
processing. See Table D5 for a summary of the validated variables and data sources.

4.3 Evaluation: comparison of LM4.1-BNF to observations and to LM3-SNAP
Here we describe the evaluation of LM4.1-BNF, in which we compare LM4.1-BNF
simulations to observations and to LM3-SNAP (which represents a single general plant C pool
capable of BNF and cannot represent community dynamics (i.e., competitive dynamics between
N-fixing and non-fixing plants) and does not represent asymbiotic BNF). The comparisons
between LM4.1-BNF simulations and observations at population (Figure 10), community
(Figures 11 and 12), and ecosystem scales (Figures 13-16) show that LM4.1-BNF captures
observed forest growth, successional dynamics, and major pools and fluxes of C and N, in
particular asymbiotic and symbiotic BNF. Note that parameters were not tuned to fit
observations specific either to CHL or to forests in North Carolina, US (Appendix D.3);
Population, community, and ecosystem-scale metrics emerge from the ecological mechanisms
represented in LM4.1-BNF.
Population scale
LM4.1-BNF makes reasonable estimates for dbh growth rates but overestimates dbh growth rates
for both Robinia and Acer (mean 5.52 vs. 4.46 mm yr-1 and 3.96 vs. 1.71 mm yr-1 respectively;
Figure 10a,b). Note that LM3-SNAP cannot distinguish between Robinia and Acer.
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(a) Acer
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Figure 10: Simulated dbh growth rate for (a) Acer / non-fixer and (b) Robinia
compared to FIA data (in North Carolina).
Simulated data are trees with dbh > 12.7 cm to reflect the dbh range of FIA data and
are weighted by the stand age distribution of FIA data (Figure D2). FIA data of all non-fixing
trees are aggregated to represent Acer. Simulated and FIA data are scaled to display an equal
maximum density.

Community scale
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LM4.1-BNF makes a reasonable estimate for the dbh distribution but overestimates
density (maximum 350 vs. 98 indiv ha-1; Figure 11). LM4.1-BNF effectively reproduces the
successional dynamics of Robinia and Acer (Figure 12): Robinia is competitively excluded by
Acer at approximately the same time scale as observations (< 2% basal area fraction at 150
years). Note that LM3-SNAP cannot distinguish between plant cohorts with different dbhs or to
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Figure 11: Simulated dbh distribution compared to FIA data (in North Carolina).
Simulated data are trees with dbh > 12.7 cm to reflect the dbh range of FIA data and
are weighted by the stand age distribution of FIA data (Figure D2).
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Figure 12: Simulated relative basal area of Acer and Robinia over time compared to
FIA data (in North Carolina).
Simulated data are trees with dbh > 12.7 cm to reflect the dbh range of FIA data. FIA
data of all non-fixing trees are aggregated to represent Acer. Each point represents an FIA
plot. See Figure D3 for absolute basal area.

Ecosystem scale
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LM4.1-BNF effectively reproduces the temporal dynamics of total plant biomass C,
particularly in comparison to LM3-SNAP which underestimates total plant biomass C (Figure
13). LM4.1-BNF simulates a reasonable estimate (mean 13.4 vs. 10.8 kg N ha-1 yr-1 over the
final 100 years) for asymbiotic BNF rate, which is not represented in LM3-SNAP (Figure 14a).
LM4.1-BNF effectively reproduces the temporal dynamics of symbiotic BNF rate: LM4.1-BNF
simulates a symbiotic BNF rate pulse in early succession that reaches 120.8 kg N ha-1 yr-1 at 12
years, then declines to ~ 0 kg N ha-1 yr-1 at 300 years (Figure 14b). LM3-SNAP simulates higher
symbiotic BNF rate in late succession in comparison to LM4.1-BNF (mean 8.3 vs. ~ 0 kg N ha-1
yr-1 over the final 100 years; Figure 14b) because there is no competitive exclusion of N-fixing
plants by non-fixing plants due to weak N limitation of plant growth in late succession in LM3SNAP, which represents a single general plant C pool capable of BNF and cannot represent
community dynamics. Additionally, LM3-SNAP simulates lower total plant biomass C than
LM4.1-BNF simulations (mean 44.0 vs. 174.6 Mg C ha-1) because of the persisting high C cost
of symbiotic BNF.
LM4.1-BNF makes reasonable estimates for soil C and N pools and fluxes, which are
comparable to those of LM3-SNAP. LM4.1-BNF underestimates total soil C and N (mean 13.3
vs. 33.0 Mg C ha-1 and 0.2 vs. 1.8 Mg N ha-1 respectively; Figure 15a,b), and overestimates soil
NH4+ and NO3- (mean 4.7 vs. 1.0 kg N ha-1 and 1.6 vs. 0.1 kg N ha-1 respectively; Figure 15c).
LM4.1-BNF underestimates N mineralization rate and net nitrification rate (mean 14.9 vs. 39.5
kg N ha-1 yr-1 and 7.2 vs. 12.8 kg N ha-1 yr-1 respectively; Figure 15d). LM4.1-BNF
overestimates N2O emission rate (mean 5.1 vs. 0.9 kg N ha-1 yr-1) and underestimates NO
emission rate (mean 0.2 vs. 0.8 kg N ha-1 yr-1; Figure 15e). Note that LM3-SNAP cannot
simulate N2O and NO emission rates. LM4.1-BNF underestimates dissolved organic N (DON)
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leaching rate (mean ~0 vs. 0.6 kg N ha-1 yr-1) and NH4+ leaching rate (mean ~0 vs. 0.05 kg N ha-1
yr-1), and overestimates NO3- leaching rate (mean 0.13 vs. 0.10 kg N ha-1 yr-1; Figure 15e). LM3SNAP substantially overestimates NO3- leaching rate (Figure 15e).
Lastly, LM4.1-BNF makes reasonable estimates for ecosystem C flux rates, particularly
in comparison to LM3-SNAP which overestimates gross primary production (GPP), NPP, and
heterotrophic respiration (HR) (Figure 16). LM4.1-BNF overestimates GPP and NPP (mean 15.6
vs. 13.1 Mg C ha-1 yr-1 and 8.1 vs. 7.5 Mg C ha-1 yr-1 respectively). LM4.1-BNF overestimates
HR (mean 7.6 vs. 4.7 Mg C ha-1 yr-1) and consequentially underestimates net ecosystem
production (NEP) (mean 0.5 vs. 4.8 Mg C ha-1 yr-1).
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Figure 13: Simulated total plant biomass C over time by LM4.1-BNF and LM3-SNAP
compared to FIA data (in North Carolina).
Each point represents an FIA plot.
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Figure 14: Simulated BNF rate by LM4.1-BNF and LM3-SNAP.
(a) Simulated asymbiotic BNF rate compared to CHL site data. Simulated data are
averaged over the last 100 yr of the 300 yr simulation to reflect the site data which is from
mature forests. Error bars indicate two standard deviations. (b) Simulated symbiotic BNF rate
over time compared to CHL site data for a 4 yr, 17 yr, 38 yr and mature forest (plotted at 300
yr).
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Figure 15: Simulated soil C and N pools, soil N fluxes, and soil N loss rates by LM4.1BNF and LM3-SNAP.
(a) Simulated total soil C (depth 0-10 cm) compared to FIA data (in North Carolina)
and CHL site data. (b) Simulated total soil N (depth 0-10 cm) compared to FIA data (in North
Carolina) and CHL site data. (c) Simulated soil NH4+ and NO3- (depth 0-10 cm) compared to
CHL site data. (d) Simulated N mineralization rate and net nitrification rate (depth 0-10 cm)
compared to CHL site data. (e) Simulated N2O and NO emission rates compared to a metaanalysis estimate for temperate forests, and simulated dissolved organic N (DON), NH4+, and
NO3- leaching rate compared to CHL site data. Simulated data are averaged over the last 100
yr of the 300 yr simulation to reflect the site data which is from mature forests. Error bars
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indicate two standard deviations. NA indicates that LM3-SNAP cannot estimate N2O or NO
emissions.
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Figure 16: Simulated gross primary production (GPP), net primary production (NPP),
heterotrophic respiration (HR), and net ecosystem production (NEP) by LM4.1-BNF and
LM3-SNAP compared to the ForC database.
Simulated data are averaged over the last 100 yr of the 300 yr simulation to reflect the
data which is from mature forests. Error bars indicate two standard deviations.
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4.4 LM4.1-BNF performance relative to previous BNF representations
Here we describe the three analyses we conducted to identify LM4.1-BNF improvements
to estimating major C and N pools and fluxes. First, we compare LM4.1-BNF to LM4.1-BNF
with BNF represented as a function of NPP (LM4.1-BNFNPP) and LM4.1-BNF with BNF
represented as a function of ET (LM4.1-BNFET) to compare mechanistic and phenomenological
representations of BNF. Second, we compare LM4.1-BNF simulations with both Robinia and
Acer to LM4.1-BNF simulations with only Acer and LM4.1-BNF simulations with only Acer
that can associate with N-fixing bacteria (hereafter, N-fixer Acer) to examine the role of
competitive dynamics between N-fixing and non-fixing plants. Third, we compare LM4.1-BNF
simulations (with both Robinia and Acer, only Acer, and only N-fixer Acer) with asymbiotic
BNF to LM4.1-BNF simulations without asymbiotic BNF to examine the role of asymbiotic
BNF.
Mechanistic and phenomenological representations of BNF
In our first analysis (Table 3), we compare mechanistic and phenomenological
representations of BNF, and their implications for C and N cycling. LM4.1-BNF, LM4.1BNFNPP, and LM4.1-BNFET simulations estimate different total plant biomass C (Figure 17a).
LM4.1-BNF predicts the largest total plant biomass C (mean 174 Mg C ha-1 over the final 100
years), followed by LM4.1-BNFET (mean 70 Mg C ha-1 over the final 100 years) and LM4.1BNFNPP (mean 0 Mg C ha-1 over the final 100 years). This is because, in LM4.1-BNF, BNF
responds dynamically to strong N limitation of plant growth in early succession and BNF (mean
57 kg N ha-1 yr-1 over the initial 100 years) supports total plant biomass C accumulation.
Conversely, in LM4.1-BNFNPP and LM4.1-BNFET, BNF does not respond dynamically to strong
N limitation of plant growth in early succession and BNF is not sufficient (mean 22 and ~ 0 kg N
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ha-1 yr-1 over the initial 100 years for LM4.1-BNFET and LM4.1-BNFNPP respectively) to support
total plant biomass C accumulation (Figure 17b). As such, LM4.1-BNF effectively reproduces
the temporal dynamics of symbiotic BNF rate, whereas LM4.1-BNFET and LM4.1-BNFNPP
predicted relatively constant symbiotic BNF rates. In observed ecosystems, strong N limitation
of plant growth occurs in early succession. N-fixing trees are generally important pioneer species
and can relieve strong N limitation of plant growth in early succession (Chapin III et al. 1994,
Menge et al. 2010, Cierjacks et al. 2013). Consequently, symbiotic BNF is highest in early
succession (Boring and Swank 1984, Menge and Hedin 2009, Batterman et al. 2013, Sullivan et
al. 2014). Simulated soil C and N pools, soil N fluxes, soil N loss rates, and ecosystem C fluxes
are relatively similar between simulations and are displayed in Figures D2 and D3.
A similar result was found by Meyerholt et al. 2020, who compared five alternative
representations of BNF within the O-CN model, including a BNF representation based on NPP, a
BNF representation based on ET, and a BNF representation responding dynamically to N
limitation of plant growth. As with our results, they found that the BNF representation
responding dynamically to N limitation of plant growth predicted the largest total plant biomass
C. However, their study did not compare these results to simulations that include competitive
dynamics between N-fixing and non-fixing plants because the land model (O-CN) represents a
single general plant C pool capable of BNF and cannot represent community dynamics.
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Figure 17: Simulated (a) total plant biomass C and (b) symbiotic BNF rate over time
from LM4.1-BNF, LM4.1-BNFNPP, and LM4.1-BNFET.

Competitive dynamics between N-fixing and non-fixing plants
In our second analysis (Table 3), we examine the role of competitive dynamics between
N-fixing and non-fixing plants and its implication for C and N cycling. LM4.1-BNF simulations
initialised with only Acer seedlings accumulate total plant biomass C slower than LM4.1-BNF
simulations initialised with both Robinia and Acer seedlings (mean 48.6 vs. 74.5 Mg C ha-1 over
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the initial 100 years respectively; Figure 18a). In LM4.1-BNF simulations initialised with only
Acer seedlings, stronger N limitation of plant growth in early succession due to the absence of a
N-fixer vegetation type slows total plant biomass C accumulation. Nevertheless, total plant
biomass C accumulates due to asymbiotic BNF and high N deposition at CHL (13.9 kg N ha-1 yr1

), reaching a similar level to LM4.1-BNF simulations initialised with both Robinia and Acer

seedlings after 100 years.
LM4.1-BNF simulations initialised with only N-fixer Acer seedlings accumulate total
plant biomass C slightly slower than LM4.1-BNF simulations initialised with both Robinia and
Acer seedlings (mean 60.0 vs. 74.5 Mg C ha-1 over the initial 100 years respectively; Figure 18a).
However, in LM4.1-BNF simulations initialised with only N-fixer Acer seedlings, a higher
symbiotic BNF rate persists throughout succession in comparison to LM4.1-BNF simulations
initialised with both Robinia and Acer seedlings (mean 151.4 vs. ~ 0 kg N ha-1 yr-1 over the final
100 years respectively; Figure 18b). This occurs because there is no competitive exclusion of Nfixing plants by non-fixing plants due to weak N limitation of plant growth in late succession,
which occurs in LM4.1-BNF simulations initialised with both Robinia and Acer seedlings.
Additionally, LM4.1-BNF simulations initialised with only N-fixer Acer seedlings estimate a
lower total plant biomass C than LM4.1-BNF simulations initialised with both Robinia and Acer
seedlings (mean 123.3 vs. 174.5 Mg C ha-1 over the final 100 years respectively; Figure 18a)
because of the high C cost of symbiotic BNF. In LM4.1-BNF simulations initialised with only
N-fixer Acer seedlings, over-estimated symbiotic BNF causes over-estimated soil inorganic N,
soil N flux rates, and soil N loss rates (Figure D4). In particular, accurately estimating soil N loss
rates is important due to their numerous consequences such as eutrophication and the positive
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radiative forcing of N2O (Fowler et al. 2013). Simulated ecosystem C fluxes are relatively
similar between simulations and are displayed in Figure D5.
Levy-Varon et al. 2019 conducted a similar study, in which a N-fixer vegetation type was
included in the ED2 model. Similarly, they found that simulations without a N-fixer vegetation
type accumulate total plant biomass C slower than simulations with a N-fixer vegetation type.
However, ED2 differs from LM4.1-BNF in a multitude of processes. In particular, ED2 does not
include representations of asymbiotic BNF, mycorrhizae, or rhizosphere priming. Furthermore,
the representation of BNF in ED2 assumes instantaneous down-regulation of symbiotic BNF rate
(in comparison to a time lag in down-regulation of symbiotic BNF rate due to the time between
plant C allocation to symbiotic BNF, the growth of N-fixing bacteria, and symbiotic BNF in
LM4.1-BNF following observations (Bytnerowicz et al. n.d.)).
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Figure 18: Simulated (a) total plant biomass C and (b) symbiotic BNF rate over time
from LM4.1-BNF initialised with both Robinia and Acer, only Acer, and only N-fixer Acer,
with and without asymbiotic BNF.
aBNF indicates asymbiotic BNF.

Asymbiotic BNF
In our third analysis (Table 3), we examine the role of asymbiotic BNF and its
implications for C and N cycling. LM4.1-BNF simulations initialised with Acer without
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asymbiotic BNF accumulate total plant biomass C slower than LM4.1-BNF simulations
initialised with Acer with asymbiotic BNF (30.4 vs. 48.6 Mg C ha-1 over the initial 100 years;
Figure 18a). In LM4.1-BNF simulations initialised with Acer without asymbiotic BNF, stronger
N limitation of plant growth in early succession due to the absence of both asymbiotic BNF and
a N-fixer vegetation type (i.e., symbiotic BNF) substantially slows total plant biomass C
accumulation. Nevertheless, total plant biomass C accumulates due to high N deposition at CHL
(13.9 kg N ha-1 yr-1), reaching a similar level to LM4.1-BNF simulations initialised with both
Robinia and Acer seedlings after 300 years. Simulated soil C and N pools, soil N fluxes, soil N
loss rates, and ecosystem C fluxes are relatively similar between simulations and are displayed in
Figures D4 and D5.

4.5 Discussion
Limitations
LM4.1-BNF captures the major pools and fluxes of C and N and their temporal
dynamics. Importantly, LM4.1-BNF is novel in that it captures both the competitive dynamics
between N-fixing and non-fixing plants as well as asymbiotic BNF. However, LM4.1-BNF has
limitations.
LM4.1-BNF does not explicitly include asymbiotic BNF by bryophytes, lichens, and
other organisms beyond soil microbes. This is regulated differently from asymbiotic BNF by soil
microbes, specifically by light (Reed et al. 2011). In particular, in boreal forests and arctic
tundra, asymbiotic BNF by bryophytes is a significant N flux (DeLuca et al. 2002). Additionally,
herbaceous symbiotic BNF in the forest understory could be significant but few studies have
quantified its magnitude and controls (Cleveland et al. 1999).
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The asymbiotic BNF temperature response is heavily biased towards high latitudes; the
studies we used in its derivation had a mean latitude of 60˚ (Coxson and Kershaw 1983, Roper
1985, Chan 1991, Chapin et al. 1991, Liengen and Olsen 1997). More studies on the asymbiotic
BNF temperature response at lower latitudes are necessary.
The symbiotic BNF temperature response could acclimate to changing temperature
(Bytnerowicz et al. n.d.). The C cost of symbiotic BNF, which we assumed to be constant per
unit N, could depend on temperature or other factors. These issues could influence the simulated
response of symbiotic BNF and consequently total plant biomass C to increasing temperatures
due to climate change. Thus, further empirical work on the effect of temperature on symbiotic
BNF is necessary.
Finally, more observations of N cycling in general are necessary to validate N cycling
representations in land models (Thomas et al. 2015, Stocker et al. 2016, Vicca et al. 2018).
Global observations on N limitation of plant growth, soil N, N gas emission rates, N leaching
rates, and, in particular, asymbiotic and symbiotic BNF rates are limited. Constraining these N
pools and fluxes is critical to rigorously validating novel N cycling representations in land
models.
Extensions
Robinia pseudoacacia is the most abundant N-fixing tree species in the coterminous US
(Staccone et al. 2020) and is also a common N-fixing tree across temperate forests; it is also
found in Africa, Asia, Australia, Europe, and South America (Cierjacks et al. 2013). As such,
Robinia pseudoacacia is representative of temperate N-fixing trees.
Although N-fixing trees are generally important pioneer species and can relieve strong N
limitation of plant growth in early succession (Chapin III et al. 1994), N-fixing trees can also be
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strong competitors. As such, in addition to having a facilitative effect on neighbouring plant
growth (Hulvey et al. 2013), they can also have no effect on neighbouring plant growth (Lai et
al. 2018, Xu et al. 2020) or an inhibitory effect on neighbouring plant growth (Chapin III et al.
2016, Taylor et al. 2017). This depends on abiotic and biotic factors (Staccone et al. 2021) and
could be explored further with LM4.1-BNF.
The LM4.1-BNF representation of BNF, while implemented and validated in a temperate
forest, can be expanded to other terrestrial ecosystems, such as tropical and boreal forests. This
will require parameterisation of representative N-fixing and non-fixing tree species but will not
require re-structuring the model equations. Furthermore, this representation of BNF could be
incorporated into other land models.
Conclusion
Here we present LM4.1-BNF: an updated representation of BNF and other aspects of N
cycling in LM4.1, which is the land component of the GFDL Earth System Model (Zhao et al.
2018a, 2018b). LM4.1-BNF is the first land model to include a representation of the competitive
dynamics between N-fixing and non-fixing plants, a mechanistic representation of asymbiotic
BNF, and distinct asymbiotic and symbiotic BNF temperature responses derived from
corresponding observations. Comparisons of simulations with observations show that LM4.1BNF captures observed forest growth, successional dynamics, and major pools and fluxes of C
and N and their temporal dynamics at population, community, and ecosystem scales.
Furthermore, LM4.1-BNF represents these more accurately than previous representations of
BNF in land models. By incorporating both the competitive dynamics between N-fixing and nonfixing plants, which is a key ecological mechanism that determines ecosystem-scale symbiotic
BNF, as well as asymbiotic BNF, LM4.1-BNF yields accurate ecosystem-scale estimates of BNF
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and its temporal dynamics. Furthermore, the novel representation of soil NO and N2O emissions
in LM4.1-BNF enables the estimation of the magnitude of the terrestrial NO and N2O source,
which can be driven by BNF (see Chapter 1). The representation of these ecological mechanisms
in LM4.1-BNF is general and could be incorporated into other land models.
Extending LM4.1-BNF to other biomes and incorporating LM4.1-BNF within the GFDL
Earth System Model would allow a more accurate assessment of the response of BNF and the
terrestrial C sink to elevated atmospheric CO2 concentration, which intensifies N limitation of
plant growth (Terrer et al. 2019, Zheng et al. 2020), and elevated N deposition, which relieves N
limitation of plant growth (Reay et al. 2008, Schulte-Uebbing and de Vries 2018, Zheng et al.
2020). In particular, such an endeavour could address whether BNF and N deposition will
provide sufficient N to sustain CO2 sequestration by terrestrial ecosystems under elevated
atmospheric CO2 concentration.
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Conclusion
Forests have the potential to sequester anthropogenic CO2 emissions in plant biomass, but
their capacity to mitigate climate change is offset by N2O emissions from forest soils which
exacerbate climate change. This balance between the negative radiative forcing of CO2
sequestration in plant biomass and the positive radiative forcing of N2O emissions from soils has
rarely been studied, and has thus far only been studied in the context of elevated N deposition
(Reay et al. 2008, Liu and Greaver 2009, Zaehle et al. 2011, Tian et al. 2015). N-fixing trees,
similarly to N deposition, could strongly influence the net CO2-N2O effect of forests by
promoting CO2 sequestration in plant biomass as well as N2O emissions from soils. However, the
influence of N-fixing trees on the net CO2-N2O effect of forests has thus far not been explicitly
studied.
This dissertation presents the first studies of CO2 sequestration in plant biomass alongside
N2O emissions from soils that are driven by N-fixing trees. First, the influence of N-fixing trees
on N2O emissions from soils is established with a meta-analysis to accompany existing metaanalyses that establish the influence of N-fixing trees on CO2 sequestration in plant biomass
(Chapter 1). Then, the net CO2-N2O effect of N-fixing trees is examined with a theoretical
ecosystem model (Chapter 2), a field experiment (Chapter 3), and a land model (Chapter 4). The
theoretical ecosystem model and field experiment provide an important foundation to this topic,
establishing that N-fixing trees are important to the forest plant biomass CO2 sink and the forest
soil N2O source. Global change will regulate N limitation of plant growth, which is established
by the theoretical ecosystem model and field experiment to control the net CO2-N2O effect of Nfixing trees (alongside the extent to which N-fixing trees can regulate N fixation). The novel
representation of BNF in a land model provides a framework to expand the analysis of the net
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CO2-N2O effect of N-fixing trees and forests to the global scale and to project it under global
change. Elevated atmospheric CO2, increased temperature, and modified precipitation regimes
could increase N limitation of plant growth, while elevated N deposition could decrease N
limitation of plant growth. The cumulative impact of these global change forces on N limitation
of plant growth and consequently on the net CO2-N2O effect of N-fixing trees and forests via
BNF can be explored with this novel representation of BNF in a land model; It allows for a more
accurate projection of the trajectory of the terrestrial CO2 sink and the terrestrial N2O source
under global change.
These results have implications for reforestation, which is currently a major focus as an
effective strategy for climate change mitigation suggested to store between 42 and 205 Pg C
globally (Smith et al. 2016, Bastin et al. 2019a, 2019b, Veldman et al. 2019). Reforestation
projects often plant N-fixing trees due to their rapid growth on N-poor soil and their potential to
relieve N limitation of plant growth (Jensen et al. 2012, Cunningham et al. 2015). However, this
ignores the influence of N-fixing trees on N2O emissions from soils. The results of this
dissertation suggest that planting N-fixing trees is beneficial for net climate change mitigation
when plant growth is N-limited but planting non-fixing trees is beneficial for net climate change
mitigation when plant growth is not N-limited (note that this does not consider the merits of
biodiversity or other site-specific factors that could influence the net CO2-N2O effect of N-fixing
trees). If extensive areas are reforested with N-fixing trees, the proposed C storage via
reforestation of 42 to 205 Pg C could be substantially offset by N2O emissions from soils.
Furthermore, projected increases in the abundance of N-fixing trees due to increasing
temperatures from climate change (Liao et al. 2017) and encroachment into grasslands,
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savannahs, and shrublands (Liu et al. 2013) will amplify the influence of N-fixing trees on the
net CO2-N2O effect of natural forests.
By providing a theoretical and empirical basis for the significance of N-fixing trees in
controlling the net CO2-N2O effect of forests, this dissertation establishes the need for further
work on this topic. In particular, we need empirical studies that can inform the representation of
BNF in land models as well as the explicit consideration of BNF in estimates of the terrestrial
CO2 sink and the terrestrial N2O source under global change by land models. I hope that this
dissertation has improved our understanding of the biogeochemical role and importance of Nfixing trees and will motivate further research into their influence on the extent to which forests
mitigate and exacerbate climate change.
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Figure A1: Effect size of N-fixing trees relative to the control over a. mean annual
temperature (MAT), b. mean annual precipitation (MAP), and c. absolute latitude. Linear
regressions were not significant.
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Figure A3: Global impact of reforestation with N-fixing trees on soil N2O emissions
for different abundances of N-fixing trees planted in reforestation. This follows Figure 2 but
uses a more liberal estimate for canopy cover area available for reforestation (Bastin et al.
2019a).

Table A1: Effect size of N-fixing trees relative to the control and number of
" as an unweighted average.
comparisons in each category for 𝑹

Category

Ecosystem Anthropogenic forest
type
Natural forest
Forests (natural
forest and
anthropogenic forest
combined)
Savannah/shrubland

Effect size (95%
confidence
interval)

0.280 (0.112,
0.428)
0.576 (0.509,
0.719)
0.417 (0.292,
0.531)

Response
percentage of soil
N2O emissions
under N-fixing
trees relative to
the control
178

Number of
comparisons

372

19

243

41

22

0.336 (0.064,
201
11
0.555)
N-fixing
Rhizobial
0.346 (0.197,
206
32
bacteria
0.495)
symbiosis
Actinorhizal
0.487 (0.353,
290
20
0.610)
all
0.400 (0.282,
234
52
0.504)
Note that the calculation of response percentage of soil N2O emissions under N-fixing trees
relative to the control assumes that soil N2O fluxes are emissions under both N-fixing trees and
the control.

Table A2: Effect size of N-fixing trees relative to the control and number of
comparisons for studies that measured soil N2O fluxes in the field and studies that measured
soil N2O fluxes in the laboratory.
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weighted

Category

Effect size (95%
confidence
interval)

Field

0.428 (0.294,
0.604)
0.273 (-0.04,
0.484)
0.423 (0.295,
0.542)
0.325 (0.084,
0.530)

Laboratory
unweighted

Field
Laboratory

Response
percentage of soil
N2O emissions
under N-fixing
trees relative to the
control
250

Number of
comparisons

175

12

247

40

197

12

40

Table A3: Effect size of N-fixing trees relative to the control and number of
comparisons in each category.

Category

Ecosystem Anthropogenic forest
type
Natural forest
Forests (natural
forest and
anthropogenic forest
combined)
Savannah/shrubland

Effect size (95%
confidence
interval)

0.248 (0.100,
0.401)
0.506 (0.324,
0.667)
0.369 (0.250,
0.491)

Response
percentage of soil
N2O emissions
under N-fixing
trees relative to
the control
166

Number of
comparisons

305

19

217

41

22

0.451 (0.123,
264
11
0.785)
N-fixing
Rhizobial
0.348 (0.187,
207
32
bacteria
0.578)
symbiosis
Actinorhizal
0.500 (0.362,
300
20
0.638)
all
0.395 (0.271,
230
52
0.542)
Note that the calculation of response percentage of soil N2O emissions under N-fixing trees
relative to the control assumes that soil N2O fluxes are emissions under both N-fixing trees and
the control.
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Figure B1: Box diagram of model. Boxes represent nutrient pools in the ecosystem,
and arrows represent nutrient fluxes in the ecosystem. BF is the N-fixer biomass C pool, B0 is
the non-fixer biomass C pool, D is the plant-unavailable soil N pool, A is the plant-available
soil N pool, and E is the atmospheric N2O pool.
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Figure B2: CO2 and N2O effects of nitrogen-fixing trees relative to non-fixing trees. a.
The CO2 and N2O effects of N-fixing trees relative to non-fixing trees under low N
deposition rates. b. The CO2 and N2O effects of N-fixing trees relative to non-fixing trees
under intermediate N deposition rates. c. The CO2 and N2O effects of N-fixing trees relative
to non-fixing trees under high N deposition rates. This figure differs from Figure 3 in that it
shows net CO2-N2O effects of N-fixing trees relative to non-fixing trees as the net radiative
forcing from continuous CO2 sequestration and soil N2O emissions over 100 years of
ecosystem succession, whereas Figure 3 shows the net CO2-N2O effects of N-fixing trees
relative to non-fixing trees as accumulated CO2 sequestration compared to accumulated soil
N2O emissions after 100 years of ecosystem succession using the global warming potential of
N2O. For a full explanation of the differences between these calculations of the net CO2-N2O
effect see the Methods. Units are the net radiative forcing from CO2 and N2O (W per m2 of the
Earth’s surface) for N-fixing trees relative to non-fixing trees per ha of forest.
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Figure B3: CO2 and N2O effects of nitrogen-fixing trees relative to non-fixing trees. a.
The CO2 and N2O effects of N-fixing trees relative to non-fixing trees under low N
deposition rates. b. The CO2 and N2O effects of N-fixing trees relative to non-fixing trees
under intermediate N deposition rates. c. The CO2 and N2O effects of N-fixing trees relative
to non-fixing trees under high N deposition rates. The details of this figure are the same as
those for Figure 3, except that the model had a temperate forest parameterization instead of a
tropical forest parameterization.

Figure B4: CO2 and N2O effects of nitrogen-fixing trees relative to non-fixing trees. a.
The CO2 and N2O effects of N-fixing trees relative to non-fixing trees under low N
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deposition rates. b. The CO2 and N2O effects of N-fixing trees relative to non-fixing trees
under intermediate N deposition rates. c. The CO2 and N2O effects of N-fixing trees relative
to non-fixing trees under high N deposition rates. The details of this figure are the same as
those for Figure 3, except that the model had a boreal forest parameterization instead of a
tropical forest parameterization.

Figure B5: CO2 and N2O effects of ecosystems. a. The CO2 and N2O effects of
ecosystems under low N deposition rates. b. The CO2 and N2O effects of ecosystems under
intermediate N deposition rates. c. The CO2 and N2O effects of ecosystems under high N
deposition rates. The details of this figure are similar to those for Figure 3, except that this
figure shows the net CO2-N2O effect of each ecosystem, whereas Figure 3 shows the
difference in net CO2-N2O effects between ecosystems that contain both N-fixing trees and
non-fixing trees (three left-most bars within each N deposition panel) and ecosystems of
non-fixing trees (right-most bar within each N deposition panel).
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Figure B6: CO2 and N2O effects of nitrogen-fixing trees relative to non-fixing trees. a.
The CO2 and N2O effects of N-fixing trees relative to non-fixing trees for low initial soil N
levels. b. The CO2 and N2O effects of N-fixing trees relative to non-fixing trees for
intermediate soil N levels. c. The CO2 and N2O effects of N-fixing trees relative to non-fixing
trees for high soil N levels. The details of this figure are similar to those for Figure 3, except
that this figure shows the net CO2-N2O effects of N-fixing trees relative to non-fixing trees
for different initial soil N levels (for an intermediate N deposition rate; Dentener et al. 2006),
whereas Figure 3 shows the net CO2-N2O effects of N-fixing trees relative to non-fixing trees
for different N deposition rates (for an intermediate initial soil N level). See Table B4 for the
parameterization of initial soil N levels.

Table B1: Descriptions, units, values and references of parameters.

Parameter
ω0
ωF
ν0
νF
μ0

Description
Nutrient use
efficiency of
non-fixers
Nutrient use
efficiency of
N-fixers
Uptake rate of
non-fixers
Uptake rate of
N-fixers
Turnover rate
of non-fixers

Unit
kg C kg N-1

Value
217

Reference
Calculated from Batterman
et al. 2013

kg C kg N-1

108

ha kg C-1 y-1

0.2

Calculated from Batterman
et al. 2013 and Adams et
al. 2016
From Menge et al. 2009

ha kg C-1 y-1

0.2

From Menge et al. 2009

y-1

0.043

Calculated from Batterman
et al. 2013
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μF
m
φ
I
k
β0

Turnover rate
of N-fixers
Mineralization
rate
Unavailable
soil N loss
rate
Abiotic N
input flux
Available soil
N loss rate
(exp. N2O)
Maximum
growth rate of
non-fixers

y-1

0.043

y-1

0.2

y-1

0.001

Calculated from Batterman
et al. 2013
From Batterman et al.
2013
From Menge et al. 2009

kg N ha-1
y-1
y-1

See Table B3.

See Table B3.

3.47

Calculated from Menge et
al. 2009

y-1

5.1 (tropical)
4.1 (temperate)
4.1 (boreal)

βF

Maximum
growth rate of
N-fixers

y-1

5.6 (tropical)
3.7 (temperate)
3.7 (boreal)

γ0

Competition
coefficient on
non-fixers

ha kg C-1

0.00094 (tropical)
0.00066 (temperate)
0.0013 (boreal)

γF

Competition
coefficient on
N-fixers

ha kg C-1

0.0024 (tropical)
0.0016 (temperate)
0.0031 (boreal)

η

N2O loss rate

y-1

ψ

Atmospheric
N2O removal
rate
Maximum N
fixation rate

y-1

1.53 (tropical)
0.04 (temperate)
0.04 (boreal)
0.001

Calculated from Batterman
et al. 2013, Menge and
Chazdon 2016, Liao and
Menge 2016 and Pregitzer
and Euskirchen 2004
Calculated from Batterman
et al. 2013, Menge and
Chazdon 2016, Liao and
Menge 2016 and Pregitzer
and Euskirchen 2004
Calculated from Batterman
et al. 2013, Menge and
Chazdon 2016 and
Pregitzer and Euskirchen
2004
Calculated from Batterman
et al. 2013, Menge and
Chazdon 2016 and
Pregitzer and Euskirchen
2004
Calculated from De Klein
et al. 2006 and Keller and
Reiners 1994
From Myhre et al. 2013

0.01

From Menge et al. 2009

Fmax

kg N kg C-1
y-1

Table B2: Modeled global net CO2-N2O effect of forests and of N-fixing trees relative
to non-fixing trees under current N deposition rates from Dentener et al. 2006 and Vet et al.
2014.
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Global forest
composition

Global net CO2N2O effect of
forests
(Pg C yr-1)
Dentener et al.
2006
-3.13

Global net CO2N2O effect of
N-fixing trees
(Pg C yr-1)
Dentener et al.
2006
+0.50

Global net CO2N2O effect of
forests
(Pg C yr-1)
Vet et al. 2014

Global net CO2N2O effect of
N-fixing trees
(Pg C yr-1)
Vet et al. 2014

N deposition rate
reference
Obligate N-fixer
-3.24
-0.25
and non-fixer
Facultative
-3.63
+0.002
-3.34
-0.35
N-fixer and
non-fixer
Incomplete
-3.54
+0.09
-3.64
-0.65
regulator and
non-fixer
Non-fixer
-3.63
NA
-2.99
NA
Scenarios displayed are: All N-fixing trees are obligate, all N-fixing trees are facultative, and all
N-fixing trees are incomplete regulators. Units are C radiative equivalents, which balance the
greenhouse effects of CO2 and N2O using the global warming potential of N2O. Results are
comparable to those of (Pan et al. 2011a) which finds that the current annual forest CO2 sink is
2.4 Pg C yr-1.

Table B3: N deposition rates.

N deposition Rate
Low

Unit
kg N ha-1 y-1

Value
0.5

Intermediate

kg N ha-1 y-1

4.68 (tropical)
6.84 (temperate)
1.63 (boreal)
4.06 (tropical)
4.43 (temperate)
6.04 (boreal)
7.20 (tropical)
9.18 (temperate)
2.15 (boreal)

High

kg N ha-1 y-1

Table B4: Initial pool sizes.
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Reference
From Galloway et al.
2008
From Dentener et al.
2006
From Vet et al. 2014
From Dentener et al.
2006

Soil N Pool
BF
B0
A
D
Size
(kg C ha-1)
(kg C ha-1)
(kg N ha-1)
(kg N ha-1)
Low
1
1
0
0.5 D*
Intermediate
1
1
0.5 A*
0.75 D*
High
1
1
A*
D*
A* and D* are the equilibria of A and D respectively (see Appendix B.2).

E
(kg N2O-N ha-1)
0
0
0

Table B5: Descriptions, units, values and references of parameters for the calculation
of radiative forcing.

Parameter
a0

a1

a2

a3

τOP$ ,,
𝜏OP$ ,.
𝜏OP$ ,/
𝑅𝐸S$ P
𝑅𝐸OP$
𝑅𝐸S$ P,XXYZ

Description
Fraction of
emission that
remains in the
atmosphere
Fraction of
emission
associated
with τOP$ ,,
Fraction of
emission
associated
with τOP$ ,.
Fraction of
emission
associated
with τOP$ ,/
Time scale 1
of CO2
Time scale 2
of CO2
Time scale 3
of CO2
Radiative
forcing of
N2 O
Radiative
forcing of
CO2
Radiative
forcing of
N2 O

Unit
unitless

Value
0.217

Reference
From Alvarez et al. 2012

unitless

0.259

From Alvarez et al. 2012

unitless

0.338

From Alvarez et al. 2012

unitless

0.186

From Alvarez et al. 2012

yr

172.9

From Alvarez et al. 2012

yr

18.51

From Alvarez et al. 2012

yr

1.186

From Alvarez et al. 2012

W m-2 kg-1

3.85 10-13

Calculated in Equation 25

W m-2 kg-1

1.76 10-15

Calculated in Equation 25

W m-2 ppbv-

3.00 10-3

From Myhre et al. 2013

1
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𝑅𝐸OP$ ,XXYZ
MA
𝑀S$ P
𝑀OP$
TM

Radiative
forcing of
CO2
Mean
molecular
mass of air
Molecular
mass of N2O
Molecular
mass of CO2
Total mass of
atmosphere

W m-2 ppbv-1

1.37 10-5

From Myhre et al. 2013

g mol-1

28.97

From Myhre et al. 2013

g mol-1

44.013

g mol-1

44.01

kg

5.14 × 1018

From Myhre et al. 2013

Table B6: Modeled global net CO2-N2O effect of forests and of N-fixing trees relative
to non-fixing trees under future N deposition rates (2030 for the SRES A2 scenario).

Global Net CO2-N2O Effect
of Forests (W m-2)
-0.0068

Global Net CO2-N2O Effect
of N-Fixing Trees (W m-2)
+0.0015

Obligate N-fixer and
non-fixer
Facultative N-fixer and
-0.0082
+0.001
non-fixer
Incomplete regulator and
-0.0081
+0.001
non-fixer
Non-fixer
-0.0083
NA
Scenarios displayed are: All N-fixing trees are obligate, all N-fixing trees are facultative, and all
N-fixing trees are incomplete regulators. CO2 and N2O effects are given as radiative forcings.

B.2 Supplementary information for Chapter 2

Equilibria analysis
The following are the equilibria of the five pools of the model under the assumption that
the non-fixer is not N-limited (i.e., 𝑔: = ,$D

C#

# (7" $7# )

𝐵9∗ = 0

) and that 𝐵9∗ = 0 and 𝐵:∗ > 0:
(B1)
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𝐵:∗ =

C# "<#

𝐷∗ = =
𝐴∗ =
𝐸∗ =

(B2)

<# D#
C# "<#

(B3)

# D# (Ž$¢)

£=# D# Ž$£=# D# ¢"¢C# $¢<#

(B4)

=# D# (•$T)(Ž$¢)
T>∗

(B5)

U

See the Methods and Table B2 for descriptions of the parameters.
Analysis of the eigenvalues of the Jacobian matrix of a differential equation model is the
standard technique in theoretical ecology for assessing the local asymptotic stability of
equilibria15. The Jacobian matrix of the model evaluated at this equilibrium is:

(C" "<" )D# <# "(C# "<# )D" <"

⎡
(C# "<# )D" $D# <#
⎢
(<# "C# )<#
⎢
C#
<"
⎢
𝐽=⎢
="
H
"=" (D# "D" )<# $C# =" (D# ".D" )<#$ $
⎢
⎢MID" C# $B=#(D# "D")J=" "C" D# =#NC# <# $BC#$ D" =# ="
=# =" C# ((D# "D" )<# $D" C# )
⎢
⎣
0
The eigenvalues of the Jacobian matrix are 𝜆, =

0

0

0

(<# "C# )<#

0

0

−𝑚 − 𝜙

0

𝑚

−𝑘 − 𝜂

0

𝜂

C#
<#
=#
"<#$
C# =#

0

(C" "<" )D# <# "(C# "<# )D" <"
(C# "<# )D" $D# <#

−𝑚 − 𝜙, 𝜆0 = −𝑘 − 𝜂 and 𝜆1 = −𝜓. The equilibrium is stable if

, 𝜆. =

C" "<"
D" <"

<

0 ⎤
⎥
0 ⎥
0 ⎥ (B6)
⎥
⎥
⎥
0
⎥
−𝜓⎦

(<# "C# )<#

C# "<#
D# <#

C#

, 𝜆/ =

and 𝜇: < 𝛽: .

For our parameter values, the equilibrium is stable. A second equilibrium exists for which 𝐵9∗ > 0
and 𝐵:∗ = 0. The analysis of this equilibrium was omitted because, for our parameter values, this
equilibrium is unstable.
The following are the equilibria of the five pools of the model under the assumption that the nonfixer is N-limited (i.e., 𝑔: = 𝜔: 𝜈: 𝐴) and that 𝐵9∗ = 0 and 𝐵:∗ > 0:
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The Jacobian matrix of the model evaluated at this equilibrium is:
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⎥
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(B12)

The eigenvalues are omitted due to their complexity. For our parameter values, the equilibrium is
stable. A second equilibrium exists for which 𝐵:∗ = 0 and 𝐵9∗ > 0. The analysis of this equilibrium
was omitted because, for our parameter values, this equilibrium is unstable.
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Figure C1: Gas flux rates under Betula and Robinia in the +0 and +10 g N m–2 y–1
treatments. a. N2O, b. CO2, and c. CH4 flux rates. A negative gas flux rate indicates soil gas
consumption and a positive gas flux rate indicates soil gas emission. The solid line is the
median and the hinges are the first and third quartiles. Different letters represent significant
differences. n = 142, 79, 121, and 108 for N2O (+0 g N m–2 y–1 Betula, +0 g N m–2 y–1 Robinia, +10
g N m–2 y–1 Betula, and +10 g N m–2 y–1 Robinia respectively), n = 118, 68, 101, and 97 for CO2
(+0 g N m–2 y–1 Betula, +0 g N m–2 y–1 Robinia, +10 g N m–2 y–1 Betula, and +10 g N m–2 y–1
Robinia respectively), and n = 106, 62, 84, and 86 for CH4 (+0 g N m–2 y–1 Betula, +0 g N m–2 y–1
Robinia, +10 g N m–2 y–1 Betula, and +10 g N m–2 y–1 Robinia respectively). Differences in n
between gases are due to malfunctioning equipment. +0 and +10 represent the +0 and +10 g N
m–2 y–1 treatments. Note that this figure shows instantaneous N2O flux rates and does not
account for annual variation in soil temperature and moisture.
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Figure C2: Histograms of N2O flux rates and absolute biomass C growth rates. a.
Histogram of N2O flux rates, which were log-transformed and negative or zero N2O flux rates
were transformed to 10-6. The red curve is a negative / zero-inflated lognormal distribution fit
to the data. b. Histogram of absolute biomass C growth rates. The red curve is a gamma
distribution fit to the data. These distributions are used to fit the statistical models of N2O
flux rate and absolute biomass C growth rate in Equations 31 and 33.
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Figure C3: Box diagram of the a. N-fixer version and b. non-fixer version of the
theoretical model. Boxes represent nutrient pools and arrows represent nutrient fluxes. BF is
the N-fixer biomass C pool, B0 is the non-fixer biomass C pool, D is the plant-unavailable
soil N pool, and A is the plant-available soil N pool.
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Figure C4: Absolute biomass C growth rates of Betula and Robinia in the +0 g N m–2 y–
1, +10 g N m–2 y–1, +15 g N m–2 y–1, and +15 g N m–2 y–1 / 15 g P m–2 y–1 treatments. The solid line
is the median and the hinges are the first and third quartiles. Different letters represent
significant differences (includes biomass). n = 27, 21, 15, 22, 20, 20, 15, and 17 (+0 g N m–2 y–1
Betula, +0 g N m–2 y–1 Robinia, +10 g N m–2 y–1 Betula, +10 g N m–2 y–1 Robinia, +15 g N m–2 y–1
Betula, +15 g N m–2 y–1 Robinia, +15 g N m–2 y–1 / 15 g P m–2 y–1 Betula, and +15 g N m–2 y–1 / 15 g
P m–2 y–1 Robinia respectively).
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Figure C6: Modelled and empirical a. biomass C and b. plant-available soil N (i.e.,
inorganic soil N). The vertical gray line indicates the length of the field experiment, i.e., 3
years. Note that modelled biomass C of N-fixers is indistinguishable between the +0 and +10
g N m–2 y–1 treatments. +0 and +10 indicate +0 and +10 g N m–2 y–1 treatments respectively.
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Figure C9: N2O flux rate over inorganic soil N (aggregated by individual tree). The
black line is a linear regression (Pearson’s r = 0.48, P < 0.05). For the linear regression, N2O
flux rates were log-transformed and negative or zero N2O flux rates were transformed to 10-6
(Figure C2a). The linear regression satisfied the Breusch-Pagan test against
heteroscedasticity. We aggregated by individual tree because a seasonal time scale is
appropriate for the comparison and explains more variance (Yao et al. 2020).

Table C1: Parameters of the allometric equations (Equations 26 and 27) (from
D.N.L.M., unpublished data).
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Parameter

Value
-6.03922
-4.47163
-3.80000
-2.05116
1.47515
1.17569
1.05613
0.83917
-3.39132
-3.94914
-3.56453
-3.57887
1.49740
1.54696

𝛽,,']^!(!_,+0 g N m-2 y-1
𝛽,,']^!(!_,+10 g N m-2 y-1
𝛽,,']^!(!_,+15 g N m-2 y-1
𝛽,,']^!(!_,+15 g N+P m-2 y-1
𝛽.,']^!(!_,+0 g N m-2 y-1
𝛽.,']^!(!_,+10 g N m-2 y-1
𝛽.,']^!(!_,+15 g N m-2 y-1
𝛽.,']^!(!_,+15 g N+P m-2 y-1
𝛽,,7`8ab_,+0 g N m-2 y-1
𝛽,,7`8ab_,+10 g N m-2 y-1
𝛽,,7`8ab_,+15 g N m-2 y-1
𝛽,,7`8ab_,+15 g N+P m-2 y-1
𝛽.,7`8ab_
𝛽/,7`8ab_

Table C2: Parameters of the statistical model (Equations 31 and 32).

Parameter

Value
0.10480
0.02849
-12.20358
-9.58422
-8.56818
-8.06055
0.28897

𝛽,
𝛽.

𝛽/,7`8ab_,+0 g N m-2 y-1
𝛽/,']^!(!_,+0 g N m-2 y-1
𝛽/,7`8ab_,+10 g N m-2 y-1
𝛽/,']^!(!_,+10 g N m-2 y-1
𝜙

Table C3: Parameters of the theoretical model.

Parameter
𝜇

Description
Turnover rate

Unit
y–1

Value
0.05

𝜔e

C:N ratio of Nfixers

kg C kg N–1

88.996

𝜔:

C:N ratio of
non-fixers

kg C kg N–1

104.153

𝑚e

N mineralization
rate under Nfixers

y–1

0.0155
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Source
(Lu and Hedin
2019)
(D.N.L.M.,
unpublished
data)
(D.N.L.M.,
unpublished
data)
Appendix C.2

𝑚:
𝜑
𝐼

𝜂
𝑘
𝑣
𝛽e
𝛽:
𝛾e

𝛾:

𝐹FGH
𝑧

𝐹FKL

N mineralization
rate under nonfixers
Plantunavailable soil
N loss rate
N input rate

y–1

0.0110

(Lu and Hedin
2019)

y–1

0.0005

(Lu and Hedin
2019)

kg N indiv–1 y–1

Appendix C.2

Plant-available
soil N loss rate
as N2O
Plant-available
soil N loss rate
(except N2O)
Plant N uptake
rate
Maximum
growth rate of
N-fixers
Maximum
growth rate of
non-fixers
Densitydependence
parameter of Nfixers
Densitydependence
parameter of
non-fixers
Minimum N
fixation rate
Strength of
down-regulation
of N fixation
parameter
Maximum N
fixation rate

y–1

0.013 (+0 g N
m–2 y–1)
0.269 (+10 g N
m–2 y–1)
0.167

y–1

4.833

Appendix C.2

indiv kg C y–1

0.740

Appendix C.2

y–1

1.209

Appendix C.2

y–1

1.202

Appendix C.2

indiv kg C–1

0.147

Appendix C.2

indiv kg C–1

0.148

Appendix C.2

kg N kg C–1 y–1

0.00286

Appendix C.2

unitless

0.0435

Appendix C.2

kg N kg C–1 y–1

0.000665

Appendix C.2

Table C4: Initial theoretical model pool sizes.

Pool

Unit

Value

Source
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BN

kg C indiv-1

0.035

B0

kg C indiv-1

0.095

D

kg N indiv-1

2.160

A

kg N indiv-1

0.00788

Mean biomass C of Betula in 2016
divided by 2
Mean biomass C of Robinia in 2016
divided by 2
75% of non-fixer equilibrium of plantunavailable soil N (Equation C33),
assumes that plant-unavailable soil N
remained from previous old growth forest
75% of non-fixer equilibrium of plantavailable soil N (Equation C33), assumes
that plant-available soil N remained from
previous old growth forest

C.2 Supplementary information for Chapter 3

Field experiment fertilizer treatment description
Fertilizer treatments were randomly assigned to tree pairs in eight blocks at four levels:
+0 g N m–2 y–1, +10 g N m–2 y–1, +15 g N m–2 y–1, and +15 g N m–2 y–1 / 15 g P m–2 y–1
treatments. Due to mortality after planting, of the 16 trees originally planted in each fertilizer
treatment, 10 trees remained in the +0 g N m–2 y–1 treatment (4 Robinia and 6 Betula) and in the
+10 g N m–2 y–1 treatment (5 Robinia and 5 Betula) in 2018.
Trace-level 15N-labelled fertilizer was applied to soils under all trees to measure N
fixation via 15N dilution. The +0 g N m–2 y–1 treatment was fertilized with 15N-labelled >98 atom
% ammonium nitrate in 2016 and 2017, receiving 0.1 g N m–2 y–1 to isotopically enrich the plantavailable soil N pool without substantially altering N supply. The +0 g N m–2 y–1 treatment was
not fertilized in 2015, 2018, and 2019. The +10 g N m–2 y–1, +15 g N m–2 y–1, and +15 g N m–2 y–
1

/ 15 g P m–2 y–1 treatments were fertilized with unlabelled ammonium nitrate in 2015, a

combination of unlabelled and 15N-labelled >98 atom % ammonium nitrate in 2016 and 2017,
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and unlabelled urea in 2018 and 2019. The amount of 15N-labelled >98 atom % ammonium
nitrate applied was 0.25 g N m–2 y–1, 0.375 g N m–2 y–1, and 0.375 g N m–2 y–1 for the +10 g N m–
2

y–1, +15 g N m–2 y–1, and +15 g N m–2 y–1 / 15 g P m–2 y–1 treatments respectively. The total

(unlabelled and labelled) N fertilizer received by the +10 g N m–2 y–1, +15 g N m–2 y–1, and +15
g N m–2 y–1 / 15 g P m–2 y–1 treatments was 10 g N m–2 y–1, 15 g N m–2 y–1, and 15 g N m–2 y–1
respectively. The +15 g N m–2 y–1 / 15 g P m–2 y–1 treatment was fertilized with 15 g P m–2 y–1 as
monosodium phosphate in 2015-2019. Unlabelled fertilizer was hand broadcasted evenly within
the circle 5 m radius from tree base (accounting for the area of overlap between trees in a pair).
Labelled fertilizer was applied to the circle 2 m radius from tree base using a backpack sprayer.
Fertilizer was applied quarterly throughout each growing season (April – October).
The +15 g N m–2 y–1 treatment determines N limitation of plant growth in the +10 g N m–
2

y–1 treatment and the +15 g N m–2 y–1 / 15 g P m–2 y–1 treatment determines P limitation of plant

growth in the +10 g N m–2 y–1 (Figure C8). These treatments were omitted from further analyses,
as we focused soil sampling on the +0 and +10 g N m–2 y–1 treatments.

Field experiment gas flux sampling description
Gas fluxes were sampled throughout the growing season of 2018, at least two weeks after
fertilizer application (to allow the N2O flux pulse from the N fertilization to subside). Gas
samples were collected at 50 cm from tree base for all trees in the +0 and +10 g N m–2 y–1
treatments. Gas samples were collected with a gas flux chamber at 0, 20, 40, and 60 min after
placing the gas flux chamber.
Gas flux chambers had diameter 20.32 cm and height 10 cm, were constructed from PVC
pipe, and were fitted with rubber weatherstrip tape and a tire inner tube (lined with vacuum
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grease) to ensure a seal with the base. Gas flux chambers were fitted with a 13 mm inner
diameter rubber stopper (Geo-Microbial Technologies Inc.) for the collection of gas samples.
Gas flux chambers were vented with a 3.175 mm brass tube fitting (Swagelok) and stainless steel
tubing of length 10.16 cm (Restek) to prevent a pressure gradient between the interior and
exterior of the gas flux chamber. Gas flux chambers were covered with metalized tape to reflect
light, minimizing a temperature gradient between the interior and exterior of the gas flux
chamber.
Bases of 10 cm height were inserted approximately 5 cm into the soil one week prior to
sampling to avoid potential impacts of installation on gas fluxes. Bases were removed before
each fertilization and replaced at a different position after the fertilization. Understory plants
were trimmed at base insertion only if they interfered with placement of the gas flux chamber.
Base height above ground was measured at insertion in four points spaced evenly around the
base.
The N2O flux rate data had extreme episodicity (coefficient of variation > 200%), which
is common (Barton et al. 2015). The minimum sampling frequency to robustly estimate annual
N2O flux rate for data with extremely episodicity is three days per week, which we satisfied
during the growing season (without the two week period to allow the N2O flux pulse from the N
fertilization to subside) by sampling approximately four days per week.

Field experiment gas flux data processing
CO2 and CH4 flux rates were measured concurrently with N2O flux rates. Gas samples
were analyzed on a gas chromatograph (SRI 8610C, SRI Instruments, Torrance, CA, USA) fitted
with two HayeSep D columns, an electron capture detector to determine N2O concentration, and
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a flame ionization detector and methanizer to determine CO2 and CH4 concentrations. CO2 flux
rate per ground area (𝐶𝑂. ; mg CO2-C m–2 hr–1) and CH4 flux rate per ground area (𝐶𝐻0 ; mg
CH4-C m–2 hr–1) were calculated as (corresponding to Equation 29):
𝐶𝑂. = 𝑚•h$

00.:, g CO2 g 1000 mg CO2

mol CO2
,:? μmol

CO2

'\

g CO2

,2.:0 g CH4 g 1000 mg CH4

mol CH

4
𝐶𝐻0 = 𝑚•yK ,:? μmol CH

mol CO2

4

mol CH4

'\

g CH4

ℎ

1000L ,..:, g C

ℎ

1000L ,..:, g C

m3 00.:, g CO2

m3 ,2.:0 g CH4

(C1)
(C2)

𝑚•h$ is slope of the linear regression of CO2 concentration over the four time points (μmol mol–1
hr–1) and 𝑚•yK is slope of the linear regression of CH4 concentration over the four time points
(μmol mol–1 hr–1).
Following Erickson and Perakis (2014), non-significant CO2 flux rates (P > 0.10 from a
linear regression of CO2 concentration over the four time points) and the corresponding N2O and
CH4 flux rates were removed (n = 11). Non-significant and low (< 0.02 mg N2O-N m–2 hr–1) N2O
flux rates were assigned zero. For non-significant and high (> 0.02 kg N2O-N m–2 hr–1) N2O flux
rates, the plot of N2O concentration over the four time points was visually examined for outliers.
If an outlier was obvious, the outlier was dropped and the N2O flux rate was re-calculated (n =
5). If no outliers were obvious, the N2O flux rate was removed (n = 23). Non-significant and low
(< 0.02 kg CH4-C m–2 hr–1) CH4 flux rates were assigned zero and non-significant and high (>
0.02 kg CH4-C m–2 hr–1) CH4 flux rates were removed. After these data processing steps, 450
N2O flux rates, 384 CO2 flux rates, and 338 CH4 flux rates remained.

Statistical analyses of the empirical data
To assess significant differences in the empirical data between species / fertilizer
treatment combinations, we developed linear mixed models for absolute and relative biomass C
growth rate, foliar N, %Ndfa, inorganic soil N, and N2O flux rate as response variables.
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The relative biomass C growth rate was calculated with the following equation:
𝑅𝐺𝑅 =

¥H 73=U "¥H 7S(6R(

(C3)

∆8

where 𝐵`(6 is biomass C at the end of the growing season (from Equations 26 and 27), 𝐵Œ8_‘8 is
biomass C at the start of the growing season (from Equations 26 and 27), and ∆𝑡 is length of the
growing season. Relative biomass C growth rate was modelled with the following linear model:
𝑅𝐺𝑅 = 𝛽,,c,B + 𝛽.,c,B 𝐵 + 𝜀8‘``

(C4)

where 𝑅𝐺𝑅 is relative biomass C growth rate, 𝛽,,c,B and 𝛽.,c,B are coefficients (where 𝑆
represents species (Robinia or Betula) and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1, +10
g N m–2 y–1, +15 g N m–2 y–1, or +15 g N m–2 y–1 / 15 g P m–2 y–1)), 𝐵 is biomass C, and 𝜀8‘`` is a
random effect of individual tree. Absolute biomass C growth rate was modelled with the
following linear model:
𝐴𝐺𝑅 = 𝛽,,c,B + 𝛽.,c,B 𝐵 + 𝜀8‘``

(C5)

where 𝐴𝐺𝑅 is absolute biomass C growth rate, 𝛽,,c,B and 𝛽.,c,B are coefficients (where 𝑆
represents species (Robinia or Betula) and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1, +10
g N m–2 y–1, +15 g N m–2 y–1, or +15 g N m–2 y–1 / 15 g P m–2 y–1)), 𝐵 is biomass C, and 𝜀8‘`` is a
random effect of individual tree.
Foliar N was modelled with the following linear model:
%𝑁 = 𝛽c,B + 𝜀8‘``

(C6)

where %𝑁 is foliar N, 𝛽c,B is a coefficient (where 𝑆 represents species (Robinia or Betula) and 𝐹
represents fertilizer treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1)), and 𝜀8‘`` is a random effect
of individual tree.
%Ndfa was modelled with the following linear model:
%𝑁6d_ = 𝛽B + 𝜀8‘``

(C7)
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where %𝑁6d_ is %Ndfa, 𝛽B is a coefficient (where 𝑆 represents species (Robinia or Betula) and 𝐹
represents fertilizer treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1)), and 𝜀8‘`` is a random effect
of individual tree.
Inorganic soil N was modelled with the following linear model:
𝑁! = 𝛽c,B + 𝜀8‘``

(C8)

where 𝑁! is inorganic soil N, 𝛽c,B is a coefficient (where 𝑆 represents species (Robinia or Betula)
and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1)), and 𝜀8‘`` is a random
effect of individual tree.
Gas flux rate (N2O, CO2, and CH4) was modelled with the following linear model:
𝐺𝐻𝐺 = 𝛽c,B + 𝜀8‘``

(C9)

where 𝐺𝐻𝐺 is gas flux rate, 𝛽c,B is a coefficient (where 𝑆 represents species (Robinia or Betula)
and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1)), and 𝜀8‘`` is a random
effect of individual tree.
Soil temperature was modelled with the following linear model:
𝑇 = 𝛽c,B + 𝜀8‘``

(C10)

where 𝑇 is soil temperature, 𝛽c,B is a coefficient (where 𝑆 represents species (Robinia or Betula)
and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1)), and 𝜀8‘`` is a random
effect of individual tree.
Soil moisture was modelled with the following linear model:
𝑀 = 𝛽c,B + 𝜀8‘``

(C11)

where 𝑀 is soil moisture, 𝛽c,B is a coefficient (where 𝑆 represents species (Robinia or Betula)
and 𝐹 represents fertilizer treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1)), and 𝜀8‘`` is a random
effect of individual tree.
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We considered a difference between species / fertilizer treatment combinations as
significant if the standard errors of coefficients corresponding to species / fertilizer treatment
combinations (𝛽c,B ) did not overlap.

Statistical model selection for N2O flux rate as a function of soil moisture and temperature
To extrapolate instantaneous N2O flux rates to annual N2O emission rates (accounting for
annual variation in soil temperature and moisture) and to compare CO2 and N2O effects with
propagation of uncertainty we used Bayesian statistical models. We represented N2O flux rate as
a function of soil temperature and moisture. The following models were considered (Luo et al.
2012):
𝐸(𝑁. 𝑂) = 𝛽, 𝑇 + 𝛽. 𝑀 + 𝛽/,c,B

(C12)

𝐸(𝑁. 𝑂) = 𝛽,,c,B 𝑇 + 𝛽.,c,B 𝑀 + 𝛽/,c,B

(C13)

N'<& $
^'<$ $
N $M
N ›
W&
W$

(C14)

𝐸(𝑁. 𝑂) = 𝑎c,B 𝑒

":.1šM

𝑁. 𝑂 is the N2O flux rate (from Equation 29), 𝐸(𝑁. 𝑂) is the expected value of the lognormal
distribution, 𝑇 is soil temperature (˚C), 𝑀 is soil moisture (%), and 𝛽, , 𝛽. , 𝛽/,c,B , 𝛽,,c,B , 𝛽.,c,B ,
𝑎c,B , 𝑏, , 𝑏. , 𝑐, , and 𝑐. are coefficients (where 𝑆 represents species (Robinia or Betula) and 𝐹
represents fertilizer treatment (+0 g N m–2 y–1 or +10 g N m–2 y–1)).
Equations C12 and C13 are both linear functions of soil temperature and moisture; the
difference between them is that the slopes are the same for both species and both fertilizer
treatments in Equation C12 whereas the slopes differ across species and fertilizer treatments in
Equation C13. Equation C14 is a Gaussian function of soil temperature and moisture. All models
fit the data reasonably well (Bayesian p-values between 0.1 and 0.9 (Hobbs and Hooten 2015)).
Equations C12, C13, and C14 had deviance information criteria 1542, 1573 and 1551
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respectively. Equation C12 was chosen because it had the lowest deviance information criterion.
However, all models yield similar results.

Theoretical model description
There are two versions of the model, the first represents a N-fixer biomass C pool (𝐵e , kg
C indiv–1) and the second represents a non-fixer biomass C pool (𝐵: , kg C indiv–1). Each version
contains a plant-unavailable (𝐷, kg N indiv–1; detritus) and plant-available soil N pool (𝐴, kg N
indiv–1; ammonium, nitrate, and forms of organic N that are accessible by plants):
67!
68
6;
68
6>
68

= 𝐵! (𝑔! (𝐴, 𝐵! ) − 𝜇)

(C15)

<

= = 𝐵G − (𝑚! + 𝜑)𝐷

(C16)

!

7! (@! (>,7! )"=! B)

= 𝐼 − (𝑘 + 𝜂)𝐴 + 𝑚! 𝐷 −

(C17)

=!

where 𝑖 represents N-fixer (𝑖 = 𝑁) or non-fixer (𝑖 = 0). The per capita growth rates of 𝐵e and
𝐵: are represented by the functions 𝑔e and 𝑔: respectively and reflect Liebig’s law of the
minimum:
C

𝑔e (𝐴, 𝐵S ) = MIN V𝜔S (𝜈𝐴 + 𝐹), ,$D _7 Z

(C18)

_ _

C

𝑔: (𝐴, 𝐵: ) = MIN V𝜔: 𝜈𝐴, ,$D# 7 Z

(C19)

# #

When 𝐵! is N-limited, 𝑔! is a function of the C:N ratio (𝜔G ), plant N uptake rate (𝜈), and,
for 𝐵e , N fixation rate per biomass C (𝐹). When 𝐵! is not N-limited, 𝑔! is limited by some
unspecified resource (e.g., light, water, or phosphorus) which is represented by a densitydependent function that decreases with increasing 𝐵! : 𝛽G is the maximum plant growth rate and 𝛾G
is the density-dependence parameter (describes the extent to which 𝑔! is decreased by 𝐵! ). The
parameter 𝜇 is the plant turnover rate, 𝑚! is the N mineralization rate, 𝜑 is the loss rate of plant153

unavailable soil N, 𝐼 is the N input rate (atmospheric N deposition, free-living N fixation, rock N
weathering, and N fertilization), 𝑘 is the loss rate of plant-available soil N excluding losses of
N2O (leaching and gaseous losses of nitric oxide (NO), ammonia (NH3), and nitrogen gas (N2)),
and 𝜂 is the plant-available soil N loss rate as N2O. N fixation rate per biomass C (𝐹) is:
𝐹 = MAX \𝐹FGH ,MIN V=

C_
_ (,$D_ 7_ )

− 𝑧𝜈𝐴, 𝐹FKL Z_

(C20)

where 𝐹FGH is the minimum N fixation rate per biomass C, 𝐹FKL is the maximum N fixation rate
per biomass C, and 𝑧 represents the strength of down-regulation of N fixation.
We parameterized the model using field data where possible and literature values
elsewhere (Table C3). With the deSolve package of R version 4.0.2, we simulated the N-fixer
and non-fixer versions of the model with 𝐼 = 0 g N m–2 y–1 and 𝐼 = 10 g N m–2 y–1 to reflect our
field experiment.

Theoretical model parameter derivations
We parameterized the theoretical model using field data where possible and literature
values elsewhere. Parameters were fit to measurements of the underlying mechanisms of the
ecosystem that are represented by the model and were not tuned to measurements of the CO2 and
N2O effects.
The parameter 𝑚e describes the N mineralization rate under N-fixers in the model. Nfixer litter (low C:N ratio) has a higher decomposition rate than non-fixer litter (high C:N ratio)
(Cornwell et al. 2008). We calculated 𝑚e by multiplying the N mineralization rate under nonfixers (parameter from the literature) and the ratio of the decomposition rate between Robinia
and Betula based on % N from Zhang et al. 2008:
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:./5‹,(/..‹s%)$:.//2

𝑚e = Ž:./5‹,(..:s1%)$:.//2• 𝑚:

(C21)

where 3.278% and 2.085% are the % N of Robinia and Betula respectively from the field
experiment (D.N.L.M., unpublished data) and 𝑚: is the N mineralization rate under non-fixers
from Lu and Hedin (2019).
The parameter 𝐼 describes the N input rate (atmospheric N deposition, free-living N
fixation, rock N weathering, and N fertilization). We assumed atmospheric N deposition, freeliving N fixation, and rock N weathering were 5 kg N ha–1 y–1 (Lu and Hedin 2019). We
calculated 𝐼 by multiplying the N input rate in units of per ground area by the crown area of an
individual tree (from the literature) to obtain the parameter in units of per individual:
𝐼+0 g N m–2 y–1 =

1 kg N

ha

(C22)

ha y 390 indiv
1 kg N

𝐼+10 g N m–2 y–1 = Ž

ha y

+

,:: kg N
ha y

ha

• 390 indiv

(C23)

where 390 indiv ha–1 is the density of individual trees in a mature temperate forest from
Crowther et al. (2015).
The parameter 𝜂 describes the plant-available soil N loss rate as N2O in the model. We
calculated 𝜂 by determining the proportion of the total plant-available soil N loss rate (parameter
from the literature) that is N2O:
𝜂 = (5 y", )(0.33)(0.1)

(C24)

where 5 y–1 is the total plant-available soil N loss rate from Lu and Hedin (2019), 0.33 is the
fraction of total plant-available soil N loss that is gaseous from Lu and Hedin (2019), and 0.1 is a
reasonable biological estimate of the fraction of gaseous plant-available soil N loss that is N2O
(other gaseous plant-available soil N losses are nitric oxide (NO), ammonia (NH3), and nitrogen
gas (N2)).
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The parameter 𝑘 describes the plant-available soil N loss rate excluding losses of N2O in
the model. We calculated 𝑘 by subtracting the plant-available soil N loss rate as N2O (𝜂) from
the total plant-available soil N loss rate (parameter from the literature):
𝑘 =5−𝜂

(C25)

where 5 y–1 is the total plant-available soil N loss rate from Lu and Hedin (2019).
The parameter 𝑣 describes plant N uptake rate in the model. We calculated 𝑣 by dividing
the parameter in units of kg N kg C–1 y–1 (parameter from the literature) by the equilibrium of
plant-available soil N to obtain the parameter in units of indiv kg C y–1:
𝑣 = 0.75

:.:, kg N ,

(C26)

kg C y >∗

where 0.01 kg N kg C–1 y–1 is the maximum plant N uptake rate from Lu and Hedin (2019), 𝐴∗ is
the non-fixer equilibrium of plant-available soil N (Equation C38), and 0.75 is a biologically
reasonable reduction of 0.01 kg N kg C–1 which is the maximum plant N uptake rate.
The parameters 𝛽S and 𝛽: describe the maximum growth rates of N-fixers and non-fixers
respectively in the model. We calculated 𝛽S and 𝛽: with absolute biomass C growth rates from
the +10 g N m–2 y–1, +15 g N m–2 y–1, and +15 g N m–2 y–1 / 15 g P m–2 y–1 treatments from the
field experiment, which are not N-limited (Figure C8):
𝛽S =

∆7:;<!=!6
------------7
:;<`=`6

(C27)

𝛽: =

∆723(456
----------723(456

(C28)

where ∆𝐵c is the difference in biomass C between the start and end of the growing season (where
𝑆 represents species (Robinia or Betula)) in the +10 g N m–2 y–1, +15 g N m–2 y–1, and +15 g N
m–2 y–1 / 15 g P m–2 y–1 treatments from the field experiment, and ***
𝐵c is the mean biomass C at the
start and end of the growing season (where 𝑆 represents species (Robinia or Betula)) in the +10 g
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N m–2 y–1, +15 g N m–2 y–1, and +15 g N m–2 y–1 / 15 g P m–2 y–1 treatments from the field
experiment.
The parameters 𝛾S and 𝛾: describe the density-dependence of N-fixers and non-fixers
respectively in the model. We calculated 𝛾G by solving the equation for the equilibrium of
biomass C (Equations C35 and C38) for 𝛾G and subbing in the equilibrium of biomass C (from
the literature):
𝛾G =

C! "<
7∗ <

C "<

= ?&### kg! C ha'&
H0# indiv ha'&

(C29)

<

where 𝐵∗ is the equilibrium of biomass C, 61000 kg C ha–1 is the biomass C of a mature
temperate forest from Pan et al. (2013), and 390 indiv ha–1 is the density of individual trees in a
mature temperate forest from Crowther et al. (2015).
The parameters 𝐹FGH and 𝐹FKL describe the minimum and maximum N fixation rates
respectively in the model. The parameter 𝑧 describes the strength of down-regulation of N
fixation in the model. These parameters determine the N fixation strategy of the N-fixer. Figure
7e suggests that Robinia is an incomplete down-regulator of N fixation, i.e., 𝐹FKL > 𝐹FGH > 0.
We calculated 𝐹FGH as the minimum N fixation rate in the +10 g N m–2 y–1, +15 g N m–2 y–1, and
+15 g N m–2 y–1 / 15 g P m–2 y–1 treatments from the field experiment (D.N.L.M., unpublished
data). We calculated 𝐹FKL as the maximum N fixation rate in the +0 g N m–2 y–1 treatment from
the field experiment (D.N.L.M., unpublished data). We calculated 𝑧 as the slope of N fixation
rate over plant N uptake rate (from Equation C20):
𝑧 = ”>∗

Babc "Bade

+10 g N m–2 y–1

(C30)

"”>∗

+0 g N m–2 y–1

where 𝐴∗+0 g N m–2 y–1 and 𝐴∗+10 g N m–2 y–1 are the N-fixer equilibria of plant-available soil N in the
+0 and +10 g N m–2 y–1 treatments respectively (Equation C35).
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Calculation of empirical and modelled CO2 and N2O effects
The empirical CO2 effect (kg CO2 indiv–1 y–1) is based on the rate of CO2 sequestration in
plant biomass measured in the field experiment:
CO2 effectempirical = [annual CO2 sequestration rate] ×

44 kg CO2

(C31)

12 kg C

[annual CO2 sequestration rate] is the annual CO2 sequestration rate (kg CO2-C indiv–1 y–1)
calculated from the statistical model (Equation 33).
The empirical N2O effect (kg CO2 indiv–1 y–1) is based on the rate of N2O emissions from
soils measured in the field experiment:
N2 O effectempirical = [annual N2 O emission rate] ×

44 kg N2 O
28 kg N

×

265 kg CO2
kg N2 O

(C32)

[annual N2 O emission rate] is the annual N2O emission rate (kg N2O-N indiv–1 y–1) calculated
from the statistical model (Equation 31) with continuous soil temperature and moisture data. The
global warming potential of N2O is 265 kg CO2 kg N2O–1 over a 100 year time horizon.
The modelled CO2 effect (kg CO2 indiv–1 y–1) is based on the rate of CO2 sequestration in
plant biomass predicted by the model:
CO2 effectmodelled = 𝐵! (𝑡)𝑔! g𝐴(𝑡), 𝐵! (𝑡)h ×

44 kg CO2
12 kg C

(C33)

𝐵! (𝑡)𝑔! g𝐴(𝑡), 𝐵! (𝑡)h is the instantaneous CO2 sequestration rate (kg CO2-C indiv–1 y–1)
(Equation C15).
The modelled N2O effect (kg CO2 indiv–1 y–1) is based on the rate of N2O emissions from
soils predicted by the model:
N2 O effectmodelled = 𝜂𝐴(𝑡)×

44 kg N2 O
28 kg N

×

265 kg CO2
kg N2 O

𝜂𝐴(𝑡) is the instantaneous N2O emission rate (kg N2O-N indiv–1 y–1) (Equation C17).
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(C34)

Calculation of N inputs from free-living N fixation, rock N weathering, and atmospheric N
deposition in temperate forests
This section describes the calculation of N inputs from free-living N fixation, rock N
weathering, and atmospheric N deposition in temperate forests for the purpose of comparison to
N additions in our field experiment and N inputs in our theoretical model.
Free-living N fixation in temperate forests is 1.7 kg N ha–1 y–1 from Reed et al. 2011
Table 1.
Rock N weathering in temperate forests is 3.7 kg N ha–1 y–1. 2.8 Tg N y–1 from Houlton
et al. 2018 is divided by 766.7 Mha (from Pan et al. (2011) for temperate forests).
Atmospheric N deposition in temperate forests is 4.4 kg N ha–1 y–1 from Kou-Giesbrecht
and Menge 2019 Supplementary Table 3 (derived from Vet et al. 2014).

Theoretical model equilibrium analysis
We conducted an equilibrium analysis of the N-fixer and non-fixer versions of the model.
We assumed that plant growth is not N-limited in both versions of the model (i.e., 𝑔G (𝐴, 𝐵G ) =
Cd
,$Dd 7d

) and that all parameters are positive for simplicity.
The following are the two equilibria of the three pools of the N-fixer version of the

model:
{𝐵e∗ , 𝐷∗ , 𝐴∗ } = ²³0,0,

£
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=A (ŽA $¢)I(£DA "Bf!= )<A $CA Bf!= J$<A ¢(<A "CA )
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´µ

(C35)
The Jacobian matrix of the model evaluated at the first equilibrium is:
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𝐉𝑵,𝟏

𝛽S − 𝜇e
⎡
<A
=A
=⎢
⎢Bf!= =A "C_
⎣
=A

0
−(𝑚e + 𝜙)
𝑚e

0
0

⎤
⎥
⎥
−(𝑘 + 𝜂)⎦

(C36)

The eigenvalues of the Jacobian matrix are 𝜆, = 𝛽S − 𝜇e , 𝜆. = −(𝑚e + 𝜙), and 𝜆/ =
−(𝑘 + 𝜂). The first equilibrium is stable if 𝛽S < 𝜇e (plant turnover rate is greater than
maximum plant growth rate). For our parameter values 𝛽S > 𝜇e (maximum plant growth rate is
greater than plant turnover rate), thus the first equilibrium is unstable.
The Jacobian matrix of the model evaluated at the second equilibrium is:
<A (<A "C_ )

𝐉𝑵,𝟐

⎡
C_
<A
⎢
=⎢
=A
⎢Bf!= C_ =A "<A$
⎣
C_ =A

0

0

⎤
⎥
−(𝑚e + 𝜙)
0
⎥
⎥
𝑚e
−(𝑘 + 𝜂)⎦

The eigenvalues of the Jacobian matrix are 𝜆, =

(C37)

<A (<A "C_ )
C_

, 𝜆. = −(𝑚e + 𝜙), and 𝜆/ =

−(𝑘 + 𝜂). The second equilibrium is stable if 𝛽S > 𝜇e . For our parameter values 𝛽S > 𝜇e , thus
the second equilibrium is stable.
The following are the two equilibria of the three pools of the non-fixer version of the
model:
{𝐵:∗ , 𝐷∗ , 𝐴∗ } = ²³0,0,

£
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´,³
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D# <#
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(C38)

The Jacobian matrix of the model evaluated at the first equilibrium is:

𝐉𝟎,𝟏

𝛽 −𝜇
⎡ : <# :
= ⎢ =#
⎢
C#
−
⎣
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0
−(𝑚: + 𝜙)
𝑚:

0
0

⎤
⎥
⎥
−(𝑘 + 𝜂)⎦

(C39)

The eigenvalues of the Jacobian matrix are 𝜆, = 𝛽: − 𝜇: , 𝜆. = −(𝑚: + 𝜙), and 𝜆/ = −(𝑘 + 𝜂).
The first equilibrium is stable if 𝛽: < 𝜇: (plant turnover rate is greater than maximum plant
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growth rate). For our parameter values 𝛽: > 𝜇: (maximum plant growth rate is greater than plant
turnover rate), thus the first equilibrium is unstable.
The Jacobian matrix of the model evaluated at the second equilibrium is:
<# (<# "C# )

𝐉𝟎,𝟐

⎡ C#
⎢ <#
= ⎢ =#
⎢
<#$
−
⎣ C# =#

0

0

⎤
⎥
−(𝑚: + 𝜙)
0
⎥
⎥
𝑚:
−(𝑘 + 𝜂 )⎦

(C40)

The eigenvalues of the Jacobian matrix are λ, =

ª# (ª# "«# )
«#

, λ. = −(m: + ϕ), and λ/ =

−(k + η). The second equilibrium is stable if β: > µ: . For our parameter values β: > µ: , thus
the second equilibrium is stable.
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Appendix D
D.1 Model description
D.1.1 N uptake by roots and symbionts
All vegetation types take up inorganic N via passive and active root uptake. Processes in
Section D.1.1 occur on the fast timescale (30 min).
D.1.1.1 Passive root uptake of inorganic N
The rate of passive root uptake of inorganic N in soil layer k (𝑁¬_ŒŒ!”` (𝑘); [kg N indiv-1
yr-1]) is
𝑁!"##$%& (𝑘) = 𝑈'!( (𝑘) '

)("(+)-)'# (+)
'! ((+)

(D1)

(

where 𝑈y$ h (𝑘) is the water uptake flux in soil layer k [kg H2O m-2 yr-1], 𝑁𝑂/ (𝑘) is the NO3pool in soil layer k [kg N m-2], 𝑁𝐻0 (𝑘) is the NH4+ pool in soil layer k [kg N m-2], and 𝐻. 𝑂(𝑘)
is the soil water content of soil layer k [kg H2O m-2].
D.1.1.2 Active root uptake of inorganic N
The rate of active root uptake of inorganic N in soil layer k (𝑁_t8!”` (𝑘); [kg N indiv-1 yr1

]) is
)("(+)0$%&' (+)3
∆2(+)

𝑁"./$%& (𝑘) = )𝑟)(" )("(+)0$%&'(+)

3
∆2(+)-+(,*+"

∆2(+)
4&,-&.

)'#(+)0$%&' (+)5
∆2

+ 𝑟)'# )'# (+)0$%&' (+)

∆2(+)

4&,-&.
3
∆2(+)-+(,*/#

, 𝑁#/6&##

(D2)

where 𝑟ehH and 𝑟eyK are rate constants, 𝑓‘•!– (𝑘) is the rhizosphere volume fraction of soil layer k
[m3 m-3], ∆𝑧(𝑘) is the thickness of soil layer k, 𝑘[,ehH and 𝑘[,eyK are half-saturation constants,
and 𝑛!(6!” is the spatial density [indiv m-2]. 𝑓‘•!– (𝑘) is calculated as
9 )𝐶 (𝑘)
𝑓67$2 (𝑘) = 𝜋((𝑟67$2 + 𝑟688/ )9 − 𝑟688/
𝑆𝑅𝐿
6

4&,-&.

(D3)

∆2(+)

where 𝑟‘•!– is the radius of the rhizosphere around fine roots, 𝑟‘]]8 is the radius of fine
roots, 𝐶‘ (𝑘) is the biomass C of fine roots in soil layer k [kg C indiv-1], and 𝑆𝑅𝐿 is the specific
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root length. N stress of the plant (𝑁Œ8‘`ŒŒ ; [unitless]) is given in Equation D34. This follows
LM3-SNAP but is modified to increase with N stress.
D.1.1.3 Inorganic N uptake by arbuscular mycorrhizae
The rates of NO3- and NH4+ uptake by AM in soil layer k (𝑁>[,ehH (𝑘) and 𝑁>[,eyK (𝑘)
respectively; [kg N indiv-1 yr-1]) are
𝑁:; (𝑘) = 𝑟)(",:;
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(D4)

where 𝑟ehH ,>[ and 𝑟eyK ,>[ are rate constants, 𝑘>[,ehH and 𝑘>[,eyK are half-saturation constants,
𝐵>[ (𝑘) is the biomass C of AM in soil layer k [kg C indiv-1], and 𝑘>[ is a half-saturation
constant. This follows LM3-SNAP.
D.1.1.4 Organic and inorganic N uptake by ectomycorrhizae
The rates of C and N decomposition by EM in soil layer k of organic matter type i, where
i = labile plant-derived, labile microbe-derived, or recalcitrant, (𝐷•,!,E[ (𝑘) and 𝐷e,!,E[ (𝑘)
respectively; [kg C indiv-1 yr-1] and [kg N indiv-1 yr-1]) are
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where 𝑉E[,Ž_Š,‘`d,! is the maximum decomposition rate of organic matter type i, 𝐸_,! is the
activation energy of the decomposition of organic matter type i, 𝑅 is the ideal gas constant, 𝑇‘`d
is reference temperature, 𝑇(𝑘) is soil temperature of soil layer k [K], 𝜃(𝑘) is volumetric soil
water content of soil layer k [m3 m-3], 𝜃Œ_8 is saturation volumetric soil water content [m3 m-3],
𝑓-,Ž_Š is a factor normalizing the dependence on 𝜃(𝑘) to a maximum value of 1 [unitless],
𝐵E[ (𝑘) is the biomass C of EM in soil layer k [kg C indiv-1], 𝐶®,! (𝑘) is the soil C pool of type i
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in soil layer k [kg C m-2], 𝑁®,! (𝑘) is the soil N pool type i in soil layer k [kg C m-2], and 𝑘[.E[ is
a half-saturation constant. This follows LM3-SNAP.
The rates of C and N uptake by EM in soil layer k (𝐶E[ (𝑘) and 𝑁E[ (𝑘) respectively; [kg
C indiv-1 yr-1] and [kg N indiv-1 yr-1]) are
(D7)
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(D8)
where 𝜀•,!,E[ is the C uptake efficiency of soil C type i by EM, 𝜀e,!,E[ is the N uptake efficiency
of soil N type i by EM, 𝑟ehH ,E[ and 𝑟eyK ,E[ are rate constants, 𝑘E[,ehH and 𝑘E[,eyK are halfsaturation constants, and 𝑘E[ is a half-saturation constant. ∑! g1 − 𝜀•,!,E[ h𝐷•,!,E[ (𝑘) is released
as CO2. ∑!g1 − 𝜀e,!,E[ h𝐷e,!,E[ (𝑘) enters 𝑁𝐻0 (𝑘). This follows LM3-SNAP but is modified to
additionally take up inorganic N.
D.1.1.5 Symbiotic BNF by N-fixing bacteria
The symbiotic BNF rate by N-fixing bacteria (𝑁ed!Š ; [kg N indiv-1 yr-1]) is
(D9)

𝑁)0$L = 𝑟)0$L 𝐵)0$L 𝑓(𝑇)

where 𝑟ed!Š is a rate constant, 𝐵ed!Š is the biomass C of the nodule (includes both plant and Nfixing bacteria tissue) [kg C indiv-1], and 𝑓(𝑇) is the soil temperature dependence function. For
Robinia,
𝑓(𝑇) = max A0.0, '
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(D10)

where 𝑇 is the average soil temperature across soil layers [K]. This reaches its maximum at 31.9
˚C (Figure D1). This is derived from Bytnerowicz et al. n.d..
D.1.2 Asymbiotic BNF
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Soil microbes are represented as a single C pool that conducts decomposition,
nitrification, denitrification, and asymbiotic BNF. The rates of C and N decomposition by soil
microbes in soil layer k of organic matter type i, where i = labile plant-derived, labile microbederived or recalcitrant, (𝐷•,! (𝑘) and 𝐷e,! (𝑘) respectively; [kg C m-2 yr-1] and [kg N m-2 yr-1]) are
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(D12)

where 𝑉Ž_Š,‘`d,! is the maximum decomposition rate of organic matter type i, 𝐶[ (𝑘) is the
biomass C of soil microbes in soil layer k [kg C m-2], and 𝑘[ is the half-saturation constant. This
follows LM3-SNAP.
The potential rates of C and N decomposition during denitrification by soil microbes in
soil layer k of organic matter type i (𝐷•,!,6`(!8,¬]8 (𝑘) and 𝐷e,!,6`(!8,¬]8 (𝑘) respectively; [kg C m-2
yr-1] and [kg N m-2 yr-1]) are
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(D14)

where 𝑉6`(!8,Ž_Š,‘`d,! is the maximum decomposition rate of organic matter type i during
denitrification and 𝑘[,6`(!8 is the half-saturation constant. This follows LM3-SNAP.
The rates of C and N decomposition during denitrification by soil microbes in soil layer k
of organic matter type i (𝐷•,!,6`(!8 (𝑘) and 𝐷e,!,6`(!8 (𝑘) respectively; [kg C m-2 yr-1] and [kg N m2

yr-1]) are

𝐷=,$,V&4$/ (𝑘) =
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W*,&,-:,&>,JK> (+))(" (+)
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where 𝑘6`(!8 is the half-saturation constant, and 𝑓6`(!8 is the stoichiometric ratio of NO3- demand
for C decomposition. 𝐷•,!,6`(!8 (𝑘) and 𝐷e,!,6`(!8 (𝑘) include NO3- limitation of denitrification.
This follows LM3-SNAP.
The rate of change of biomass C of soil microbes in soil layer k (
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is
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where 𝐺[,• (𝑘) is the C growth rate of soil microbes in soil layer k (Equation D23) and 𝜏[ is the
combined maintenance respiration and turnover time of soil microbes. This follows LM3-SNAP.
The rate of change of biomass N of soil microbes in soil layer k (
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; [kg N m-2 yr-1])

is
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=:)(

where 𝐺[,e (𝑘) is the N growth rate of soil microbes in soil layer k (Equation D24), 𝜀8,[ is the
fraction of maintenance respiration in combined maintenance respiration and turnover, and 𝐶: 𝑁[
is the C:N ratio of soil microbes. This follows LM3-SNAP.
The maintenance respiration rate of soil microbes in soil layer k (𝑅Ž_!(8 (𝑘); [kg C m-2
yr-1]) is
𝑅\"$4/ (𝑘) =
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G1 − 𝜀/,; I

This is released as CO2. This follows LM3-SNAP.
The asymbiotic BNF rate of soil microbes in soil layer k (𝑁ed!Š _Œ•Ž^ (𝑘); [kg N m-2 yr1

]) is
(D20)
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where 𝑟ed!Š _Œ•Ž^ is a rate constant and 𝑓g𝑇(𝑘)h is the soil temperature dependence function.
𝑓G𝑇(𝑘)I = 𝑒 D9.P-`.9J(F(+)D9QR.JN)HJD

M.@(N(1)H!G".B@)
I
!#.#

(D21)

which reaches its maximum at 24.4 ˚C (Figure D1). This is derived from the observations
compiled by Houlton et al. 2008 with the study of symbiotic BNF removed (Schomberg and
Weaver 1992) and is normalized to a maximum of 1.
The N surplus or deficit of soil microbes in soil layer k (𝜙e (𝑘); [kg N m-2 yr-1]) is
𝜙) (𝑘) = ∑$ 𝜀),$ 𝐷),$ (𝑘) + ∑$ 𝜀),$ 𝐷),$,V&4$/ (𝑘) + 𝑁)0$L,"#^\_ (𝑘) +
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where 𝜀e,! is the N uptake efficiency of soil N type i by soil microbes and 𝜀•,! is the C uptake
efficiency of soil C type i by soil microbes. 𝜙e (𝑘) > 0 indicates net N mineralization (N
surplus) and 𝜙e (𝑘) < 0 indicates net N immobilization (N deficit) by soil microbes in soil layer
k. ∑!g1 − 𝜀•,! h Ž𝐷•,! (𝑘) + 𝐷•,!,6`(!8 (𝑘)• is released as CO2. ∑! (1 − 𝜀e )(𝐷e,! (𝑘) +
𝐷e,!,6`(!8 (𝑘)) enters 𝑁𝐻0 (𝑘). This follows LM3-SNAP but was modified to include asymbiotic
BNF.
𝐺[,• (𝑘) and 𝐺[,e (𝑘) depend on whether growth of soil microbes is C-limited (𝜙e (𝑘) ≥
−𝐼𝑚𝑚Ž_Š (𝑘)) or N-limited (𝜙e (𝑘) < −𝐼𝑚𝑚Ž_Š (𝑘)) and are calculated as
𝐺;,= (𝑘) =
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This follows LM3-SNAP but was modified to include asymbiotic BNF.
The maximum N immobilization rate of soil microbes in soil layer k (𝐼𝑚𝑚Ž_Š (𝑘); [kg N
m-2 yr-1]) is
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where 𝑉Ž_Š,‘`d,eyK is the maximum NH4+ immobilization rate, 𝐸_,eyK is the activation energy of
NH4+ immobilization, 𝑉Ž_Š,‘`d,ehH is the maximum NO3- immobilization rate, and 𝐸_,ehH is the
activation energy of NO3- immobilization. This follows LM3-SNAP.
When growth of soil microbes in soil layer k is N-limited (𝜙e (𝑘) < −𝐼𝑚𝑚Ž_Š (𝑘)),
there is overflow respiration of excess C. The overflow respiration of excess C in soil layer k
(𝑅]”`‘db]& (𝑘); [kg C m-2 yr-1]) is
𝑅8%&60a8b (𝑘) = L

0,
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This is released as CO2.
If 𝜙e (𝑘) > 0, the net N mineralization flux in soil layer k is 𝜙e (𝑘). If −𝐼𝑚𝑚Ž_Š (𝑘) ≤
𝜙e (𝑘) ≤ 0, the net N immobilization flux in soil layer k is −𝜙e (𝑘). If 𝜙e (𝑘) < −𝐼𝑚𝑚Ž_Š (𝑘),
the net N immobilization flux in soil layer k is −𝐼𝑚𝑚Ž_Š (𝑘). The fraction of the net N
immobilization flux in soil layer k that is NH4+ immobilization is
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immobilization flux in soil layer k that is NO3- immobilization is
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. This follows LM3-SNAP.

Processes in Section D.1.2 occur on the fast timescale (30 min).
D.1.3 Plant growth and N limitation
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The non-structural C pool (𝑁𝑆𝐶; [kg C indiv-1]) gains C from photosynthesis. 𝑁𝑆𝐶 loses
C to respiration and C allocation to growth, symbionts, and root C exudation. The rate of change
of 𝑁𝑆𝐶 (
V)c=
V/

6ec•
68

; [kg C indiv-1 yr-1]) is
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(D27)

where 𝑃 is the photosynthesis rate [kg C indiv-1 yr-1], 𝑅 is the respiration rate (maintenance and
growth) [kg C indiv-1 yr-1], 𝐺•,b is the growth rate of the leaf C pool (𝐶b ; [kg C indiv-1]) [kg C
indiv-1 yr-1], 𝐺•,‘ is the growth rate of the fine root C pool (𝐶‘ ; [kg C indiv-1]) [kg C indiv-1 yr-1],
𝐺•,Œ& is the growth rate of the sapwood C pool (𝐶Œ& ; [kg C indiv-1]) [kg C indiv-1 yr-1], 𝐺•,Œ``6 is
growth rate of the seed C pool (𝐶Œ``6 ; [kg C indiv-1]) [kg C indiv-1 yr-1], 𝐶_bb]t is the rate of C
allocation to symbionts (Equations D43-D46), and 𝐿•,`Ša6_8` is the rate of root C exudation
(Equation D38). Note that sapwood is converted to heartwood following Martinez Cano et al.
2020.
The non-structural N pool (𝑁𝑆𝑁; [kg N indiv-1]) gains N from N uptake via roots and
symbionts. 𝑁𝑆𝑁 loses N to N allocation to growth, symbionts, and root N exudation. The rate of
change of 𝑁𝑆𝑁 (
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where 𝑈 is the N uptake rate via roots and symbionts (Equation D55) [kg N indiv-1 yr-1], 𝐶: 𝑁b is
the fixed C:N ratio of leaves, 𝐶: 𝑁‘ is the fixed C:N ratio of fine roots, 𝐶: 𝑁Œ& is the fixed C:N
ratio of sapwood, 𝐶: 𝑁Œ``6 is the fixed C:N ratio of seeds, 𝑁_bb]t is the rate of N allocation to
symbionts (Equation D47), and 𝐿e,`Ša6_8` is the rate of root N exudation (Equation D39).
Non-N-limited growth is calculated according to Weng et al. 2015. The total allocation of
𝑁𝑆𝐶 to growth is determined by the target 𝑁𝑆𝐶 (𝑁𝑆𝐶8_‘@`8 ; [kg C indiv-1]) and minimizes the
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deviation between 𝑁𝑆𝐶 and 𝑁𝑆𝐶8_‘@`8 . 𝑁𝑆𝐶8_‘@`8 is a multiple of the target 𝐶b (𝐶b,8_‘@`8 ; [kg C
indiv-1]), which reflects the ability of a plant to refoliate after defoliation (Hoch et al. 2003,
Richardson et al. 2013), and is calculated as
(D29)

𝑁𝑆𝐶/"6f&/ = 𝑞 𝐶a,/"6f&/

where 𝑞 is a proportionality constant. The allocation of 𝑁𝑆𝐶 to the growth of each tissue depends
on the total allocation of 𝑁𝑆𝐶 to growth and the target C pool of each tissue, and minimizes the
deviation between the C pool of each tissue and the target C pool of each tissue. The target C
pool of each tissue is dynamic and is determined by allometry (Equations D40-D42).
In LM4.1-BNF, 𝐺•,b , 𝐺•,‘ , 𝐺•,Œ& , and 𝐺•,Œ``6 are adjusted to include N limitation and are
calculated as
𝐺=,a = (1 − 𝑁#/6&## )∆a

(D30)

𝐺=,6 = ∆6

(D31)

𝐺=,#b = (1 − 𝑁#/6&## )∆#b

(D32)

𝐺=,#&&V = (1 − 𝑁#/6&## )∆#&&V

(D33)

where 𝑁Œ8‘`ŒŒ is N stress [unitless] and ∆b , ∆‘ , ∆Œ& , and ∆Œ``6 are the non-N-limited growth rates
of 𝐶b , 𝐶‘ , 𝐶Œ& , and 𝐶Œ``6 respectively [kg C indiv-1 yr-1] following Weng et al. 2015. Because
plants increase C allocation to fine roots relative to other tissues when N-limited (Poorter et al.
2012), 𝐺•,‘ is not adjusted to include N limitation.
In LM4.1-BNF, 𝑁Œ8‘`ŒŒ is the relative difference between 𝑁𝑆𝑁 and 𝑁𝑆𝑁8_‘@`8 and is
calculated as
𝑁#/6&## = max _0,
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`
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where 𝑁𝑆𝑁8_‘@`8 is the target 𝑁𝑆𝑁 [kg N indiv-1]. 𝑁Œ8‘`ŒŒ is smoothed with a low-pass filter over
30 days to reflect the persisting influence of N stress (Mooney et al. 1991). 𝑁𝑆𝑁8_‘@`8 is
calculated as
𝑁𝑆𝑁/"6f&/ =

)c=>8$Y:>

(D35)

=:)W

This is similar to LM3-SNAP, which compared the target leaf and root N pools to 𝑁𝑆𝑁, but is
modified to reflect the treatment of 𝑁𝑆𝐶8_‘@`8 in LM4.1 by including the target sapwood and
seed N pools.
N demand for plant growth (𝑁6`Ž_(6 ; [kg N indiv-1]) is
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If 𝑁6`Ž_(6 > 0.5 𝑁𝑆𝑁, 𝐺•,b , 𝐺•,‘ , 𝐺•,Œ& , and 𝐺•,Œ``6 are reduced to prevent 𝑁6`Ž_(6 from
depleting 𝑁𝑆𝑁.
𝐺=,/ ,
𝑁V&\"4V < 0.5 𝑁𝑆𝑁
)c)
𝐺=,/ = T
𝐺=,/ )
, 𝑁V&\"4V > 0.5 𝑁𝑆𝑁

(D37)

-:78,-

where t = leaf, root, sapwood, or seed and 0.5 was set to maintain a baseline 𝑁𝑆𝑁.
Plant turnover decreases 𝐶b , 𝐶‘ , and 𝐶Œ& and from 𝑁b , 𝑁‘ , and 𝑁Œ& at a constant tissuespecific rate and enters 𝐶®,b_^!b` ¬b_(8"6`‘!”`6 or 𝐶®,‘`t_bt!8‘_(8 and 𝑁®,b_^!b` ¬b_(8"6`‘!”`6 or
𝑁®,‘`t_bt!8‘_(8 respectively. A fraction of the turnover of 𝐶b and 𝑁b is retranslocated into 𝑁𝑆𝐶
and 𝑁𝑆𝑁 respectively.
Under N limitation, plants increase root C exudation to stimulate N mineralization in the
rhizosphere (rhizosphere priming; Cheng et al. 2014, Finzi et al. 2015). 𝐿•,`Ša6_8` increases with
𝑁Œ8‘`ŒŒ and is calculated as
(D38)

𝐿=,&LdV"/& = 𝑟a&"+"f&,= 𝑁𝑆𝐶 𝑁#/6&##

where 𝑟b`_•_@`,• is a rate constant. 𝐿•,`Ša6_8` enters the rhizosphere 𝐶®,b_^!b` ¬b_(8"6`‘!”`6 .
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Under N limitation, plants decrease root N exudation (Canarini et al. 2019). 𝐿e,`Ša6_8`
decreases with 𝑁Œ8‘`ŒŒ and is calculated as
(D39)

𝐿),&LdV"/& = 𝑟a&"+"f&,) 𝑁𝑆𝑁 (1 − 𝑁#/6&## )

where 𝑟b`_•_@`,e is a rate constant. 𝐿e,`Ša6_8` enters the rhizosphere 𝑁®,b_^!b` ¬b_(8"6`‘!”`6 .
Plant growth occurs during the growing season. Plant maintenance respiration and plant
turnover occur throughout the year. After the transition from the growing season to the nongrowing season, turnover of 𝐶b and 𝑁b occur at an elevated rate until 𝐶b = 0 and 𝑁b = 0. Plant C
allocation to symbionts occurs during the growing season. Root exudation occurs during the
growing season. Symbiont growth, maintenance respiration, and turnover occur throughout the
year. N uptake by roots and symbionts occurs throughout the year.
Photosynthesis and respiration occur on the fast timescale (30min). Plant turnover occurs
on the fast timescale (30 min). Plant growth, plant C allocation to symbionts, and root exudation
occur on the daily timescale.
D.1.4 Plant allometry
Plant allometry follows Martinez Cano et al. 2020. Crown area (𝐶𝐴; [m2]) is a function of
diameter at breast height (power function)
(D40)

𝐶𝐴 = 𝛼=: 𝐷gI4

where 𝐷 is diameter at breast height [m], and 𝛼•> and 𝜃•> are allometry parameters.
Height (𝐻; [m]) is a function of diameter at breast height (generalized Michaelis-Menten
equation)
𝐻=

h/N W</N

(D41)

i/N -W</N

where 𝛼y\ , 𝜃y\ , and 𝛾y\ are allometry parameters.
Wood mass (𝑊; [kg C]) is a function of diameter at breast height and height
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(D42)

𝑊 = 𝛼K; 𝜌b88V 𝐷9 𝐻

where 𝛼7[ is an allometry parameter and 𝜌&]]6 is wood density.
D.1.5 Plant C allocation to symbionts (AM, EM and N-fixing bacteria)
The rate of C allocation to AM (𝐶_bb]t,>[ ; [kg C indiv-1 yr-1]) is
(D43)

𝐶"aa8.,:; = 𝑓"aa8.,:; 𝑁𝑆𝐶

where 𝑓_bb]t,>[ is the fraction of 𝑁𝑆𝐶 allocated to AM per unit time. 𝐶_bb]t,>[ is not related to
𝑁Œ8‘`ŒŒ because, although AM increase N uptake, AM is maintained by the plant primarily for
phosphorus uptake (Smith and Smith 2011).
The rate of C allocation to EM (𝐶_bb]t,E[ ; [kg C indiv-1 yr-1]) is
(D44)

𝐶"aa8.,>; = 𝑓"aa8.,>; 𝑁𝑆𝐶 𝑁#/6&##

where 𝑓_bb]t,E[ is the maximum fraction of 𝑁𝑆𝐶 allocated to EM per unit time. 𝐶_bb]t,E[ is a
function of 𝑁Œ8‘`ŒŒ because biomass C of EM increases with N limitation (Phillips et al. 2013).
Plants that associate with N-fixing bacteria can regulate symbiotic BNF to different
extents, termed their BNF strategy (Menge et al. 2015). For plants with a perfectly facultative
BNF strategy, symbiotic BNF increases with N limitation. For plants with an incomplete BNF
strategy, symbiotic BNF increases with N limitation but is maintained at a minimum. For plants
with an obligate BNF strategy, symbiotic BNF is constant. For plants with either a facultative or
an incomplete BNF strategy, the rate of C allocation by the plant to N-fixing bacteria (𝐶_bb]t,ed!Š ;
[kg C indiv-1 yr-1]) is
𝐶"aa8.,)0$L = maxQ𝑓"aa8.,)0$L 𝑁𝑆𝐶 𝑁#/6&## , 𝑓"aa8.,)0$L,\$4 𝑁𝑆𝐶R

(D45)

where 𝑓_bb]t,ed!Š is the fraction of 𝑁𝑆𝐶 allocated to N-fixing bacteria per unit time and
𝑓_bb]t,ed!Š,Ž!( is the minimum fraction of 𝑁𝑆𝐶 allocated to N-fixing bacteria per unit time. For
plants with a perfectly facultative BNF strategy 𝑓_bb]t,ed!Š,Ž!( = 0 and for plants with an
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incomplete down-regulator BNF strategy 𝑓_bb]t,ed!Š,Ž!( > 0. We model Robinia with an
incomplete down-regulator BNF strategy.
For plants with an obligate BNF strategy, 𝐶_bb]t,ed!Š is
(D46)

𝐶"aa8.,)0$L = 𝑓"aa8.,) 0$L 𝑁𝑆𝐶

Additionally, plants allocate a small quantity of N to symbionts such that symbiont
growth can be initiated. The rate of N allocation by the plant to symbionts (𝑁_bb]t,3 ; j = AM, EM,
N-fixing bacteria; [kg N indiv-1 yr-1]) is
=8WWKZ,[

𝑁"aa8.,j = =:)

(D47)

8WWKZ

where 𝐶: 𝑁_bb]t is the C:N ratio of C and N allocated to symbionts by the plant.
Processes in Section D.1.5 occur on the daily timescale.
D.1.6 Growth and turnover of symbionts
Plant C allocation to symbionts is transferred to an intermediate C pool (𝐶!(8,3 ; j = AM,
EM, or N-fixing bacteria; [kg C indiv-1]). The rate of change of 𝐶!(8,3 (

6•!=(,X
68

; [kg C indiv-1 yr-1])

is
V=&,>,[
V/

= 𝐶"aa8.,j − Z

e[

(D48)

=\7]

where 𝜀Œ•Ž^ is the proportion of C uptake by a symbiont from 𝐶!(8,3 that is assimilated. The C
growth rate of a symbiont with strategy j (𝐺3 ; j = AM or N-fixing bacteria; [kg C indiv-1 yr-1]) is
(D49)

𝐺j = 𝜀#^\_ 𝑟f68b/7 𝐶$4/,j

where 𝑟@‘]&8• is the growth rate of a symbiont.
The growth rate of EM (𝐺E[ ; [kg C indiv-1 yr-1]) is
(D50)

𝐺>; = 𝜀#^\_ (𝑟f68b/7 𝐶$4/,>; + 𝐶>; )
’X
¯Sgf<

g1 − 𝜀Œ•Ž^ h (j = AM, EM, or N-fixing bacteria) is released as CO2 (growth respiration).
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67

The rate of change of biomass C of a symbiont with strategy j ( 68X ; j = AM or EM; [kg C
indiv-1 yr-1]) is
VK[

K

(D51)

= 𝐺j − 𝜉j 𝐵j − Y [

V/

[

where 𝜉3 is rate of maintenance respiration of a symbiont with strategy j and 𝜏3 is the turnover
time of a symbiont with strategy j. 𝜉3 𝐵3 is released as CO2 (maintenance respiration).

7X
°X

enters

7

𝐶®,b_^!b` Ž!t‘]^`"6`‘!”`6 and •:eX ° enters 𝑁®,b_^!b` Ž!t‘]^`"6`‘!”`6 , where 𝐶: 𝑁3 is the C:N ratio of
X X

a symbiont with strategy j.
The rate of change of biomass C of N-fixing bacteria (
VK*;&9
V/

67Ah!i
68

; [kg C indiv-1 yr-1]) is

K

(D52)

= 𝐺)0$L − 𝜉)0$L 𝐵)0$L − 𝑐𝑜𝑠𝑡)0$L 𝑁)0$L − Y *;&9
*;&9

where 𝜉ed!Š is rate of maintenance respiration of N-fixing bacteria, 𝑐𝑜𝑠𝑡ed!Š is the C cost of
symbiotic BNF per unit N, and 𝜏ed!Š is the turnover time of N-fixing bacteria. 𝜉ed!Š 𝐵ed!Š is
released as CO2 (maintenance respiration) and 𝑐𝑜𝑠𝑡ed!Š 𝑁ed!Š is released as CO2 (respiration
associated with symbiotic BNF).

7Ah!i
°Ah!i

enters 𝐶®,b_^!b` Ž!t‘]^`"6`‘!”`6 and •:e

7Ah!i
Ah!i °Ah!i

enters

𝑁®,b_^!b` Ž!t‘]^`"6`‘!”`6 , where 𝐶: 𝑁ed!Š is the C:N ratio of N-fixing bacteria.
N acquired by symbionts is transferred to an intermediate N pool (𝑁!(8,3 ; [kg N indiv-1]).
The rate of change of 𝑁!(8,3 (
V)&,>,[
V/

= ∑+ 𝑁j +

=8WWKZ,[
=:)8WWKZ

−

J
=:)[

6e!=(,X
68

; j = AM or EM; [kg N indiv-1 yr-1]) is
(D53)

G𝐺j − 𝜉j 𝐵j I − 𝑟d!,%&f 𝑁$4/,j

where 𝑟a¬,”`@ is the rate of plant N uptake from 𝑁!(8,3 .
The rate of change of 𝑁!(8,ed!Š (
V)&,>,*;&9
V/

= 𝑁)0$L +

=8WWKZ,*;&9
=:)8WWKZ

J

− =:)

*;&9

6e!=(,Ah!i
68

; [kg N indiv-1 yr-1]) is

G𝐺)0$L − 𝜉)0$L 𝐵)0$L − 𝑐𝑜𝑠𝑡)0$L 𝑁)0$L I − 𝑟d!,%&f 𝑁$4/,)0$L
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(D54)

𝑈 is calculated as
(D55)

𝑈 = ∑+ 𝑁!"##$%& (𝑘) + ∑+ 𝑁"./$%& (𝑘) + ∑j 𝑟d!,%&f 𝑁$4/,j

Processes in Section D.1.6 occur on the fast timescale (30 min). The purpose of 𝐶!(8,3 and
𝑁!(8,3 are to translate between the fast timescale (30min) and the daily timescale. Plant C
allocation to symbionts occurs on the daily timescale (alongside plant growth), but plant N
uptake occurs on the fast timescale.
D.1.7 Dynamic plant C allocation to N uptake relative to plant growth
The order of plant C allocation to growth, symbionts, and rhizosphere priming is
determined by C limitation relative to N limitation (Treseder 2004, Poorter et al. 2012, Cheng et
al. 2014, Finzi et al. 2015, Zheng et al. 2019). If a plant is more C-limited than N-limited,
𝑁𝑆𝐶 < 𝑁𝑆𝑁 ∙ 𝐶: 𝑁b`_d . The plant allocates C to growth, then to N-fixing bacteria (if associated)
and EM (if associated), then to rhizosphere priming, and finally to AM. If a plant more N-limited
than C-limited, 𝑁𝑆𝐶 > 𝑁𝑆𝑁 ∙ 𝐶: 𝑁b`_d . The plant allocates C to N-fixing bacteria (if associated)
and EM (if associated), then to rhizosphere priming, then to growth, and finally to AM.
D.1.8 Soil N2O and NO emissions
Soil N2O and NO emissions occur during nitrification (aerobic oxidation of NH4+ with
oxygen as an electron acceptor, which produces N2O and NO as by-products) and denitrification
(anaerobic oxidation of organic C with NO3- as an electron acceptor, which produces N2O as a
by-product).
Nitrification rate in soil layer k (𝑛𝑖𝑡(𝑘); [kg N m-2 yr-1]) is
<(1) "

𝑛𝑖𝑡(𝑘) =

<(1) !.@

H
I HJD
I
?,&>,789,$:;
−𝐸
<
<=8>
exp ' ",4$/;𝑅𝑇(𝑘)( =8> 0
D>
<,789
@ABC 8,,&>3EF G
$:;

𝑁𝐻M (𝑘)
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(D56)

where 𝑉(!8,Ž_Š,‘`d is the maximum nitrification rate and 𝐸_,(!8 is the activation energy of
nitrification. This follows LM3-SNAP.
Denitrification rate in soil layer k (𝑑𝑒𝑛𝑖𝑡(𝑘); [kg N m-2 yr-1]) is
(D57)

𝑑𝑒𝑛𝑖𝑡(𝑘) = 𝑓V&4$/ ∑$ 𝐷=,$,V&4$/ (𝑘)

This follows LM3-SNAP.
Soil N2O emission rate in soil layer k (𝑁. 𝑂(𝑘); [kg N m-2 yr-1]) is
𝑁9 𝑂(𝑘) = 𝛾)!(,4$/ 𝑛𝑖𝑡(𝑘) +

J
*+ (1)
<(1)
J-klAmR.N9,99 @ABHD`.S " In klAH`.J,`.`JN
D`.R9I
/T(1)
<=8>

𝑑𝑒𝑛𝑖𝑡(𝑘)

(D58)

where 𝛾e$ h,(!8 is the proportion of the nitrification rate that is emitted as N2O and 𝐻𝑅(𝑘) is
heterotrophic respiration in soil layer k (summation of maintenance respiration, overflow
respiration, and decomposition respiration) [kg C m-2 yr-1]. This follows LM3V-N (Huang and
Gerber 2015).
Soil NO emission rate in soil layer k (𝑁𝑂(𝑘); [kg N m-2 yr-1]) is
⎛
𝑁𝑂(𝑘) = ⎜15.2 +

RN.N olpHBq`.PSrm9.`THJD

⎝

r

#
<(1) ^"
I DJ.PSns
<=8>

⎞
⎟ 𝛾)!(,4$/ 𝑛𝑖𝑡(𝑘)

(D59)

⎠

This follows LM3V-N (Huang and Gerber 2015).
Processes in Section D.1.8 occur on the fast timescale (30 min).
D.1.9 Additional N sources
N deposition enters 𝑁®,b_^!b` ¬b_(8"6`‘!”`6 , 𝑁𝐻0 and 𝑁𝑂/ . Processes in Section D.1.9 occur on
the fast timescale (30 min).

177

1.0

D.2 Supplementary figures and tables for Chapter 4
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Figure D1: Soil temperature dependence function of asymbiotic BNF and symbiotic
BNF by Robinia. Asymbiotic BNF reaches its maximum at 24.4 ˚C and symbiotic BNF by
Robinia reaches its maximum at 31.9˚C.
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Figure D2: Histogram of FIA stand age for FIA plots in North Carolina. These
distributions were used to weigh the data displayed in Figures 2 and 3.
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Figure D3: Simulated absolute basal area of Acer and Robinia over time compared to
FIA data (in North Carolina). Simulated data are trees with dbh > 12.7 cm to reflect the dbh
range of FIA data. FIA data of all non-fixing trees are aggregated to represent Acer. Each
point represents an FIA plot.
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Figure D4: Simulated soil C and N pools, soil N fluxes, and soil N loss rates from
LM4.1-BNF, LM4.1-BNFNPP, and LM4.1-BNFET. (a) Simulated total soil C (depth 0-10 cm). (b)
Simulated total soil N (depth 0-10 cm). (c) Simulated soil NH4+ and NO3- (depth 0-10 cm). (d)
N mineralization rate and net nitrification rate (depth 0-10 cm). (e) Simulated N2O and NO
emission rate and simulated dissolved organic N (DON), NH4+, and NO3- leaching rate.
Simulated data are averaged over the last 100 yr of the 300 yr simulation to reflect the site
data which is from mature forests. Error bars indicate two standard deviations.
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Figure D5: Simulated gross primary production (GPP), net primary production (NPP),
heterotrophic respiration (HR), and net ecosystem production (NEP) from LM4.1-BNF,
LM4.1-BNFNPP, and LM4.1-BNFET. Simulated data are averaged over the last 100 yr of the 300
yr simulation to reflect the data which is from mature forests. Error bars indicate two
standard deviations.
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Figure D6: Simulated soil C and N pools, soil N fluxes, and soil N loss rates from
LM4.1-BNF initialised with both Robinia and Acer, only Acer, and only N-fixer Acer, with
and without asymbiotic BNF. (a) Simulated total soil C (depth 0-10 cm). (b) Simulated total
soil N (depth 0-10 cm). (c) Simulated soil NH4+ and NO3- (depth 0-10 cm). (d) N mineralization
rate and net nitrification rate (depth 0-10 cm). (e) Simulated N2O and NO emission rate and
simulated dissolved organic N (DON), NH4+, and NO3- leaching rate. Simulated data are
averaged over the last 100 yr of the 300 yr simulation to reflect the site data which is from
mature forests. Error bars indicate two standard deviations.
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Figure D7: Simulated gross primary production (GPP), net primary production (NPP),
heterotrophic respiration (HR), and net ecosystem production (NEP) from LM4.1-BNF
initialised with both Robinia and Acer, only Acer, and only N-fixer Acer, with and without
asymbiotic BNF. Simulated data are averaged over the last 100 yr of the 300 yr simulation to
reflect the data which is from mature forests. Error bars indicate two standard deviations.
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Figure D8: Crown area model fit to FIA Forest Health Monitoring data for Acer.

Figure D9: Crown area model fit to FIA Forest Health Monitoring data for Robinia.
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Figure D10: Height model fit to FIA data for Acer.

Figure D11: Height model fit to FIA data for Robinia.
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Figure D12: Wood mass model fit to FIA data for Acer (displayed at mean height of
Acer).

Figure D13: Wood mass model fit to FIA data for Robinia (displayed at mean height of
Robinia).
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Figure D14: Sapwood area at breast height model fit to BAAD for Acer.

Figure D15: Sapwood area at breast height model fit to BAAD for Robinia.
Table D1: Vegetation type-specific parameters.

Parameter
𝐶: 𝑁b

Vegetation
type
Acer
Robinia

Value

Unit

Source

30
14

kg C kg N-1

TRY database

188

𝜌&]]6
𝐿𝑀𝐴
𝑉tŽ_Š at 15˚C

𝛼y\
𝜃y\
𝛾y\
𝛼7[
𝛼•>
𝜃•>
𝜑•c>
𝜇•
𝜇®
𝑟ed!Š

Acer
Robinia
Acer
Robinia
Acer
Robinia

340
280
0.0482
0.0380
17
23

Acer
Robinia
Acer
Robinia
Acer
Robinia
Acer
Robinia
Acer
Robinia
Acer
Robinia
Acer
Robinia
Acer
Robinia
Acer
Robinia
Robinia

46.175656
43.87161
0.782971
0.89594
0.485517
0.40675
0.3922393
0.3383768
134.18322
66.3140
1.02731
0.8128
0.21346
0.16983
0.01810868
0.03105176
0.04024044
0.08785878
6.3

kg C m-3

TRY database

kg C m-2

TRY database

µmol m-2 s-1

TRY database,
converted to
15˚C using
method from
Medlyn et al.
2002
see Appendix
D.3
see Appendix
D.3
see Appendix
D.3
see Appendix
D.3
see Appendix
D.3
see Appendix
D.3
see Appendix
D.3
see Appendix
D.3
see Appendix
D.3
Bytnerowicz et
al. n.d.

m
unitless
unitless
unitless
unitless
unitless
m-1
yr-1
yr-1
kg N kg C-1 yr-1

Table D2: General parameters.

Parameter
𝑟ehH
𝑘[,ehH
𝑟eyK
𝑘[,eyK
∆𝑧(𝑘)

Value
Unit
N uptake by roots and symbionts
0.1
kg N m-3 yr-1
kg N m-3
kg N m-3 yr-1
kg N m-3
m

0.005
0.1
0.005
0.02, 0.04, 0.04,
0.05, 0.05, 0.10,
0.10, 0.20, 0.20,
0.20, 0.40, 0.40,
0.40, 0.40, 0.40,
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Source
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019

𝑟‘]]8
𝑆𝑅𝐿
𝑆𝑅𝐴
𝑟‘•!–

𝑟ehH ,>[
𝑘>[,ehH
𝑟eyK ,>[
𝑘>[,eyK
𝑘>[

𝑉E[,Ž_Š,‘`d,!
𝐸_,!
𝑅
𝑇‘`d
𝑘[.E[
𝜀•,!,E[
𝜀e,!,E[
𝑟ehH ,E[
𝑘E[,ehH
𝑟eyK ,E[
𝑘E[,eyK
𝑘E[
𝑉Ž_Š,‘`d,!
𝑘[
𝜃Œ_8

𝑉6`(!8,Ž_Š,‘`d,!
𝑘[,6`(!8
𝑘6`(!8
𝑓6`(!8
𝜏[
𝜀8,[
𝐶: 𝑁[

𝑟ed!Š _Œ•Ž^
𝜀e,!
𝜀•,!
𝑉Ž_Š,‘`d,eyK
𝐸_,eyK
𝑉Ž_Š,‘`d,ehH
𝐸_,ehH

1.0, 1.0, 1.0, 1.5,
2.5
0.00029
m
24545
m kg C-1
45
m2 kg C-1
0.001
m
0.2
kg N m-3 yr-1
0.001
kg N m-3
0.2
kg N m-3 yr-1
0.001
kg N m-3
0.3
kg C m-3
2, 0.3, 2
yr-1
6000, 40000, 6000
kJ mol-1
8.314472
kJ mol-1 K-1
293.15
K
0.015
unitless
0.1, 0.05, 0.1
unitless
0.7, 0.7, 0.7
unitless
0.2
kg N m-3 yr-1
0.001
kg N m-3
0.2
kg N m-3 yr-1
0.001
kg N m-3
0.3
kg C m-3
Asymbiotic BNF
18, 0.2, 4.5
yr-1
0.045
unitless
0.439
m3 m-3
0.018, 0.00025,
yr-1
0.0045
0.045
unitless
0.0027
yr
0.93
kg N kg C-1
0.25
yr
0.6
unitless
10.0
kg C kg N-1
0.024
kg N kg C-1 yr-1
0.7, 0.4, 0.7
unitless
0.6, 0.05, 0.6
unitless
365
yr-1
37000
kJ mol-1
365
yr-1
37000
kJ mol-1
Plant growth and N limitation
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Jackson et al. 1997
Jackson et al. 1997
Jackson et al. 1997
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Chapin et al. 2011
see Appendix D.3
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019

𝐶: 𝑁‘
𝐶: 𝑁Œ&
𝐶: 𝑁•&
𝐿𝐴𝐼Ž_Š
𝜑'±
𝑓^‘
𝑞
𝑟b`_•_@`,•
𝑟b`_•_@`,e
𝑓_bb]t,>[

42
kg C kg N-1
287
kg C kg N-1
427
kg C kg N-1
5.1
m2 m-2
0.79
unitless
0.255
unitless
4
unitless
0.131
yr-1
0.15
yr-1
Plant C allocation to symbionts
0.01
yr-1

𝑓_bb]t,E[

0.01

yr-1

𝑓_bb]t,ed!Š

1.0

yr-1

𝑓_bb]t,ed!Š,Ž!(

0.5

kg C indiv-1 yr-1

𝐶: 𝑁_bb]t
𝜀Œ•Ž^

1000
kg C kg N-1
Growth and turnover of symbionts
0.666
unitless

𝑟@‘]&8•
𝜉>[

65
1.25

yr-1
yr-1

𝜉E[

1.25

yr-1

𝜉ed!Š

1.25

yr-1

𝑐𝑜𝑠𝑡ed!Š
𝜏>[

10.0
2.0

kg C kg N-1
yr

𝜏E[

2.0

yr

𝜏ed!Š

2.0

yr

𝐶: 𝑁>[
𝐶: 𝑁E[

10
14

kg C kg N-1
kg C kg N-1

𝐶: 𝑁ed!Š

6

kg C kg N-1

𝑟a¬,”`@
𝑉(!8,Ž_Š,‘`d
𝐸_,(!8

250
yr-1
Soil N2O and NO emissions
5
yr-1
37000
kJ mol-1
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Roumet et al. 2016
Meerts 2002
Meerts 2002
Asner et al. 2003b
see Appendix D.3
see Appendix D.3
Weng et al. 2015
see Appendix D.3
Sulman et al. 2019
estimated (see
Appendix D.3)
estimated (see
Appendix D.3)
estimated (see
Appendix D.3)
D.N.L.M., personal
communication
Sulman et al. 2019
Sulman et al. 2019
(for plant growth)
see Appendix D.3
Sulman et al. 2019
(for fine roots)
Sulman et al. 2019
(for fine roots)
Sulman et al. 2019
(for fine roots)
Gutschick 1981
Sulman et al. 2019
(for fine roots)
Sulman et al. 2019
(for fine roots)
Sulman et al. 2019
(for fine roots)
Johnson 2010
Zhang and Elser
2017
Boring and Swank
1984
Sulman et al. 2019
Sulman et al. 2019
Sulman et al. 2019

𝛾e$ h,(!8

0.0017

unitless

Davidson et al. 2000,
Bateman and Baggs
2005

LM4.1-BNFNPP
kg N m-2 yr-1
m2 yr kg C-1
LM4.1-BNFET
2.34e-6
kg N mm-1 m-2
-1.72e-5
kg N m-2 yr-1

𝑎egg
𝑏egg

0.0018
-3

𝑎E\
𝑏E\

Meyerholt et al. 2016
Meyerholt et al. 2016
Meyerholt et al. 2016
Meyerholt et al. 2016

Table D3: Summary of the spin up and numerical experiments.

Spin up
Pre-industrial:
284.26 ppm (Meinshausen et
al. 2017)

Atmospheric CO2
concentration
Meteorological forcing
N deposition rate

1948-1978
(Sheffield et al. 2006)
1993
(Dentener 2006)

Numerical experiments
mean 1948 – 1978:
324.53 ppm
(Dlugokencky and Tans
2020)
1948-1978
(Sheffield et al. 2006)
1993
(Dentener 2006)

Table D4: Initial densities and heights for simulations. The initial densities of
Robinia and Acer were derived from the US FIA database seedling data for plots with at least
one Robinia individual in North Carolina. Diameter at breast height is determined from
height by allometry (Equation D41).

BNF
representation

Initialised species

Density

Height

LM4.1-BNF

Acer
Robinia
Acer
Acer
Acer

0.54 indiv m-2
0.13 indiv m-2
0.5 indiv m-2
0.5 indiv m-2
0.5 indiv m-2

0.5 m
0.5 m
0.5 m
0.5 m
0.5 m

LM4.1-BNF
LM4.1-BNFNPP
LM4.1-BNFET

Diameter
at breast
height
0.00160 m
0.00336 m
0.00160 m
0.00160 m
0.00160 m

Table D5: Validated variables and data sources.

Variable

Data source for Coweeta Hydrologic
Laboratory
FIA database tree data, North Carolina plots
with at least one Robinia individual (US
Forest Service 2020a)

dbh growth rate of each vegetation type
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dbh distribution
Basal area fraction of each vegetation type
Total plant biomass C
Asymbiotic BNF rate
Symbiotic BNF rate
Total soil C and N
Soil NH4+ and NO3N mineralization and net nitrification rates
N2O and NO emission rates
DON, NH4+, and NO3- leaching rate
Gross primary production, heterotrophic
respiration, net primary production, and net
ecosystem production

FIA database tree data, North Carolina plots
with at least one Robinia individual (US
Forest Service 2020a)
FIA database tree data, North Carolina plots
with at least one Robinia individual (US
Forest Service 2020a)
FIA database tree data, North Carolina plots
with at least one Robinia individual (US
Forest Service 2020a)
(Todd et al. 1978)
(Boring and Swank 1984)
FIA database soil data, North Carolina plots
(US Forest Service 2020a)
(Knoepp 2009a, 2018)
(Knoepp 2009a, 2018)
(Knoepp 2009b, 2009a)
(Stehfest and Bouwman 2006)
(Swank and Waide 1988)
(Anderson-Teixeira et al. 2018)

D.3 Supplementary information for Chapter 4
Data availability and processing
The US Forest Inventory and Analysis (FIA) database (US Forest Service 2020a) was
downloaded in 2019 from https://apps.fs.usda.gov/fia/datamart/CSV/datamart_csv.html. For tree
data, plots with Plot Design Code 1 (national plot design) were selected, dead and cut trees were
excluded, trees measured at the root collar were excluded, trees with visually estimated or
modelled heights were excluded, and accessible forest land was selected (excludes agriculture
and urban areas). Canopy trees had crown class code open grown, dominant, or codominant.
Understory trees had crown class code intermediate or overtopped. For soil data, mineral soil
layers were selected. For seedling data, plots with Plot Design Code 1 (national plot design) were
selected, and accessible forest land was selected (excludes agriculture and urban areas).
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US FIA Forest Health Monitoring database (US Forest Service 2020b) was downloaded
in 2019 from https://www.fia.fs.fed.us/tools-data/other_data/index.php. Dead trees and trees with
damaged crowns were excluded. Timberland and woodland land uses were selected.
The Biomass and Allometry Database (BAAD; Falster et al. 2015) was downloaded from
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/14-1889.1. Field / wild plants were
selected. Temperate forest plants were selected.
TRY database data (Kattge et al. 2020) were downloaded in 2019 from https://www.trydb.org/TryWeb/Prop0.php.
Total soil C, total soil N, soil NH4+, soil nitrate NO3-, N mineralization rate, net
nitrification rate, and bulk density from CHL (Knoepp 2009a, 2009b, 2018) were downloaded
from https://coweeta.uga.edu/dbpublic/dataset_details.asp?accession=1124,
https://coweeta.uga.edu/dbpublic/dataset_details.asp?accession=1125, and
https://coweeta.uga.edu/dbpublic/dataset_details.asp?accession=1123.
Soil N2O and NO emissions are from Stehfest and Bouwman 2006. Data from deciduous
temperate forests were selected.
Gross primary production, net primary production, heterotrophic respiration and net
ecosystem production are from the ForC database (Anderson-Teixeira et al. 2018). Data from
deciduous temperate broadleaf forests were selected.
Model parameterization
Equation D40 was fit using nonlinear least-squares with the US FIA Forest Health
Monitoring database (US Forest Service 2020b) for each species to calculate 𝛼•> and 𝜃•>
(Figures D8 and D9). Equation D41 was fit using nonlinear least-squares with the US FIA
database tree data (US Forest Service 2020a) for each species to calculate 𝛼y\ , 𝜃y\ and 𝛾y\
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(Figures D10 and D11). Equation D42 was fit using nonlinear least-squares with the US FIA
database tree data (US Forest Service 2020a) for each species to calculate 𝛼7[ (Figures D12 and
D13). Note that wood mass (aboveground and belowground) is calculated by the US FIA using
allometric equations of dbh.
The following equations from Weng et al. 2015 were utilized with the US FIA database
tree data from consecutive censuses for each species (US Forest Service 2020a) to calculate
canopy tree background mortality rate (𝜇• ) and understory tree background mortality rate (𝜇® )
𝑛6`_6,• = 𝑛• (1 − 𝑒 "<Q )
𝑛6`_6,® = 𝑛® Ä1 − 𝑒

"<j —,$

(D60)
K3H#k#.#$9'lj m
™
&J3H#k#.#$9'lj m

Å

(D61)

where 𝑛6`_6,• is the mean number of dead canopy individuals in a given year [indiv m-2], 𝑛• is
the mean number of canopy individuals in a given year [indiv m-2], 𝑛6`_6,® is the mean number
of dead understory individuals in a given year [indiv m-2], 𝑛® is the mean number of understory
individuals in a given year [indiv m-2], and 𝐷® is the mean diameter at breast height of an
understory individual in a given year [m].
The following equation from Martinez Cano et al. 2020 was fit using nonlinear leastsquares with the BAAD (Falster et al. 2015) to calculate the proportionality constant between
crown area and cross-sectional sapwood area (𝜑•c> ) (Figures D14 and D15)
𝜑•c> =

c>ST IDZN $; [ZN J

(D62)

; [Q7 J[ZN

where 𝑆𝐴Œ& is the cross-sectional sapwood area at breast height [m2] and 𝐷 is the diameter [m]
from the BAAD (for deciduous angiosperm).
The following equation from Weng et al. 2015 was utilized with the BAAD (Falster et al.
2015) to calculate the proportionality constant between root area and leaf area (𝜑'± )
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𝜑'± =

•R
•5

Ž$

•@ •

• 𝐿𝑀𝐴 • 𝑆𝑅𝐴 = 0.43 • 0.0375 V Ž$ Z • 45 V•@ • Z = 0.79, where 0.43 is from the BAAD

(for deciduous angiosperm), 0.0375 kg C m-2 is from Poorter et al. 2009 (for deciduous trees),
and 45 m2 kg C is from Jackson et al. 1997 (for temperate deciduous forests).
The following equation from Martinez Cano et al. 2020 was utilized with the BAAD
(Falster et al. 2015) to calculate the fraction of sapwood in branches (𝑓^‘ )
•

𝑓^‘ = • <R = 0.255, where 0.255 is from the BAAD. Note that we did not distinguish between
ST

deciduous angiosperm and evergreen gymnosperm due to insufficient data.
The following equation (from Equation D20) was used to calculate 𝑟ed!Š _Œ•Ž^
𝑟ed!Š _Œ•Ž^ =

eAh!i 6Sgf<
•^

=

OV A
³
n6 gR
OVQ
1: :::²
³×:.:,
n6

,.²

•@ e

= 0.024 V•@ • •‘Z where 12 kg N ha-1 yr-1 is from

Reed et al. 2011, 50000 kg C ha-1 is from Scharlemann et al. 2014, and 1% (0.01) is from Chapin
et al. 2011.
The following equation (from Equation D38) was used to calculate 𝑟b`_•_@`,•
±Q

𝑟b`_•_@`,• = ec• =

:.:1•’gg
¶••5

=

OV Q
³
n6 gR
OV Q
!=U!o
0•/..²
³•/5:²
³
!=U!o
n6

:.:1•,/:1: ²

,

= 0.131 V•‘Z where 0.05 is from Jones et al.

2009, 13050 kg C ha-1 yr-1 is from the ForC database (Anderson-Teixeira et al. 2018), 3.2 kg C
indiv-1 is from the BAAD (Falster et al. 2015), and ~390 indiv ha-1 is from Crowther et al. 2015
(for temperate forests). Note that we did not distinguish between deciduous angiosperm and
evergreen gymnosperm in the BAAD because other data are from all temperate forests.
𝑟@‘]&8• from LM3-SNAP was adapted to the units of LM4.1
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𝑟@‘]&8• =

OV Q &####f$
¸·
¸
n6
gR f$
OV OV Q
OV OV Q
OV OV Q
OV OV Q
s² ³²
³,,:2² ³²
³,0² ³²
³,.1:² ³²
³
n6 $OV
n6 $OV
n6 $OV
n6 $OV

:./·

= 65 yr-1 where 0.3 kg C yr-1 m-2 is from

LM3-SNAP, 8, 106 and 4 kg ha-1 are from Boring and Swank 1984, and 250 kg ha-1 yr-1 is from
Binkley et al. 1992.
Parameters related to plant C allocation to symbionts (𝑓_bb]t,>[ , 𝑓_bb]t,E[ , and 𝑓_bb]t,ed!Š )
were estimated by varying the parameter incrementally at different orders of magnitude.
Symbiont biomass C was compared to literature estimates (Boring and Swank 1984 and Binkley
et al. 1992 for nodule biomass C and Zhu and Miller 2003 for mycorrhizal biomass C).
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