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Abstract Biological nitrogen (N) fixation (BNF) provides the N needed to produce proteins and other
biological building blocks, helping feed humanity and mitigate climate change. Due to its high energetic cost
compared to other forms of N acquisition, biotic investment in BNF indicates N limitation. Globally gridded
BNF flux data provide an opportunity to determine the energetic investment in BNF across ecosystems, which
would help reconcile conflicting indicators of N limitation. Here, we use a new BNF synthesis to quantify the
relative importance of BNF in different N-fixing niches, in different biomes, and across the globe by calculating
the fraction of net primary productivity (NPP) invested in BNF and the fraction of plant N acquisition provided
by BNF. Larger fractions of non-agricultural NPP were invested in BNF in less-productive, higher-latitude
biomes. This pattern was driven by biocrusts and mosses. Similarly, non-agricultural symbiotic N-fixing plants
invested relatively more of their own NPP in BNF in less-productive, higher-latitude biomes. This symbiotic
plant pattern was driven by shrubs and herbs, overriding the opposite pattern in trees. Symbiotic plants also
acquired a higher fraction of their N from BNF at higher latitudes and in less productive biomes. Investments in
symbiotic BNF were 10X higher in agricultural (2.9% of NPP) versus natural (0.29%) biomes, providing 26%
versus 3.1% of ecosystem-scale plant N acquisition. These results support the paradigm of strong N limitation at
higher latitudes, help understand the rarity of N-fixing trees at higher latitudes, underscore the dominance of
human activity, and inform terrestrial biosphere models.

Plain Language Summary Similar to plants in a garden, plants and microbes in nature often do not
have enough nitrogen. Some microbes and plant-microbe symbioses can access the nitrogen gas that makes up
78% of air. This “nitrogen fixation” provides fertilizer, but requires a lot of energy. This energy comes from
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carbohydrates (a “carbon cost”), which ultimately come from photosynthesis. Because of this carbon cost,
investment in nitrogen fixation indicates a need for nitrogen. We quantified the amount of carbon spent on
nitrogen fixation by plants and microbes across the globe. Investment in nitrogen fixation was higher at higher
latitudes and in biomes that were less productive, implying that nitrogen was scarcer in these areas.
Furthermore, 10 times more carbon was invested in nitrogen fixation in agricultural systems compared to natural
systems, underscoring humans' impact.

1. Introduction

Biological nitrogen (N) fixation (BNF), the primary natural input of N to ecosystems, is essential to life and to
human well-being (Vitousek et al., 2013). By converting dinitrogen gas to biologically useful N, BNF provides
the N needed to make proteins, nucleic acids, and other biological building blocks. BNF provides a third of
agricultural N inputs (Reis Ely et al., 2025a), helping to feed the global population while causing less environ-
mental damage than synthetic fertilizers (Crews & Peoples, 2005; Jensen et al., 2012). BNF helps mitigate global
climate change, supplying new N needed to support plant growth and carbon (C) storage (Batterman et al., 2013;
Kou-Giesbrecht & Arora, 2022; Sulman et al., 2019), although the representation of BNF and its interactions with
C remain a major uncertainty in terrestrial biosphere models (Davies-Barnard et al., 2020; Kou-Giesbrecht &
Arora, 2022; Kou-Giesbrecht et al., 2023, 2025; Meyerholt et al., 2020).

The BNF process is energy-intensive, requiring more carbohydrates than other forms of N acquisition because of
the needs to break the triple bond of N, and to maintain low oxygen concentrations (Gutschick, 1978, 1981;
Tjepkema & Winship, 1980). As a consequence of this C cost and other resource requirements, BNF is typically
most beneficial when N limitation is severe, suggesting that investment in BNF indicates N limitation (Menge,
Batterman, Hedin, et al., 2017; Vitousek & Howarth, 1991, though see McCulloch et al., 2026, Menge et al., 2009
for reasons for sustained BNF when N is not limiting). However, BNF fluxes alone do not convey the degree of N
limitation, or the importance of BNF more broadly, without additional context. For example, a BNF flux of
1 kg Nha~" yr~' is more important in arctic tundra than in a humid tropical rainforest due to the vastly lower rates
of primary productivity and resulting nutrient demands in tundra.

A promising metric for quantifying the importance of BNF is the fraction of C generated via primary productivity
that is invested in BNF, which is analogous to the proportion of income spent on food in economics (Chai &
Moneta, 2010). The proportion of C from primary productivity that is allocated to BNF can be applied at multiple
scales—the globe, biomes, grid cells, and individual organisms—and can complement other indirect approaches
used to infer N limitation (Sullivan et al., 2014). It also applies across all N-fixing niches (Reis Ely et al., 2025a).
In symbiotic plants such as acacia, alder, clover, lupine, and soybean, carbohydrates flow directly from the plants
that produced them to the N-fixing prokaryotes living in root nodules. In associative and free-living N fixers such
as cyanobacteria living in sphagnum mosses or free-living bacteria living in soil, carbohydrates come either
directly from photosynthesis (for autotrophs like cyanobacteria) or from consuming organic matter that originated
from primary productivity. Half a century ago, Gutschick (1978) conducted a back of the envelope calculation of
this metric at the global scale, estimating that 2.5% of C from terrestrial gross primary productivity (GPP) was
allocated to BNF. Given that GPP is approximately double net primary productivity (NPP; Collalti & Pren-
tice, 2019; Jung et al., 2020; Running & Zhao, 2021), Gutschick's estimate translates to approximately 5% of NPP.
A later model-based effort using CLM4.0-FUNZ2.0, a terrestrial biosphere model, reported values for symbiotic
BNF rather than all BNF, estimating that 0.24% of terrestrial GPP and 0.79% of terrestrial net primary produc-
tivity (NPP) were invested in symbiotic BNF (Shi et al., 2016). A more recent model using ELM-FUN3.0, another
terrestrial biosphere model, estimated that 0.002% of terrestrial NPP was invested in symbiotic BNF (Braghiere
et al., 2022). Similar approaches have estimated the global importance of other pathways of nutrient acquisition,
suggesting that 6.7% (Hawkins et al., 2023), 2.4% (Shi et al., 2016), or 5.9% (Braghiere et al., 2022) of global net
primary productivity (NPP) is invested in mycorrhizal fungi, and that 9% of GPP is exported from plant roots to
soil as root exudates (Chari et al., 2024).

Another promising metric for quantifying the importance of BNF is the fraction of plant N acquisition from BNF.
In fact, at the scale of individual N-fixing plants, the fraction of N acquisition from BNF is one of the common
ways to measure BNF (Shearer & Kohl, 1986; Soper, Taylor, et al., 2021). It is less common to quantify the
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fraction of ecosystem-scale N acquisition from BNF, but a number of modeling studies (Cleveland et al., 2013;
Shi et al., 2016; Sulman et al., 2019) provide a blueprint. Similar to the fraction of productivity invested in BNF,
the fraction of plant N acquisition from BNF can be applied at multiple levels of organization, from individual
plants to groups of N-fixing plants to all plants, and at multiple spatial scales, from individual plants to grid cells
to biomes to the globe. Although the concepts for these metrics have existed for decades (Gutschick, 1978;
Shearer & Kohl, 1986), they have not been used to assess the relative importance of BNF or the relative degree of
N limitation across ecosystems or different types of N fixers, in large part due to a lack of data.

Our understanding of BNF (Cleveland et al., 1999; Davies-Barnard & Friedlingstein, 2020; Reis Ely et al., 2025a)
and plant productivity (Running & Zhao, 2021) has advanced tremendously in recent years. In particular, a recent
synthesis greatly reduced the uncertainty of global BNF by incorporating data on the abundance distributions of N
fixers, which had previously been the largest source of uncertainty in global BNF syntheses (Reis Ely
et al., 2025a). The synthesis also quantified the global spatial distributions of BNF from the different N-fixing
niches that occur in ecosystems (Reis Ely et al., 2025a). Along with recent well-constrained estimates of NPP
(Running & Zhao, 2021) and GPP (Jung et al., 2020), these new BNF data provide the opportunity to quantify the
relative importance of BNF from each N-fixing niche in each location across the globe.

The relative importance of BNF and the relative degree of N limitation across and within ecosystems have long
been sources of debate, in part because of data limitations, and in part because ecosystems are highly hetero-
geneous. For example, although some global syntheses suggest that tropical forests are less N limited than higher
latitude forests (Du et al., 2020), tropical forests vary widely in N availability (Townsend et al., 2008), and other
syntheses suggest widespread N limitation in the tropics (Wright, 2019). BNF plays a key role in this latitudinal
conundrum: the ability to form N-fixing symbioses is thought to be an adaptation to N limitation, but N-fixing
trees are rare at higher latitudes, where N limitation is common (MenMenge, Batterman, Hedin, et al., 2017;
Menge, Batterman, Liao, et al., 2017; Steidinger et al., 2019). The relative importance of BNF and the relative
degree of N limitation within individual ecosystems are also complicated. Within each ecosystem, BNF occurs in
many biogeochemical niches with distinct environmental conditions. For example, symbioses with vascular
plants, associations with mosses, lichens, and biocrusts, and free-living N fixers in litter, soil, and wood
(Cleveland et al., 1999, 2022) each have differing N demands and access to different N pools (Cleveland
et al., 2022; Menge & Hedin, 2009; Reed et al., 2008). Consequently, the relative importance of BNF in these N-
fixing niches varies greatly within sites (Menge & Hedin, 2009; Reed et al., 2008), and focusing on one N-fixing
niche might belie the ecosystem-level importance of BNF. Human activity, particularly the planting of agri-
cultural legumes that house N-fixing bacteria (Herridge et al., 2008; Peoples et al., 2021), further contributes to
heterogeneity by circumventing the ecological and evolutionary forces that shape natural ecosystems. Therefore,
the relative degree of N limitation and the relative importance of BNF, across and within ecosystems, have
remained elusive.

Here, we used a spatially explicit data set of global terrestrial BNF spanning all major N-fixing niches (Reis Ely
et al., 2025a) along with spatially explicit data sets of global primary productivity (Jung et al., 2020; Running &
Zhao, 2021) to quantify two metrics of the importance of BNF across and within ecosystems: the fraction of
primary productivity invested in BNF and the fraction of plant N acquisition supplied by BNF. We focused mostly
on values based on NPP, though we also calculated values based on GPP. Following Reis Ely et al. (2025a), we
grouped N-fixing niches into symbioses with vascular plants (trees, shrubs, herbs in natural biomes, and herbs in
crops and cultivated pastures; hereafter, “symbiotic plants,” even though mosses are also plants), associative N
fixers (mosses, lichens, and biocrusts; Weber et al., 2022), and free-living N fixers (in soil, leaf litter, and
decomposing wood; Cleveland et al., 2022). We addressed four specific questions: (a) What fraction of C from
NPP is invested in BNF in different natural N-fixing niches? (b) How does C investment in natural BNF vary
across space and among biomes? (c) How does C investment in agricultural BNF compare to that in natural BNF?
(d) How does the fraction of plants' N acquisition that comes from BNF vary across space, among natural biomes,
and between agricultural and natural biomes? We addressed these questions at two levels of organization: the
ecosystem scale (NPP, ., and N acquisition,s,) and the scale of N-fixing symbioses, using symbiotic plants'
own productivity (NPP,,,,, and N acquisitionyy,,,; see Section 2). The ecosystem-scale calculations integrate the
abundance of N fixers with their BNF activity, whereas the symbiosis-scale calculations focus on BNF activity
independent of the abundance of N fixers.

MENGE ET AL.

3 0f 23

d '8 *9T0T "YTTOYYEL

dny wouy

:sdny) suonIpuod pur S L, 3y 3G *[920T/L0/0€] U0 Areiqry dutjuQ Iy * SILIRIQIT ANSIAAIUN BIUINOD) - SFUSJN UedUNC] £q 8606009D9T0T/6TO1 01/10p/wod K[im'

Ko &

ASURDIT SUOWO) dAnear) d[qearidde Ay Aq pausoAoS a1e SI[IIIE Y (38N JO SN 10§ AIeIqIT AUIUQO A1 UO (



| . Yed N |
MI
ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2026GB009098

2. Methods
2.1. Global Data Sets

The global data sets we used are at 1° resolution, aggregated from finer resolution using the bilinear method. For
GPP and NPP we used FluxCom (Jung et al., 2020) and MODIS (Running & Zhao, 2021) data averaged from
2001-2015 and 2001-2020, respectively. The FluxCom and MODIS data sets agree well at the global scale
(Seiler et al., 2022).

We used BNF data from a recent bottom-up synthesis (Reis Ely et al., 2025a, 2025b). The synthesis combined
1,177 published BNF rates with global maps of the relative abundance of N fixers to construct gridded BNF
estimates for symbiotic N-fixing trees, shrubs, and herbs in natural biomes (here, natural symbiotic plants);
symbiotic N-fixing herbs in cultivated pastures and crops (agricultural symbiotic plants); biocrusts, non-biocrust
mosses, and epiphytic lichens (associative N fixers); and soil, leaf litter, and decomposing wood (free-living N
fixers). These grouping names are imperfect—for example, N-fixing lichens are true symbioses rather than
associative relationships, biocrusts include lichens and mosses, and mosses are also plants—but they make sense
ecologically. Symbioses with vascular plants are vastly different than mosses or lichens, for instance, and the N
fixers in biocrusts (Abed et al., 2010; Weber et al., 2022), mosses (Holland-Moritz et al., 2021), and lichens
(Rosch & Bothe, 2009), which are primarily autotrophic cyanobacteria, have easier access to new photosynthate
than the primarily heterotrophic free-living N fixers in soil (Rdsch & Bothe, 2009), leaf litter (Purahong
et al., 2016), and decomposing wood (GroB et al., 2022).

We used the IGBP (International Geosphere-Biosphere Programme) biome classification scheme (Friedl & Sulla-
Menashe, 2019). Following Reis Ely et al. (2025a), we assigned IGBP biomes “Cropland” and “Cropland/Natural
Mosaic” as Croplands, and assigned 27% of each “Grassland” grid cell between 67°N and 67°S as Cultivated
Pasture. We resampled the biome classification scheme from 0.004° to 1° resolution using the nearest neighbor
method. We converted values from kg or Mg ha™" yr™! to Tg or Pg yr™! using the land area per grid cell.

2.2. C Cost per N Fixed: Symbiotic Plants

The C cost per BNF has been studied in legumes, particularly agricultural legumes, since the 1970s (Atkins, 1984;
Gutschick, 1981; Layzell et al., 1979; Minchin & Witty, 2005; Schubert, 1982; Vance, 2008; Witty et al., 1983).
These studies have considered many types of C cost, including nitrogenase and hydrogenase activity, ammonia
assimilation, ancillary C metabolism, transport of N, maintenance of low O,, and growth and maintenance of
nodules (Atkins, 1984; Gutschick, 1981; Jensen et al., 2012; Layzell et al., 1979; Minchin & Witty, 2005;
Schubert, 1982; Vance, 2008; Witty et al., 1983). Some studies (Atkins, 1984; Gutschick, 1981; Jensen
et al., 2012) compared the costs of BNF to the costs to nitrate assimilation; others focused on the C costs of BNF
itself. We focused on the C costs of BNF itself rather than differences between the C costs of BNF and nitrate
assimilation. Presenting the C costs of BNF itself allows for easier comparisons to other C costs, such as the C
costs of acquiring N through mycorrhizae (Hawkins et al., 2023).

Citing measurements from herbaceous legumes, Gutschick (1981) reported 8—12 g glucose per g N fixed, which
equates to 3.2-4.8 g C per g N fixed. Atkins (1984) reported 2.9-6.1 g C per g N fixed from theory, 1.4-5.4 for
Vigna radiata, 2.0-2.3 for V. unguiculata, and 3.9-5.0 for Lupinus albus, each across a range of growth stages.
Minchin and Witty (2005), after synthesizing theoretical estimates at 2.8—4.8 g C per g N fixed, examined nodule
respiratory costs across 18 studies of Acacia and herbaceous legumes. They suggested that the lower values were
erroneous, suggesting 3—5 g C per g N fixed as the most reasonable range for respiratory costs (Minchin &
Witty, 2005). Vance (2008), summarizing 30 legume studies, reported 67 g C per g N fixed. Modeling studies
that have estimated C costs of BNF (Holland et al., 2023; Layzell et al., 1988) have reported similar values, such
as 4.6 and 4.1 g C per g N fixed for soybean.

The existing estimates of the C costs of BNF in actinorhizal species are similar to those for legumes. Tjepkema
and Winship (1980) reported that nodule respiratory costs of BNF varied across species, but not consistently
between rhizobial (legume) and actinorhizal symbioses. Translating their values from mol CO, per mol C,H, to
g Cper g N fixed using 3 mol C,H, per mol N, (Soper, Simon, & Jauss, 2021), their species-level means ranged
from 3.6 to 11.2 g C per g N fixed; averages across species were 5.9 and 5.5 g C per g N fixed for actinorhizal
species and legumes, respectively (Tjepkema & Winship, 1980). Ruess et al. (2013), using '°N, isotopes and CO,
fluxes to measure respiratory costs in Alnus tenuifolia, reported 4.2 g C per g N in control plots.
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Ecosystem and land models have drawn on these estimates to incorporate C costs per unit N fixed for symbiotic
plants. For example, MEL (Rastetter et al., 2001) used 9.12 (6-14) g C per g N fixed, and CASA-CNP (Wang
et al., 2007), CROPGRO (Boote et al., 2008), and O-CN (Meyerholt et al., 2020) all used 6 g C per g N fixed.
Fisher et al. (2010) used a temperature-dependent range of 7.5-12.5 g C per g N fixed in FUN. However, they
cited Gutschick (1981), who, as stated above, reported 8—12 g glucose per g N fixed, which equates to 3.2-4.8 g C
per g N fixed.

Summarizing the above information, theoretical and empirical average estimates are in the range of 3-6 g C per
g N fixed. Models have generally used higher values (6—14 g C per g N fixed). We suspected that the mean of the
literature values (4.4) was slightly too low for a variety of reasons. Minchin and Witty (2005) pointed out that
some of the low estimates used faulty methods. Some of the values included only respiratory costs, which are the
majority of costs (Atkins, 1984) but not the only costs. Furthermore, these measurements were typically made in
laboratory conditions, and there is evidence that the C cost is higher under suboptimal conditions such as lower
temperatures because nodule maintenance respiration is more sustained than BNF at low temperatures (Gut-
schick, 1982; Ruess et al., 2013). For these reasons, we used a value higher than empirical mean of 4.4 g C per gN
fixed. However, given the paucity of empirical estimates above 6 g C per g N fixed, we used a central value that
was only slightly above the empirical average: 5 g C per g N fixed. We also reported results for low and high
values equal to 4 and 6 g C per g N fixed, respectively. There is variation across species, growth stages, bacterial
strains, and environmental conditions (Atkins, 1984; Gutschick, 1981, 1982; Minchin & Witty, 2005; Tjepkema
& Winship, 1980), but there is no clear evidence that the C cost per unit N fixed differs between actinorhizal and
rhizobial N fixers, across biomes, or between agricultural and natural legumes. Therefore, we used the same
central value and range—5 (4-6) g C per g N fixed—for all symbiotic plants (Table S1 in Supporting
Information S1).

2.3. C Cost per N Fixed: Associative and Free-Living N Fixers

Less work has focused on C costs per unit N fixed in associative and free-living N fixers. Based on theoretical
calculations and a synthesis, Gutschick (1978, 1982) reported that free-living heterotrophic N fixers had higher C
costs than symbiotic plants because of low respiratory efficiencies in making ATP, high respiration rates to
protect nitrogenase from oxygen, and a greater need to re-synthesize nitrogenase due to oxygen damage. Based on
these arguments and efficiency values for heterotrophic N fixers in the literature, Gutschick (1978) estimated
20 g C per g N fixed for free-living N fixers. Hill (1992, cited in Jones et al., 2003; Unkovich & Baldock, 2008;
Zuberer, 2021) estimated C costs per N fixed for multiple taxa of free-living heterotrophic bacteria grown in
chemostats under a range of oxygen conditions, derived from comparisons of growth efficiencies of bacteria
grown with ammonium versus N, as the only N sources. They reported a median and range of 42 (5.3-117) g C
per g N fixed. A model of free-living N fixation in the rhizosphere (Jones et al., 2003) assumed 10 g C per g N
fixed if the C substrate was glucose. Given this spread, we used 20 (5—42) g C per g N fixed for free-living N fixers
(Table S1 in Supporting Information S1).

Gutschick (1978) assumed that respiration costs of autotrophic N fixers (“associative” in our scheme) and het-
erotrophic (“free-living” in our scheme) fixers were similar, though higher autotrophic relative to heterotrophic
BNF rates in similar environmental conditions (Cooper & Scherer, 2012) and estimates from marine cyano-
bacteria (Brauer et al., 2013) suggest lower costs in autotrophic N fixers. For example, the cyanobacteria Cya-
nothece grown at a range of temperatures used 1-4.5 mol O, per mol ethylene fixed (Brauer et al., 2013), which,
using 3 mol ethylene per mol N, (Soper, Simon, & Jauss, 2021) and a respiratory quotient of 1 mol C per mol O,,
translates to 1.3-5.8 g C per g N fixed. A study of the cyanobacteria Crocosphaera watsonii, which did not report
absolute cost values, noted that costs were much higher at ambient oxygen concentrations (20%) than at 5% O,
(GroBkopf & LaRoche, 2012), implying higher costs in natural conditions for associative N fixers than for
symbiotic plants that tightly regulate oxygen conditions near the nodule (Gutschick, 1978, 1982; Zuberer, 2021).
Given the limited information for associative N fixers, we used 12 g C per g N fixed (between the values from
Gutschick, 1978; Brauer et al., 2013) as our central value, and 5 (our central value for symbiotic BNF) and 20 g C
per g C fixed (Gutschick, 1978) as our range (Table S1 in Supporting Information S1).

2.4. Calculations for C Investment in BNF for Global Data Sets

The calculation for p,;, the percentage of C flux invested in BNF in grid cell i for N-fixing niche j, is:
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BNF;; % C cost per BNF;
Py = ; CﬂuxP *%100 O

We used this approach for each grid cell, including those with agricultural biomes. The BNF values for each N-
fixing niche (trees, shrubs, herbs in natural biomes, herbs in crops, herbs in cultivated pastures, mosses, lichens,
biocrusts, soil, leaf litter, and decomposing wood) were from Reis Ely et al. (2025a). The C costs per BNF are
described in the previous sections. The C fluxes we used for Equation 1 were GPP and NPP at two scales: total
ecosystem-level C fluxes (GPP 55, NPPcioqys) and only the GPP and NPP from symbiotic N-fixing plants
(GPPg,,, and NPP,.;)) (see below). For the version where we used GPPy,,;, and NPP there were also j

subscripts in the C flux terms in Equations 1-3.

symb>

To aggregate across grid cells to the biome or global scale, we summed C costs and C fluxes before applying
Equation 1. For niche j in biome k containing grid cells i;:

2, BNEF;; = C cost per BNF;
ik

Py = % 100. 2)

> C flux;

I

We aggregated across N-fixing niches similarly. For example, to calculate the total C investment in BNF in biome
k, we calculated:

2. >, BNF;; * C cost per BNF,

J
= 100.
Px Z Z C ﬂqu- * 100! (3)

Joik

To calculate the N fixer-specific C investment in BNF, we needed to estimate GPP and NPP of growth form /
(trees, shrubs, or herbs) and the fraction of each growth form's GPP and NPP from N fixers. The equation for
symbiotic N fixers' C fluxes (GPPyy,p, or NPPy,) is:

C flux;; v fixer = C flux; * growthformfrac;, * fixerfrac;. @
C flux; is the ecosystem-level C flux (GPP, g, or NPP, ) in grid cell i. The term growthformfrac; is the
fraction of the C flux in grid cell i from plant growth form / (trees, shrubs, or herbs). We did not know of a
published source for this quantity, so we estimated it based on the definitions of the IGBP biomes (Table S2 in

ecosys.

Supporting Information S1). The term fixerfrac;; is the fraction of each growth form /'s C flux in grid cell i from N
fixers. We assumed that fixerfrac; was related to the relative abundance of N fixers (Reis Ely et al., 2025a), but
that N fixers have 50% higher C fluxes per relative abundance than average plants. This assumption of a 50%
higher C flux per relative abundance in N fixers comes from N fixers' high foliar N concentrations and the link
between foliar N concentration and net photosynthesis. Foliar %N was higher in N fixers than in non-fixers by
20% and 33% in tropical trees (Fyllas et al., 2009; Nasto et al., 2014), 70% in grassland plants (Cheaib et al., 2025),
and 50%-120% in different global regions (Adams et al., 2016). Due to its role in Rubisco and other biochemical
machinery, increased foliar N concentration typically implies higher net photosynthesis (Farquhar et al., 1980),
although the relationship is concave-down rather than proportional after accounting for differences in leaf mass
per area (Osnas et al., 2013). Given that foliar N is at least 50% higher in N fixers than in non-fixers, on average,
but that the link to C fluxes is less than proportional, we assumed 50% higher C fluxes in N fixers. Note that this
assumption does not imply that N-fixing plants have 50% higher growth rates than non-fixing plants because the
excess C can be invested in processes other than growth, including but not limited to BNF, mycorrhizal uptake,
and root exudation. The abundance data we used originated from Steidinger et al. (2019) for trees, Bruelheide
et al. (2019) for shrubs and natural herbs, FAO (2021) and Piipponen et al. (2022) for herbs in cultivated pastures,
and FAO (2021) for crops. Because the separation of GPP,,,, and NPP,,,;, into trees versus shrubs versus herbs
was uncertain, we focused on the aggregated values across all symbiotic plants.
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2.5. Calculation of the Fraction of Plant N Acquisition From BNF

We calculated the percent of plant N acquisition from BNF at both the ecosystem scale (the percent of all plant N
acquisition from BNF) and the symbiosis scale (the percent of symbiotic N-fixing plants' N acquisition from
BNF). We were unable to reliably estimate N acquisition for associative or free-living N fixers, so we only
calculated the fraction of N acquisition from BNF for vascular plants.

The percent f; of ecosystem-scale plant N acquisition from BNF in grid cell i was:

_ Symbiotic plant BNF; .

= 100.
Y Plant N acquisition; 00 )

The BNF data came from Reis Ely et al. (2025a). For ecosystem-scale plant N acquisition, we used the approach
from Cleveland et al. (2013), which used NPP,, the fractional allocation of NPP to four tissue types, and the
mass-based C:N ratio and resorption efficiency of each tissue type.

NPP;C;
Plant N acquisition; = Zmﬁ(l — %resorp,,,)- (6)
m

In Equation 6, NPP; is NPP . in grid cell i (Running & Zhao, 2021), C;,, is the fraction of NPP, allocated to

tissue type m for the biome in grid cell i, CN,,, is the mass-based C:N ratio of tissue type m for the biome in grid

ecosys

cell i, and %resorp,,, is the resorption efficiency of tissue type m for the biome in grid cell i. The tissue types are
leaves, stems, coarse roots, and fine roots. For all tissue types aside from leaves, we assumed no resorption
(Cleveland et al., 2013).

Aside from NPP, all data used in Equation 6 (fractions of NPP,
resorption efficiencies) came from Table S1 in Cleveland et al. (2013), with the following amendments. We used

ecosys allocated to tissue types, C:N ratios, and
the mean of their Wet Savanna and Savanna values for our Savanna values. We used their Shrubland values for
our Barren values. We used their Grassland values for our Cultivated Pasture and Cropland biomes, except that we
assumed 33% lower C:N (roughly equivalent to 50% higher %N) in Croplands due to the higher N content in
croplands compared to natural systems.

Cleveland et al. (2013) had a different focus than our study, so they did not report the % of N acquisition from
BNF, but they provided the necessary components needed to calculate it at the biome level. To calculate the % of
N acquisition,.,,s from BNF from their data (f; cievelanddata)> W€ divided their symbiotic BNF by the sum of
symbiotic BNF, N deposition, and N mineralization, each at the biome scale (indexed k, as above):

Symbiotic plant BNF, « 100
Symbiotic plant BNF, + N deposition, + N mineralization,

™

ﬁc,Clevelanddata =

To calculate symbiotic N fixer-specific N acquisition (N acquisitiony,,,), we used the assumptions described in
the previous subsection (Equation 4) to estimate NPP_, .., in each grid cell, then we used Equations 5 and 6 to
calculate the % that came from BNF. We assumed that N fixers' N demand per C was 50% higher than average,
reflecting the high N concentration in N fixer tissues (Adams et al., 2016; Cheaib et al., 2025; Fyllas et al., 2009;
Nasto et al., 2014).

2.6. Field-Grown and Greenhouse-Grown Plants

To provide a check on our global data sets, we used data from field (Carreras Pereira et al., 2023; Menge
et al., 2023a) and greenhouse (Menge et al., 2015, 2024) studies where we had quantified symbiotic BNF.

In the field study (Carreras Pereira et al., 2023; Menge et al., 2023a), we grew Robinia pseudoacacia in New
York, Alnus rubra in Oregon, and Gliricidia sepium, Casuarina equisetifolia, Acacia koa, and Morella faya in
Hawaii, all in open fields. We planted bare-root seedlings, which grew for 4-5 years. We established fertilization
treatments, but here we only used controls. In New York we harvested aboveground and belowground tissues. In
Oregon we harvested aboveground tissues and used allometric relationships to quantify belowground tissues. In
Hawaii we harvested aboveground tissue and did not quantify belowground tissues. We measured BNF by
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labeling soils with 'N and comparing N isotopes in N-fixing trees to non-fixing neighbors (Soper, Tay-
lor, et al., 2021). The BNF metrics we used were %N, the percentage of the plant's N from BNF, and the total
mass of N fixed that went into all tissues (New York and Oregon) or aboveground tissues (Hawaii).

In the greenhouse studies, we grew herbaceous seedlings at Chapman College and Stanford University (Menge
et al., 2015), and temperate and tropical tree seedlings as well as Glycine max (soybean) at Barnard College and
the University of California Davis (Menge et al., 2024). The approach was similar to the field experiment, with the
following differences. Instead of non-fixing species as reference plants, we used uninoculated (non-fixing)
seedlings of the N-fixing species. We typically used nine or 10 fertilization treatments. We harvested plants
within a year, then quantified biomass and BNF.

To calculate C investment in BNF in our field-grown and greenhouse-grown species, we used a version of
Equation 1 for individual plants. The BNF data we used in Equation 1 were the mass of N fixed throughout the
plant's lifetime. We assumed the C cost per unit N fixed was 5 (4-6) gC g N~! (see above). To calculate GPP
and NPP,
NPP was half of GPP. We also reported %Ny, to compare to the global estimates of the % of N acquisition,
from BNF.

symb
» for individual plants, we assumed that accumulated biomass C was half of the plant's NPP, and that

symb

2.7. Statistical Analyses and Uncertainty

We conducted analyses in R (Garnier et al., 2023; Hijmans, 2023; Pierce, 2023; R Core Team, 2022). To evaluate
trends across productivity, we regressed the percentage of C fluxes invested in BNF against productivity, using
biome-level values. We used nonlinear least squares regression, using an exponentially declining function:
y = a + be™™ + e.If the nonlinear regression did not converge, we used linear regression. For the trends with
latitude, we used linear regressions with one datapoint for each degree of latitude. The latitudinal trend for biocrusts
was clearly unimodal, though we did not conduct a formal analysis for unimodality or other nonmonotonic trends.

Each of the values in our calculations was uncertain. The high ends of the ranges we used for the C cost per unit N
fixed were 20%, 67%, and 110% higher than the central values for symbiotic, associative, and free-living BNF,
respectively. The upper 68% confidence interval (analogous to +1 SE) of total terrestrial BNF was 18% higher
than the mean (Reis Ely et al., 2025a). The upper end of the ensemble spread for FLUXCOM GPP was 7% higher
than the mean (Jung et al., 2020). Our value for global N acquisition (1,127 Tg N yr™") was 5% higher than one
recent estimate (Peng et al., 2023; 950 Tg N yr~ ' of N uptake from Peng et al., 2023 combined with 120 Tg N yr™"
of BNF from Reis Ely et al., 2025a gives 1,070 Tg N yr~' of N acquisition) and 6% lower than another
(Schlesinger & Bernhardt, 2013). Because these metrics of uncertainty are fundamentally different (range vs.
confidence intervals vs. ensemble spread vs. comparison across studies), formally combining them would not be
straightforward. Therefore, we assumed that the uncertainty for the C cost per N fixed was largest and did not
propagate uncertainty from our other data sources.

The results for the proportions of N fixers' C fluxes (GPPgy,,,, and NPP,,.;,)) invested in BNF (Equations 1-3 with j
subscripts on the C flux terms) and the proportion of N fixers' N acquisition from BNF (Equation 5 for N fixers' N
acquisition rather than all plant N acquisition) are inversely proportional to the assumption of a higher C flux per
relative abundance in N fixers than in non-fixers (which was assumed to be 50%, as described above). Therefore,
the sensitivity to this assumption can be evaluated with simple multiplication. For example, if the C flux per
relative abundance is 20% higher in N fixers than non-fixers rather than 50% higher, then the proportion of
NPP, ., invested in BNF (Equation 3) would be multiplied by 1.5/1.2 (to undo the assumption of 50% higher and
replace it with an assumption of 20% higher). In this scenario, a result listed as 5.4% of NPP,.,, invested in BNF
would change t0 5.4% X 1.5/1.2 = 6.8% of NPP,,,, invested in BNF. Similarly, a result listed as 24% of N fixers'
N acquisition from BNF would change to 24% % 1.5/1.2 = 30%. Note that, unlike the symbiosis-scale results, the
ecosystem-level results do not depend on the assumption of higher C flux per relative abundance in N fixers
compared to non-fixers.

3. Results
3.1. C Investment in Natural BNF Across Niches

After excluding agricultural and non-terrestrial biomes (see Section 2), NPP,,, and BNF in natural terrestrial

biomes were 48 Pg C yr~' (Running & Zhao, 2021) and 65 Tg N yr~' (Reis Ely et al., 2025a) (Table 1 and Figure
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;:l;clfiolns of Global Ecosystem-Scale Gross (GPP,.,,,) and Net Primary Productivity (NPP,,) Invested in Biological Nitrogen Fixation (BNF)
GPP* NPP* GPP* NPP*  BNF' BNF* C invested in BNF® % of GPP, o, % of NPP, "

N-fixing niche(s) PgCyr' MgCha'yr' TgNyr' kgNha'yr! PgCyr! % invested in BNF
Total 104 57 8.2 4.5 120 9.4 1.1 (0.52-1.8) 1.0 (0.50-1.7)% 1.9 (0.90-3.2)%
o Natural 87 48 8.2 4.5 65 6.1 0.76 (0.29-1.4) 0.87 (0.34-1.6)% 1.6 (0.61-2.9)%
o Agricultural 17 9.2 8.1 4.4 56 27 0.31 (0.23-0.42) 1.8 (1.3-2.5)% 3.4 (2.5-4.6)%
Free-living 104 57 8.2 4.5 25 2.0 0.50 (0.13-1.1) 0.48 (0.12-1.0)% 0.87 (0.22-1.8)%
o Natural 87 48 8.2 4.5 23 2.1 0.46 (0.11-0.96) 0.52 (0.13-1.1)% 0.94 (0.24-2.0)%

o Soil 87 48 8.2 4.5 17 1.6 0.33 (0.083-0.70) 0.38 (0.096-0.80)% 0.69 (0.17-1.4)%

o Leaf litter 87 48 8.2 4.5 2.8 0.26 0.056 (0.014-0.12) 0.064 (0.016-0.13)% 0.12 (0.029-0.24)%

o Decomposing wood 87 48 8.2 4.5 33 0.31 0.066 (0.017-0.14) 0.076 (0.019-0.16)% 0.14 (0.034-0.29)%
o Agricultural (cropland) 12 6.3 9.4 4.8 23 1.7 0.046 (0.012-0.097) 0.37 (0.093-0.78)% 0.73 (0.18-1.5)%
Symbiotic plants 104 57 8.2 45 82 6.4 0.41 (0.33-0.49) 0.39 (0.31-0.47)% 0.71 (0.57-0.85)%
o Natural 87 48 8.2 4.5 28 2.7 0.14 (0.11-0.17) 0.16 (0.13-0.20)% 0.29 (0.23-0.35)%

o Trees 87 48 8.2 4.5 12 1.1 0.060 (0.048-0.072) 0.069 (0.055-0.083)%  0.12 (0.10-0.15)%

o Shrubs 87 48 8.2 4.5 5.7 0.54 0.029 (0.023-0.034) 0.033 (0.026-0.039)% 0.059 (0.047-0.071)%

o Herbs 87 48 8.2 4.5 11 1.0 0.053 (0.043-0.064) 0.061 (0.049-0.073)%  0.11 (0.088-0.13)%
o Agricultural 17 9.2 8.1 4.4 54 25 0.27 (0.21-0.32) 1.6 (1.3-1.9)% 2.9 (2.3-3.5)%

o Crop herbs 12 6.3 9.4 4.8 34 26 0.17 (0.14-0.20) 1.4 (1.0-1.6)% 2.7 (2.1-3.2)%

o Pasture herbs 47 28 6.0 3.6 20 25 0.098 (0.078-0.12) 2.1 (1.7-2.5)% 3.5 (2.8-4.1)%
Associative 87 48 8.2 4.5 13 1.3 0.16 (0.067-0.27) 0.18 (0.077-0.31)% 0.33 (0.14-0.55)%
e Biocrusts 87 48 8.2 4.5 11 1.1 0.14 (0.057-0.23) 0.16 (0.066-0.26)% 0.29 (0.12-0.48)%
o Mosses 87 48 8.2 4.5 1.8 0.17 0.021 (0.089-0.036) 0.024 (0.010-0.041)% 0.044 (0.018-0.074)%
e Lichens 87 48 8.2 4.5 0.1 0.01 0.0012 (0.0005-0.0020) 0.001 (0.001-0.002)% 0.002 (0.001-0.004)%
*GPP,q4ys and NPP, . . from the relevant land area are listed for all rows even though GPP and NPP do not come from free-living N fixers, which are primarily

heterotrophs. Per area rates are averages across all natural (non-agricultural) land area for natural sources of BNF, all agricultural area for agricultural sources, or all land
area for combined sources. Data sources were Reis Ely et al. (2025a, 2025b, 2025c¢) for BNF, Jung et al. (2020) for GPP, and Running and Zhao (2021) for NPP. “Values
shown outside parentheses used the central C costs: 5, 12, and 20 g C per g N fixed for symbiotic plants, associative BNF, and free-living BNF, respectively (see
Section 2, Table S1 in Supporting Information S1). Values shown inside parentheses show ranges of results from using the low (4, 5, and 5 g C per g N fixed) and high (6,
20, and 42 g C per g N fixed) C costs for symbiotic plants, associative BNF, and free-living BNF, respectively.

S1 in Supporting Information S1). For each N-fixing niche in each grid cell, we multiplied the BNF flux by the C
cost per g N fixed to calculate the total C invested in BNF, which we divided by NPP to estimate the percent
of NPP¢oqys
symbiotic plants due to respiratory inefficiencies and oxygen damage, but are also less certain (see Section 2 for
details), resulting in wider uncertainty values in these results (Tables 1-4).

ecosys
invested in BNF (see Section 2 for details). Carbon costs are higher for free-living BNF than for

Globally, our central estimate is that 1.6% of natural terrestrial NPP, was invested in natural BNF (Table 1,
Figures 1a and 2a). Of the 1.6%, 0.94% came from free-living N fixers (in soil, litter, and decomposing wood),
0.33% came from associative N fixers (biocrusts, mosses, and lichens), and 0.29% came from symbiotic plants
(trees, shrubs, and natural herbs; Table 1, Figures 1b—1d, 2b and Figures S2-S4 in Supporting Information S1).
Free-living (23 Tg N yr~') and associative fixers (13 Tg N yr~!) each fixed less N than symbiotic plants
(28 Tg N yr~'; Reis Ely et al., 2025a), but the higher C costs per g N fixed in free-living and associative N fixers
explained their similar or higher investment.

Next, we asked what fraction of symbiotic plants' own productivity (NPP.,) was invested in BNF. We esti-
mated NPP;,,, using NPP,,, (Running & Zhao, 2021) and the relative abundance of symbiotic plants (Reis Ely
et al., 2025a; see Section 2 for details). Natural symbiotic plants invested 3.6% of their NPP,.,, in BNF (Table 2

and Figures 3a, 3b). Although trees accounted for a total BNF flux (12 Tg N yr™") that was higher than shrubs
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Table 2
Fractions of Global Symbiotic Plant GPP,,,,, and NPP,,,, Invested in BNF
GPP NPP GPP*  NPP* BNF BNF* % of GPP,.,’ % of NPP_, "
N-fixing niche(s) ~ Pg C yr™! MgCha'yr' TgNyr™' kgNha'yr' % invested in BNF
Total 14 75 11 0.59 82 6.4 2.9 (23-3.5)% 5.4 (4.4-6.5)%
o Natural 77 40 072 0.37 28 2.7 1.9 (1.5-22)% 3.6 (2.9-4.3)%
o Trees* 48 23 045 0.22 12 1.1 13 (1.0-1.5% 2.6 2.1-3.0%
o Shrubs® 0.54 034 0051 0032 5.7 0.54 53 (42-63)% 8.5 (6.8-10)%
o Herbs® 23 13 022 0.13 11 1.0 2.3 (1.8-27% 4.0 (3.2-4.7)%
o Agricultural 65 35 31 1.7 54 25 4.1 33-5.00% 7.6 (6.1-9.0%

“Per area rates are averages across all natural (non-agricultural) land area for natural sources of BNF, all agricultural area for
agricultural sources, or all land area for combined sources. BNF data were from Reis Ely et al. (2025a, 2025b, 2025¢).
"Values shown outside parentheses used the central C costs: 5, 12, and 20 g C per g N fixed for symbiotic plants, associative
BNF, and free-living BNF, respectively (see Section 2 and Table S1 in Supporting Information S1). Values shown inside
parentheses show ranges of results from using the low (4, 5, and 5 g C per g N fixed) and high (6, 20, and 42 g C per g N fixed)
C costs for symbiotic plants, associative BNF, and free-living BNF, respectively. “Values of % GPP,,,,, and NPP_ . for trees
(or shrub or herb) are percentages of N-fixing tree (or shrub or herb) GPP,, and NPP, rather than percentages of all
N-fixing plant GPP,,, and NPP which is shown in Figure 3b.

symb
symb?

(5.7 Tg N yr~ ') and similar to natural herbs (11 Tg N yr™'), trees invested the lowest fraction of their NPP,,, in
BNF: 2.6%, compared to 4.0% for herbs and 8.5% for shrubs (Table 2). To put these global estimates in context,
we compared them to field- and greenhouse-grown symbiotic plants for which we had rigorously measured BNF
(Menge et al., 2015, 2023a, 2024). For six species of open-field-grown 4-5-year-old trees and 22 species of
greenhouse-grown seedlings, average NPP ., invested in BNF ranged from 2.9% to 9.2% and 0.69%-16%,
respectively (Table S3 in Supporting Information S1). Reviews of herbaceous legumes (Atkins, 1984;
Vance, 2008) reported 3%—30%. These local-scale empirical estimates indicate that our global estimates are
plausible and that there is wide variation across species, growth forms, and environmental conditions.

3.2. C Investment in Natural BNF Across Space

The fraction of NPP invested in BNF varied substantially across the land surface (Figure 1). Forests and
savannas, including the two natural biomes with the highest total productivity and BNF fluxes (savannas and
in BNF (0.71%-1.3%; Table 3 and Figure 2a) than
the global average (1.6%; Table 1 and Figure 2a). Natural grasslands, shrublands, and barren lands invested

evergreen broadleaf forests), invested relatively less NPPqoq
relatively more (2.6%, 3.2%, and 4.0%, respectively; Table 3 and Figure 2a). In grasslands and shrublands, the
high relative values were driven by multiple N-fixing niches, whereas in barren systems they were driven mostly
by biocrusts (Table 3 and Figure 2a). Larger fractions of NPP,,, were invested in BNF at intermediate and

higher latitudes than at lower latitudes, driven by latitudinal patterns in soil, shrubs, herbs, biocrusts, and mosses,
which outweighed the opposite latitudinal pattern in trees and decomposing wood (Table 5 and Figure 2b).

The biome-level breakdown (Table 3 and Figure 2a), latitudinal patterns (Figure 2b), and map (Figure 1) sug-
gested that a greater proportion of NPP, was invested in BNF in less productive areas. Regression analysis
confirmed this observation (Figure 2c). Furthermore, it showed that the pattern was driven by biocrusts and

mosses (Figure 2f); there was no relationship between NPP and the proportion of NPP invested in BNF for

ecosys

free-living N fixers (Figure 2d) or symbiotic plants (Figure 2e).

N-fixing plants invested a greater proportion of their own C (NPP,,,;,) in BNF in some biomes (Table 4 and
Figures 3a, 3b), with a similar distribution as the ecosystem-scale calculations. Symbiotic plants invested a lower
fraction of their NPPy, ., in BNF in evergreen broadleaf forests (2.6%) and savannas (3.2%), where N-fixing trees
were relatively common (Reis Ely et al., 2025a), than in natural grasslands (4.3%), the other forest biomes
(4.5%~7.1%), and shrublands (9.5%; Table 4 and Figure 3b). The fraction of NPP,,;, invested in BNF appeared
high in barren ecosystems, though the miniscule areal fluxes of NPP,.,, and BNF in barren ecosystems (Table 4
and Figure 3b) cast doubt on the validity of the estimate. Similar to ecosystem-scale productivity (Figure 2b), a
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;?;clfijns of Global Ecosystem-Scale GPP,., and NPP,,, Invested in BNF, Split by Biome
GPP* NPP* GPP* NPP* BNF* BNF* C invested in BNF® % of GPF‘ecosysb
Biome and niche grouping Pg C yr’l Mg C ha™! yr7l Tg N yr’l kg N ha™! yr’l Pg C yr7l % invested in BNF % of NPPemsysb
Evergreen Needleleaf Forest 2.0 1.3 8.8 5.7 0.83 3.6 0.0094 (0.0037-0.017) 0.46 (0.18-0.84)% 0.71 (0.28-1.3)%
e Free-living 20 13 8.8 5.7 0.31 1.3 0.0062 (0.0016-0.013) 0.30 (0.076-0.64)%  0.47 (0.12-0.99)%
o Symbiotic plants 20 13 8.8 5.7 0.44 1.9 0.0022 (0.0018-0.0026) 0.11 (0.086-0.13)%  0.17 (0.13-0.20)%
e Associative 20 13 8.8 5.7 0.080 0.34 0.00096 (0.00040-0.0016)  0.047 (0.020-0.078)% 0.073 (0.030-0.12)%
Evergreen Broadleaf Forest 28 14 23 11 15 12 0.18 (0.066-0.33) 0.64 (0.24-1.2)% 1.3 (0.49-2.5)%
e Free-living 28 14 23 11 6.8 5.6 0.14 (0.034-0.28) 0.49 (0.12-1.0)% 1.0 (0.25-2.1)%
e Symbiotic plants 28 14 23 11 8.0 6.6 0.040 (0.032-0.048) 0.14 (0.12-0.17)% 0.30 (0.24-0.35)%
o Associative 28 14 23 11 0.11 0.092 0.0013 (0.0006-0.0022)  0.005 (0.002-0.008)% 0.010 (0.004-0.016)%
Deciduous Broadleaf Forest 35 19 12 6.7 1.8 6.1 0.016 (0.0075-0.027) 0.44 (0.21-0.76)% 0.80 (0.39-1.4)%
e Free-living 35 19 12 6.7 0.44 1.5 0.0088 (0.0022-0.018) 0.25 (0.062-0.52)%  0.45 (0.11-0.95)%
e Symbiotic plants 35 19 12 6.7 1.3 4.5 0.0065 (0.0052-0.0078) 0.18 (0.15-0.22)% 0.33 (0.27-0.40)%
e Associative 35 19 12 6.7 0.02 0.069 0.00024 (0.00010-0.00040) 0.007 (0.003-0.011)% 0.012 (0.005-0.021)%
Mixed Forest 44 27 9.8 5.9 1.9 42 0.024 (0.0085-0.045) 0.54 (0.19-1.0)% 0.89 (0.32-1.7)%
e Free-living 44 27 9.8 5.9 0.92 2.0 0.018 (0.0046-0.039) 0.42 (0.11-0.88)% 0.69 (0.17-1.5)%
o Symbiotic plants 44 27 9.8 5.9 0.90 2.0 0.0045 (0.0036-0.0054) 0.10 (0.082-0.12)%  0.17 (0.14-0.20)%
e Associative 44 27 9.8 5.9 0.05 0.11 0.00060 (0.00025-0.0010)  0.014 (0.006-0.023)% 0.023 (0.009-0.038)%
Savannas 31 17 11 6.3 17 6.1 0.19 (0.075-0.35) 0.61 (0.24-1.1)% 1.1 (0.43-2.0)%
e Free-living 31 17 11 6.3 6.7 2.4 0.13 (0.034-0.28) 0.43 (0.11-0.90)% 0.77 (0.19-1.6)%
e Symbiotic plants 31 17 11 6.3 9.4 34 0.047 (0.038-0.057) 0.15 (0.12-0.18)% 0.27 (0.22-0.32)%
e Associative 31 17 11 6.3 0.72 0.26 0.0086 (0.0036-0.014) 0.028 (0.012-0.046)% 0.050 (0.021-0.083)%
Shrublands 34 25 24 1.8 7.6 5.5 0.079 (0.035-0.14) 2.4 (1.04.1)% 3.2 (1.4-54)%
o Free-living 34 25 24 1.8 1.3 0.92 0.026 (0.0064-0.054) 0.76 (0.19-1.6)% 1.0 (0.26-2.2)%
o Symbiotic plants 34 25 24 1.8 32 23 0.016 (0.013-0.019) 0.47 (0.38-0.57)% 0.64 (0.51-0.76)%
e Associative 34 25 24 1.8 32 2.3 0.038 (0.016-0.063) 1.1 (0.47-1.9)% 1.5 (0.63-2.5)%
Natural Grasslands 13 7.8 5.6 34 16 7.0 0.21 (0.076-0.38) 1.6 (0.59-3.0)% 2.6 (0.97-4.9)%
e Free-living 13 7.8 5.6 34 5.8 2.5 0.12 (0.029-0.24) 0.90 (0.22-1.9)% 1.5 (0.37-3.1)%
o Symbiotic plants 13 7.8 5.6 34 4.9 2.1 0.025 (0.020-0.029) 0.19 (0.15-0.23)% 0.31 (0.25-0.38)%
o Associative 13 7.8 5.6 34 5.4 2.4 0.065 (0.027-0.11) 0.51 (0.21-0.84)% 0.83 (0.35-1.4)%
Barren 1.9 097 095 0.48 32 1.6 0.039 (0.016-0.066) 2.0 (0.83-3.5)% 4.0 (1.6-6.8)%
o Free-living 1.9 097 095 0.48 0.23 0.11 0.0046 (0.0012-0.0097) 0.24 (0.060-0.51)%  0.47 (0.12-0.99)%
e Symbiotic plants 1.9 097 095 0.48 0.19 0.095 0.0010 (0.0008-0.0011)  0.050 (0.040-0.060)% 0.098 (0.078-0.12)%
e Associative 1.9 097 095 0.48 2.8 1.4 0.033 (0.014-0.056) 1.8 (0.73-2.9)% 3.4 (1.4-5.7)%
Cultivated Pastures® 47 28 6.0 3.6 20 25 0.098 (0.078-0.12) 2.1 (1.7-2.5)% 3.5284.1)%
Croplands 12 6.3 9.4 4.8 36 27 0.22 (0.15-0.30) 1.7 (1.2-2.4)% 3.4 (2347%
o Free-living 12 6.3 9.4 4.8 2.3 1.7 0.046 (0.012-0.097) 0.37 (0.093-0.78)%  0.73 (0.18-1.5)%
e Symbiotic plants 12 6.3 9.4 4.8 34 26 0.17 (0.14-0.20) 1.4 (1.0-1.6)% 2.7 (2.1-3.2)%

“GPP, and NPP,

ecosys ecosys

from the relevant land area are listed for all rows even though they only come from autotrophs. Per area rates are averages across the natural

(non-agricultural) land area within each biome for all biomes except crops + crop/natural mosaic, which are averages across the (agricultural) land area in these biomes.
Data sources were Reis Ely et al. (2025a, 2025b, 2025¢) for BNF, Jung et al. (2020) for GPP, and Running and Zhao (2021) for NPP. ®Values shown outside parentheses
used the central C costs: 5, 12, and 20 g C per g N fixed for symbiotic plants, associative BNF, and free-living BNF, respectively (see Section 2 and Table S1 in
Supporting Information S1). Values shown inside parentheses show ranges of results from using the low (4, 5, and 5 g C per g N fixed) and high (6, 20, and 42 g C per g N
fixed) C costs for symbiotic plants, associative BNF, and free-living BNF, respectively. “Cultivated pastures only have data for symbiotic plants. Croplands are a
combination of the International Geosphere-Biosphere Programme (IGBP) biomes Croplands and Crop/Natural Mosaic (Friedl & Sulla-Menashe, 2019).
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:Z:)clfi:ns of Symbiotic Plant GPP,,,,,, and NPP,,,,, Invested in BNF, Split by Biome

GPP* NPP* GPP* NPP* BNF* BNF* % of GPP, ... % of NPP, ..
Biome PgCyr ! Mg C ha™! yr! TgNyr ! kg N ha™! yr™! % invested in BNF
Evergreen Needleleaf Forest 0.051 0.031 0.22 0.13 0.44 1.9 4.3 (3.5-5.2)% 7.1 (5.7-8.5)%
Evergreen Broadleaf Forest 3.3 1.5 2.7 1.3 8.0 6.6 1.2 (0.98-1.5)% 2.6 2.1-3.)%
Deciduous Broadleaf Forest 0.30 0.12 1.0 0.43 1.3 4.5 2.2 (1.7-2.6)% 5.3 (4.2-6.3)%
Mixed Forest 0.16 0.10 0.37 0.22 0.90 2.0 2.7 (2.2-3.3)% 45 (3.6-54)%
Savannas 2.7 1.5 0.99 0.53 9.4 34 1.7 (1.4-2.1)% 3.2 (2.6-3.9%
Shrublands 0.23 0.17 0.16 0.12 32 23 7.0 (5.6-8.4)% 9.5 (71.6-11)%
Natural Grasslands 0.93 0.57 0.41 0.25 49 2.1 2.6 (2.1-3.2)% 43 (3.5-52)%
Barren 0.010 0.0053 0.0052 0.0026 0.19 0.095 9.2 (714-11)% 18 (14-22)%
Cultivated Pastures 2.8 1.7 3.6 2.2 20 25 3.52.842)% 5.8 (4.6-6.9)%
Cropland 3.7 1.8 2.8 1.4 34 26 4.6 3.7-5.6)% 9.2 (14-11)%

BNF data were from Reis Ely et al. (2025a, 2025b, 2025¢). "Values shown outside parentheses used the central C costs: 5, 12, and 20 g C per g N fixed for symbiotic
plants, associative BNF, and free-living BNF, respectively (see Section 2 and Table S1 in Supporting Information S1). Values shown inside parentheses show ranges of
results from using the low (4, 5, and 5 g C per g N fixed) and high (6, 20, and 42 g C per g N fixed) C costs for symbiotic plants, associative BNF, and free-living BNF,

respectively.

larger fraction of NPP,, was invested in BNF at mid and high latitudes (Table 5 and Figure 3c). This pattern was
driven by shrubs and herbs, counteracting trees, which invested relatively more symbiotic N-fixing plant NPP in
BNF at lower latitudes (Table 5 and Figure 3c). Symbiotic plants invested relatively more of their own NPP in
BNF in less productive biomes (Figure 3d), similar to the ecosystem-level trend for all BNF (Figure 2¢) but unlike
the ecosystem-level trend for symbiotic BNF (Figure 2e). The reason the symbiosis-level (Figure 3d) and
ecosystem-level (Figure 2e) trends across productivity differ for symbiotic BNF is that symbiotic N-fixing plants
are relatively less abundant in low-productivity biomes, where biocrusts and mosses are relatively more common.

% of natural net primary productivity invested in biological N fixation
a All natural N fixers

Figure 1. Global maps of ecosystem-scale carbon investment in natural biological N fixation (BNF). The color of each grid cell shows the percentage of ecosystem-scale

net primary productivity (NPP,

ecosys.

) invested in (a) all natural BNF, (b) free-living BNF (in soil, leaf litter, and decomposing wood), (c) symbiotic BNF (trees, shrubs,

and natural herbs), and (d) associative BNF (biocrusts, mosses, and lichens). Numbers printed on each panel are the global values (Table 1). White grid cells have been
masked out because they are aquatic, agricultural, or have negligible NPP (e.g., ice-covered areas and parts of the Sahara Desert). The color scale is linear but truncated
for visibility (i.e., all values above 3 are shown as 3). All results in this figure used the central values of the C cost per unit N fixed (see Section 2, Table S1 in Supporting

Information S1).
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Figure 2. Ecosystem-scale carbon investment in BNF across terrestrial biomes, N-fixing niches, latitude, and productivity. Percentages of NPP, . invested in BNF are

shown across biomes (a) and latitude (b) separated by N-fixing niche, and across NPP, .  separated by biome and N-fixing niche grouping (c—f). Lichens are often so
small that they are invisible. Biome-level NPP . fluxes (Pg C yr~'; Table 3) are printed under each bar (a). Note that these are in different units than the per-area units
in panels (c—f). Biome (Friedl & Sulla-Menashe, 2019) abbreviations (a) are: Evergreen Needleleaf Forest (ENF), Evergreen Broadleaf Forest (EBF), and Deciduous
Broadleaf Forest (DBF). Bars to the left of the dashed line in panel (a) exclude agricultural biomes. The latitudinal display (b) omits agricultural biomes and latitudes for
which there are fewer than 107 ha of land. Trends across NPP,, are shown for (c) all N fixers, (d) free-living N fixers (in soil, leaf litter, and decomposing wood),
(e) symbiotic plants (trees, shrubs, and herbs), and (f) associative N fixers (biocrusts, mosses, and lichens). The green curves (c, f) or lines (d, e) show regression fits to
the natural biome values. Green Xs on the vertical axes show the global natural values (Table 1 and Figure 1). All results in this figure used the central values of the C

cost per unit N fixed (see Section 2 and Table S1 in Supporting Information S1).

3.3. C Investment in Agricultural BNF

A higher fraction of NPP,, was invested in BNF in agricultural biomes, 3.4%, than in natural biomes, 1.6%
(Table 1 and Figure 2a), with similar fractions in cultivated pastures (3.5%) and crops (3.4%; Table 3,
Figures 2b—2e, and Figure S5 in Supporting Information S1). The higher fractions in agricultural biomes were not
due to free-living N fixers, which invested a slightly lower fraction of NPP in BNF in agricultural biomes (0.73%)
versus in natural biomes (0.94%; Table 1), nor were they due to associative N fixers, for which we had no data in

agricultural biomes (resulting in values of 0% vs. 0.33% in agricultural vs. natural biomes; Table 1). In fact, given
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Figure 3. Investment of symbiotic N-fixing plants' own NPP (NPP, ) in BNF. The percentages are shown across (a) one degree grid cells, (b) biomes and N-fixing

niches, (c) latitude and N-fixing niches, and (d) NPP

ecosys+ Agricultural plants are not shown in panels (a, ). The difference between this figure and Figures 1 and 2 is

that the response variable in this figure is the fraction of productivity from symbiotic plants (NPP, ) invested in BNF, whereas Figures 1 and 2 shows the fraction of

productivity from all plants (NPP,

ecosys.

) invested in BNF. The differences between the growth-form-specific values in panels (b, ¢) and the values in Table 2 are due to

the fact that the values in panels (b, ¢) are fractions of total N-fixing plant NPP, whereas the values in Table 2 are fractions of N-fixing tree (or shrub or herb) NPP. The
value for Barren in panels (b, d) is less reliable than the other values due to the extremely low per-area rates of NPP,, and BNF in the Barren biome (Table 4), and thus
is not included in the regression in panel (d), although it would strengthen the trend.

that our estimates for litter BNF (a subset of free-living BNF) and associative BNF in agricultural systems were
0% due to a lack of data, the disparity in total investment in BNF between agricultural and natural biomes is likely
even greater than we reported.

Rather, the larger fractions we reported in agricultural biomes came from the 10X higher investment in BNF by
symbiotic plants (2.9% in agricultural biomes vs. 0.29% in natural biomes; Table 1). This large disparity primarily
reflected the higher abundance of symbiotic plants in agricultural systems due to intentional planting of legumes.
All symbiotic BNF in crops and cultivated pastures come from legumes, all of which (for crops) or many of which
(for cultivated pastures) were planted intentionally by humans. The secondary cause of higher investment in
symbiotic BNF in agricultural systems, particularly in crops, was a greater fraction of symbiotic plants' own C
(NPPy,,;,) allocated to BNF. N-fixing herbs in cultivated pastures and croplands invested 5.8% and 9.2% of their
NPP,..;, in BNF, respectively, compared to 4.3% in natural grasslands (Table 4 and Figures 3b, 3d). It was unclear
whether the approximately two-fold higher investment of NPP,, in BNF in crops resulted from humans
selecting for high BNF rates, greater resource availability (e.g., water, light, nutrients), or some other reason.

Including agricultural investment in BNF in the global total raised the fraction of NPP., invested in BNF from

1.6% in natural systems to 1.9% overall (Table 1 and Figure 2a). This 19% increase in C investment due to
agriculture is notable, but is far less than the near doubling of global BNF fluxes due to agriculture (65 Tg N yr™'
natural BNF vs. 120 Tg N yr™" total) (Reis Ely et al., 2025a). The reason that agricultural BNF does not double the
C investment in BNF is that nearly all agricultural BNF is symbiotic, which has a relatively low C cost, whereas
the relatively more expensive free-living and associative BNF account for over half of natural BNF (Reis Ely

et al., 2025a; Table 1).

The pioneering estimate of global energetic investment in BNF from the 1970s, 2.5% of GPP (Gut-
schick, 1978), included agriculture. Gutschick's estimate was 2.5X our central estimate for the global total (1.0%
of GPP, sy, corresponding to 1.9% of NPP,; Table 1). Our lower value reflects more robust estimates of both
BNF and GPP. Our BNF flux was lower than Gutschick's (120 vs. 140 Tg N yr™') but less weighted toward
symbiotic (68% vs. 80%). We also used a lower C cost per N fixed for associative BNF (12vs.20gC g N~L: Table

S1 in Supporting Information S1). However, these effects canceled out: the total C invested in BNF was 1.1 Pg

ecosys
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Table 5
Regressions for the Percentages of Ecosystem-Scale and Symbiotic Plant GPP and NPP Invested in BNF as Functions of the
Absolute Value of Latitude
Response variable® Equation® Adj. R? P value
% GPP, o5 siem invested in all natural BNF +0.016atitude + 0.56 0.39 <0.0001
% NPP,.osvsiem invested in all natural BNF +0.012%atitude + 1.4 0.13 <0.0001
® % GPP, o 5em invested in natural free-living BNF +0.012%atitude + 0.23 0.55 <0.0001
® % NPP, . cm invested in natural free-living BNF +0.011%atitude + 0.68 0.30 <0.0001
© % GPP o5y siem invested in natural soil BNF +0.012%atitude + 0.11 0.61 <0.0001
© % NPP, . sem invested in natural soil BNF +0.013%atitude + 0.40 0.42 <0.0001
© % GPPq oy siem invested in leaf litter BNF +0.0013"atitude + 0.031 0.50 <0.0001
© % NPP o giem invested in leaf litter BNF +0.00117atitude + 0.084 0.26 <0.0001
© % GPPy sy sem invested in decomposing wood BNF —0.0013"atitude + 0.095 0.46 <0.0001
© % NPP,_ . siem invested in decomposing wood BNF —0.0030atitude + 0.20 0.55 <0.0001
® % GPP, o em invested in natural symbiotic plant BNF +0.00089"1atitude + 0.14 0.05 0.0052
® % NPP,. . em invested in natural symbiotic plant BNF —0.00086"1atitude + 0.31 0.03 0.029
© % GPP o siem invested in tree BNF —0.0015"atitude + 0.10 0.68 <0.0001
© % NPP, o5 siem invested in tree BNF —0.0032"atitude + 0.20 0.74 <0.0001
o % GPP o siem invested in shrub BNF +0.0012%atitude + 0.0071 0.39 <0.0001
© % NPP¢ o ciem invested in shrub BNF +0.0013"atitude + 0.031 0.30 <0.0001
© % GPPosysiem invested in natural herb BNF +0.0012%atitude + 0.033 0.25 <0.0001
° % NPP,. s siem invested in natural herb BNF +0.0010atitude + 0.080 0.14 <0.0001
® % GPP,.. . em invested in associative BNF +0.0030%1atitude + 0.19 0.06 0.0025
® % NPP, . em invested in associative BNF +0.0024"atitude + 0.39 <0.01 0.15
© % GPP, o5y iem inVested in biocrust BNF —0.00090atitude + 0.26 <0.01 0.39
o % NPPg; o ciem invested in biocrust BNF —0.0026atitude + 0.48 <0.01 0.14
© % GPPo5ysiem invested in moss BNF +0.0039atitude — 0.072 0.41 <0.0001
° % NPP . qem invested in moss BNF +0.0050°atitude — 0.088 0.41 <0.0001
© % GPP sy siem invested in epiphytic lichen BNF +0.00002"1atitude + 0.0008 0.11 <0.0001
© % NPP, . siem invested in epiphytic lichen BNF +0.00001"1atitude + 0.0019 0.02 0.083
® % GPPy, 1055 invested in natural symbiotic plant BNF +0.053latitude + 0.96 0.67 <0.0001
® % NPP, . iosis invested in natural symbiotic plant BNF +0.049atitude + 2.8 0.48 <0.0001
© % GPPgy piosis invested in tree BNF —0.0094"atitude + 0.97 0.34 <0.0001
o % NPPy iosis invested in tree BNF —0.024%atitude + 2.0 0.48 <0.0001
o % GPPgy o5 invested in shrub BNF +0.029°atitude — 0.14 0.69 <0.0001
° % NPP 105 invested in shrub BNF +0.035%atitude + 0.010 0.66 <0.0001
° % GPPy 1055 invested in natural herb BNF +0.033atitude + 0.13 0.65 <0.0001
o % NPP, ios;s invested in natural herb BNF +0.038latitude + 0.64 0.61 <0.0001
“These equations use the central C costs: 5, 12, and 20 g C per g N fixed for symbiotic plants, associative BNF, and free-living
BNF, respectively (Table S1 in Supporting Information S1). "We weighted the datapoints by the land area in each degree of
latitude; unweighted regressions yielded similar results.
C yr~" in both our calculation (Table 1) and Gutschick's calculation (Gutschick, 1978). Therefore, the primary
reason for the difference was our higher GPP, . value (104 vs. 44 Pg C yr ).
The CLM4.0-FUN2.0 and ELM-FUN3.0 model-based estimates of C investment in BNF also included agri-
cultural BNF, though they only reported C investment in symbiotic BNF (Braghiere et al., 2022; Shi et al., 2016).
The global estimate from CLM4.0-FUN2.0, 0.40 Pg C yr~' (0.79% of NPP) spent on symbiotic BNF (Shi
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et al., 2016), was quite similar to our values of 0.41 Pg C yr~' and 0.71% of NPP spent on symbiotic BNF
(Table 1). However, according to our data, the majority of C investment in symbiotic BNF came from agricultural
N fixers (0.27 Pg C yr™ "), whereas in CLM, as in other terrestrial biosphere models, the large majority of BNF
came from natural symbiotic N fixers (Kou-Giesbrecht et al., 2025). In FUN, BNF is down-regulated when N
supply is high (Fisher et al., 2010), such as in heavily fertilized agricultural soils. Our results, along with other
papers using the same BNF data set (Kou-Giesbrecht et al., 2025; Reis Ely et al., 2025a, 2025b, 2025c¢), highlight
that planting legumes leads to high rates of BNF, which has a major impact on the global C and N cycles. The
ELM-FUN3.0 model had orders of magnitude lower overall C investment in symbiotic BNF (0.0008 Pg C yr™",
0.002% of NPP) (Braghiere et al., 2022). In ELM-FUN?3.0, which also includes the possibility of P limitation,
nearly all plant C allocated to N uptake is spent on direct root uptake and mycorrhizal uptake, and nearly all BNF
is nonsymbiotic (Braghiere et al., 2022).

3.4. Fraction of Plant N Acquisition From BNF

To address our final question, we divided BNF by plant N acquisition, for both ecosystem-scale N acquisition and
symbiotic plants' own N acquisition. We calculated plant N acquisition (at both scales) in each grid cell as the N
needed to support NPP—calculated from NPP; allocation to leaves, stems, coarse roots, and fine roots; and the C:
N ratio of each tissue—minus N resorption (Cleveland et al., 2013; see Section 2 for details). At the global scale,
BNF directly supplied 3.1% of ecosystem-scale N acquisition in natural biomes (Table 6 and Figures 4a, 4c). The
fraction was nearly an order of magnitude higher (26%) in agricultural biomes, raising the global total to 7.3% of
ecosystem-scale N acquisition (Table 6 and Figure 4c). The nearly 10X higher fraction in agricultural biomes was
driven by the same factors as the 10X higher relative C investment in symbiotic BNF: the high abundance of
legumes in agriculture and a 2-3X higher fraction of N fixers' own N acquisition from BNF (47% in cultivated
pastures and 75% in croplands vs. 24% in natural systems; Table 6). In general, the patterns of the fraction of plant
N acquisition from BNF across biomes, latitude, and productivity (Figure 4) were similar to the analogous
patterns of plant C investment in BNF (Figures 1-3).

The percent of ecosystem-scale N acquisition from BNF in natural biomes generated in our analysis was lower
than many model-based estimates. According to the values in Cleveland et al. (2013), 13% of ecosystem-scale N
acquisition came from BNF in natural biomes, fourfold greater than the value here (3.1%; Table 6), with
particularly large differences in savannas, deciduous broadleaf forest, and evergreen broadleaf forest (Table 6).
Studies using the terrestrial biosphere models LM3-SNAP (Sulman et al., 2019) and CLASSIC (Kou-Giesbrecht
& Arora, 2022) estimated that 5.0% (Sulman et al., 2019) and 3.2% (Kou-Giesbrecht & Arora, 2022) of natural
global ecosystem-scale N acquisition came from BNF, closer to the 3.1% in our results. Xu-Ri and Prentice (2017)
took a different approach, modeling the new nitrogen needed by plants after soil N supply runs out in the
terrestrial biosphere model DyN-LPJ. For natural, unpolluted systems, which were the focus of their study, this
new nitrogen comes mostly but not entirely from BNF. Their model estimated that 25%—-30% of global ecosystem-
scale N acquisition came from new nitrogen (Xu-Ri & Prentice, 2017), nearly an order of magnitude higher than
the 3.1% from BNF we report here for natural ecosystems. A study using CLM4.0-FUN2.0 (Shi et al., 2016)
estimated 6.7% of global N acquisition came from symbiotic BNF. Given that CLM4.0-FUN2.0 included agri-
culture, our comparable value (for all sources of BNF) is 7.3%, which is quite close. As above, though, we note
that in CLM, the fraction from BNF was lower in agriculture than in natural systems (Kou-Giesbrecht
et al., 2025), whereas in our data the fraction from BNF was much higher in agriculture (26%) than in natural
systems (3.1%). Braghiere et al. (2022), using ELM-FUN?3.0, reported nearly 0% of global N acquisition from
symbiotic BNF, including agriculture, well under our values for all systems (7.3%) and natural systems (3.1%).
All of these other studies used modeled estimates of symbiotic BNF, whereas our rates were based on BNF
measurements (Reis Ely et al., 2025a).

In addition to ecosystem-scale plant N acquisition, we also quantified the fraction of symbiotic N-fixing plants'
own N acquisition that came from BNF, which is conceptually analogous to isotopic measurements of %Ny,
(Shearer & Kohl, 1986), but at larger scales (grid cell, biome, and globe) than the individual plant-based mea-
surements of %N,. Globally, 24% of natural symbiotic plants' N acquisition came from BNF, with more at higher
latitudes and in biomes with lower N acquisition (Table 6 and Figures 4b, 4d, 4f, 4h). The results for the barren
biome were unreliable due to the extremely low symbiotic plant N acquisition and BNF fluxes (Table 6 and
Figures 4b, 4d). Symbiotic plants in cultivated pastures and croplands derived 47% and 75% of their N acquisition
from BNF, respectively, raising the global average from 24% for natural symbiotic plants to 40% for all symbiotic
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Table 6
Fractions of Plant N Acquisition Supplied by Symbiotic Plant BNF
N acquisition BNF* N acquisition BNF* % acquisition from BNF
Biome Tg N yr~! kg Nha ™' yr! This study Cleveland et al. (2013)
Total (ecosystem scale) 1127 82 88 6.4 7.3% N/A
e Natural (ecosystem scale) 925 28 87 2.7 3.1% 13%
o Evergreen Needleleaf Forest 13 0.44 55 1.9 3.5% 1.1%
o Evergreen Broadleaf Forest 289 8.0 241 6.6 2.8% 11%
o Deciduous Broadleaf Forest 33 1.3 115 45 3.9% 20%
o Mixed Forest 29 0.90 65 2.0 3.1% 4.6%
o Savanna 371 9.4 135 3.4 2.5% 24%
o Shrublands 43 3.1 31 23 7.4% 4.5%
o Natural Grasslands 128 49 56 2.1 3.8% 10%
o Barren 17 0.19 8.3 0.095 1.1% N/A
e Agricultural (ecosystem scale) 202 54 96 25 26% N/A
o Cultivated Pastures 47 20 60 25 42% N/A
o Croplands + Crop/Natural Mosaic 156 34 118 26 22% N/A
Total (symbiosis scale) 206 82 16 6.4 40%
e Natural (symbiosis scale) 119 28 11 2.7 24%
o Evergreen Needleleaf Forest 0.45 0.44 1.9 1.9 98%
o Evergreen Broadleaf Forest 49 8.0 41 6.6 16%
o Deciduous Broadleaf Forest 32 1.3 11 45 41%
o Mixed Forest 1.7 0.90 3.7 2.0 54%
o Savanna 46 9.4 17 34 20%
o Shrublands 43 32 3.1 23 74%
o Natural Grasslands 14 4.9 6.1 2.1 35%
o Barren” 0.14 019 0.068  0.095 140%"
o Agricultural (symbiosis scale) 87 54 41 25 61%
o Cultivated Pastures 42 20 54 25 47%
o Croplands + Crop/Natural Mosaic 45 34 34 26 75%

“BNF data were from Reis Ely et al. (2025a, 2025b, 2025c¢). %% of N acquisition from BNF is unreliable for the Barren biome
due to the extremely low symbiotic plant N acquisition and BNF fluxes.

plants. For comparison, field-based isotopic measurements of %Ny, for natural symbiotic herbs average
84%—89% in forested biomes and 52%—54% in other biomes (Reis Ely et al., 2025a). Field-derived averages from
agricultural legumes range across crop and country from 44% to 78% (Peoples et al., 2021; Reis Ely et al., 2025a).
Field-based %N, values from woody plants can range from 0% to nearly 100% within individual studies (Menge
et al., 2023a), but we are unaware of an estimate of the global average for woody plants, so it is difficult to
compare our results to other values in the literature. Isotopic estimates have well-established challenges (Shearer
& Kohl, 1986; Soper, Taylor, et al., 2021), so these values from the literature provide a comparison to our es-
timates rather than a validation.

4. Discussion

Our results highlight the importance of BNF in high latitude and low productivity regions of the world, consistent
with the view that higher latitudes are strongly N limited (Du et al., 2020). This is analogous to Engel's law in
economics, which shows that higher proportions of income (analogous to productivity) are spent on food
(analogous to BNF) when income (productivity) is lower (Chai & Moneta, 2010). At the ecosystem scale, this
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Figure 4. Percentages of plant N acquisition supplied by BNF. N acquisition is the new N (e.g., soil uptake or BNF) needed to support productivity. (a, b) Maps, (c, d)
biome-level distributions, (e, f) latitudinal distributions, and (g, h) trends across ecosystem-scale N acquisition are shown for the percentage of (a, c, e, g) ecosystem-
scale N acquisition and (b, d, f, h) symbiotic plant N acquisition from BNF. The color scale of (a) is linear but truncated. Only natural plants are shown in (a, b) and to the
left of the dashed vertical lines in (c, d). Numbers below bars show Tg N yr’l of (c) ecosystem-scale and (d) symbiotic plant N acquisition in each biome. The Barren
value in (d, h) extends above the scale, but is less reliable than the other values due to the extremely low per-area rates of symbiotic plant N acquisition and BNF
(Table 6), and thus is not included in regressions (g, h). Including the Barren values would weaken the regression in panel (g) and strengthen the regression in panel (h).
In panels (e, f), only latitudes with at least 107 ha of land area are shown. The panels are analogous to Figure 1c (a); Figure 3a (b); the combined blue patterns in Figure 2a
(c), Figure 3b (d), Figure 2b (e), Figure 3c (f); Figure 2e (g); and Figure 3d (h).

result likely reflects the effects of cold temperatures, aridity, low litter quality, incipient soil development, and
other factors that constrain decomposition, soil N mineralization, and soil N availability (Davidson & Jans-
sens, 2006; Liu et al., 2017), as well as the temporal asynchrony between N supply and N demand in many of these
systems, which can promote N losses (Augustine & McNaughton, 2004; Dijkstra et al., 2012; Khosh et al., 2017).
Relaxing our assumption that the C cost per N fixed is constant within each N-fixing niche would likely
strengthen this conclusion, given that BNF is more costly at low temperatures (Gutschick, 1982; Ruess
et al., 2013). Additional research into C cost values and how they vary is clearly needed.

The patterns we observed across different N-fixing niches add critical context to a long-standing question in
ecology: why, given the prevalence of N limitation outside the tropics, are N-fixing trees much rarer there than in
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tropical biomes (Menge, Batterman, Hedin, et al., 2017; Menge, Batterman, Liao, et al., 2017; Vitousek &
Howarth, 1991)? Our results confirm that N-fixing trees invest proportionally more C in BNF in the tropics,
consistent with the pattern observed for N-fixing tree abundance. However, our results show that other N-fixing
niches—shrubs, herbs, mosses, and soil—show the opposite latitudinal pattern, and that the strength of their
latitudinal trends outweighs the latitudinal trend in N-fixing trees. When all N-fixing niches are considered
collectively, larger fractions of ecosystem-scale and symbiotic N-fixing plant productivity are invested in BNF at
higher latitudes, as expected given the prevalence of N limitation, resolving the apparent paradox (Menge,
Batterman, Hedin, et al., 2017; Menge, Batterman, Liao, et al., 2017; Vitousek & Howarth, 1991). These findings
suggest the need to study why the dominant symbiotic N-fixing plants switch from trees to shrubs and herbs at
higher latitudes, and why the importance of associative BNF relative to symbiotic BNF increases at higher lat-
itudes and at lower productivity.

Our results also advance our understanding of the degree to which human modifications of the global N cycle
(Reis Ely et al., 2025a; Vitousek et al., 1997, 2013) affect the global C cycle (Jensen et al., 2012; Menegat
et al., 2022). The production and transportation of N fertilizers releases 0.13 Pg CO,-C yr~' (0.47 Pg CO, yrl
Menegat et al., 2022), accounting for 1.1% of anthropogenic CO, emissions (Friedlingstein et al., 2025). This
amount is notable, but our results suggest that CO, emissions from agricultural BNF are approximately twice as
high (assuming that most C invested in BNF is respired). Although the global N input flux from agricultural
legume BNF is approximately half the flux from synthesizing fertilizers (54 vs. 105 Tg N yr™') (Reis Ely
et al., 2025a), the higher C cost per N fixed for legume BNF compared to the Haber-Bosch process means that
agricultural legumes accounted for 0.27 Pg C yr™' (Table 1; cf. Jensen et al., 2012). Subtracting the BNF-related
CO, emissions that would have occurred naturally in regions that are now croplands and pasture lands (using the
per-area BNF rate of herbs in natural grasslands) lowers the anthropogenic contribution of agricultural legumes
only slightly, to 0.25 Pg C yr™", which is approximately twice the C flux from the production and transportation of
N fertilizers. We want to be clear that the comparison of CO, emissions stemming directly from agricultural BNF
versus the Haber-Bosch process, though intriguing, is only a small part of the overall environmental implications
of these N fixation processes. Importantly, legume-based BNF recycles recently photosynthesized C rather than
fossil C (Jensen et al., 2012) and has other environmental advantages over synthetic fertilizers, including stim-
ulating soil C storage and reducing N,O emissions (Crews & Peoples, 2005; Jensen et al., 2012; Menegat
et al., 2022). The full accounting of CO, and C-N interactions is complicated, but nonetheless, our results
emphasize that agricultural BNF plays a significant role in the global C cycle.

Finally, our results are valuable for terrestrial biosphere models, which have identified interactions between BNF
and C as an area in need of improvement (Davies-Barnard et al., 2020; Kou-Giesbrecht & Arora, 2022; Kou-
Giesbrecht et al., 2023, 2025; Meyerholt et al., 2020). One of the ways that terrestrial biosphere models incor-
porate BNF is by modeling BNF as a function of NPP (Kou-Giesbrecht et al., 2023, 2025). Some models assume
that the fraction of NPP allocated to BNF is constant, whereas others assume that the fraction of NPP allocated to
BNF declines with NPP (Kou-Giesbrecht et al., 2023). We show that, at the biome scale, the fraction of
ecosystem-scale NPP allocated to BNF is constant for symbiotic and free-living BNF but declines with pro-
ductivity for associative BNF and total BNF. Furthermore, we show exactly how the fraction of NPP allocated to
BNF varies across space (latitude and grid cells), biomes, and N-fixing niches. Given the starkly different patterns
we observed between N-fixing niches, and given that the controls on BNF differ across N-fixing niches
(Cleveland et al., 2022; Menge & Hedin, 2009; Reed et al., 2008), it is a promising sign that some terrestrial
biosphere models are starting to distinguish between symbiotic BNF and free-living BNF (e.g., Kou-Giesbrecht
et al., 2023). Whereas some models represent BNF as a function of NPP, other models allow C investment in
symbiotic BNF to vary as a function of the relative costs of BNF versus soil N acquisition (Braghiere et al., 2022;
Fisher et al., 2010; Kou-Giesbrecht et al., 2023, 2025; Shi et al., 2016). These models show that flexible C in-
vestment in BNF can overcome N limitation to CO, fertilization (Kou-Giesbrecht & Arora, 2022; Sulman
et al., 2019), but they produce remarkably high C investment in BNF at elevated CO, (Kou-Giesbrecht
et al., 2025), and they rarely distinguish between different N-fixing niches (but see Braghiere et al., 2022; Kou-
Giesbrecht & Arora, 2022; Kou-Giesbrecht et al., 2023). Our results provide benchmarks for C investment in
BNF, both overall and across N-fixing niches. Given that our results directly address current challenges in
modeling BNF and C-N interactions, they provide opportunities to refine future projections of climate change.
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Figure S1. Global maps of GPPecosys, NPPecosysy GPPsymb, and NPPgymp in natural biomes.
These data were used to calculate the values in Figs. 1-3, Figs. S2-S5, and Tables 1-6.
Ecosystem-scale natural (a) GPP (GPPecosys) (Jung et al., 2020) and (b) NPP (NPPecosys) (Running
& Zhao, 2021) are shown along with (¢) GPPsymb and (d) NPPgymp, which are the C fluxes
associated with productivity from symbiotic N-fixing plants (symbiotic trees, shrubs, and herbs

combined) in natural biomes. Numbers printed on panels are global annual fluxes.
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Figure S2. Global maps of BNF and ecosystem-scale C investment in BNF by symbiotic
trees, shrubs, and natural herbs.

The color of each grid cell shows BNF from symbiotic (a) trees, (c) shrubs, and (e) natural herbs;
and the percentage of the grid cell’s NPPecosys invested in BNF from (b) trees, (d) shrubs, and (f)
natural herbs. Numbers printed on each panel are the global totals. White grid cells are biomes
that have been masked out because they are agricultural or have no data. Color scales are linear

but truncated. BNF data are from Reis Ely et al. (2025).
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Figure S3. Global maps of BNF and ecosystem-scale C investment in BNF by biocrusts,
mosses, and epiphytic lichens. Details as in Fig. S2 except that data are for biocrusts, mosses,
and lichens instead of symbiotic trees, shrubs, and natural herbs. BNF data are from Reis Ely et

al. (2025).
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Figure S4. Global maps of BNF and ecosystem-scale C investment in BNF in soils, leaf
litter, and decomposing wood in natural biomes. Details as in Fig. S2 except that data are for
soils, leaf litter, and decomposing wood instead of symbiotic trees, shrubs, and herbs. BNF data

are from Reis Ely et al. (2025).
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Figure S5. Global maps of BNF and ecosystem-scale C investment in BNF by leguminous
herbs in crops and cultivated pastures. Details as in Fig. S2 except that the data are for
agricultural instead of natural BNF and NPPccosys, and that the BNF data are for herbs in crops
and cultivated pastures instead of symbiotic trees, shrubs, and natural herbs. BNF data are from

Reis Ely et al. (2025).



91 Table S1: Carbon cost per unit nitrogen fixed used in this work.

Group Central value Low value High value  Gutschick value”
(gCgN) (gCgN") (gCgN') (gCgNT)

Plant symbioses 5 4 6 4.8

Associative BNF 12 5 20 20

Free-living BNF 20 5 42 20

92  "Used by Gutschick (1978).



93  Table S2: Assumptions about the percentages of GPPecosystem and NPPecosystem from each

94  plant growth form in each biome.

Biome % from trees % from shrubs % from herbs
Evergreen Needleleaf Forest 90 5 5
Deciduous Needleleaf Forest 90 5 5
Evergreen Broadleaf Forest 90 5 5
Deciduous Broadleaf Forest 90 5 5
Mixed Forest 90 5 5
Savannas 30 20 50
Shrublands 15 80 5
Natural Grasslands 0 0 100
Cultivated Pastures 0 0 100
Barren 0 75 5

95



96  Table S3: Fractions of GPPsympiosis and NPPgympiosis invested in BNF from field-grown and

97  greenhouse-grown plants.

Location and species” Symbiotic type Growth form % of GPPsymbiosis* % of NPPsymbiosis* %Nafa
Units (N fixers) % invested in BNF

Field-grown trees

e Robinia pseudoacacia Rhizobial Tree 4.6 (3.7-5.5)% 92 (7.4-11)% 90%
o Gliricidia sepium’ Rhizobial Tree 3.6 (2.9-4.3)% 7.2 (5.8-8.6)% 78%
o  Acacia koa' Rhizobial Tree 2.1 (1.7-2.6)% 43 (34-51)% 50%
o Alnus rubra Actinorhizal Tree 2.5 (2.0-3.00% 5.1 (4.1-6.1)% 97%
o Casuarina equisetifolia® Actinorhizal Tree 22 (1.82.7% 44 (3.5-53)% 87%
o Morella faya' Actinorhizal Tree 1.5 (1.2-1.8)% 29 (2.4-3.5% 56%
Barnard greenhouse seedlings Rhizobial Tree 1.8 (1.4-2.2)% 3.6 (2.94.3)% 28%
e Acacia farnesiana Rhizobial Tree 1.5 (1.2-1.7% 29 (2.3-3.5% 28%
o  Acacia koa Rhizobial Tree 1.5 (1.2-1.8)% 3.0 24-3.71% 24%
o Albizia julibrissin Rhizobial Tree 0.71 (0.57-0.85)% 1.4 (1.1-1.7% 11%
e Enterolobium cyclocarpum  Rhizobial Tree 24 (1.92.9% 49 (3.9-5.8)% 40%
o Gliricidia sepium Rhizobial Tree 2.6 (2.1-3.1)% 52 (4.2-6.2)% 42%
o Leucaena leucocephala Rhizobial Tree 0.46 (0.37-0.55)% 0.92 (0.73-1.1)% 9.1%
e Robinia pseudoacacia Rhizobial Tree 3.2 (2.5-3.8)% 6.4 (5.1-7.6)% 46%
o Sophora chrysophylla Rhizobial Tree 0.67 (0.54-0.80)% 1.3 (1.1-1.6)% 14%
UC Davis greenhouse seedlings ~ Mixed Mixed 39 (3.14.% 7.9 (6.3-9.4)% 59%
e Acacia farnesiana Rhizobial Tree 49 (3.9-5.9)% 9.8 (7.8-12)% 80%
e  Acacia koa Rhizobial Tree 52 (4.2-6.3)% 10 (8.4-13)% 78%
o Gliricidia sepium Rhizobial Tree 7.4 (6.0-8.9% 15 (12-18)% 92%
e Robinia pseudoacacia Rhizobial Tree 7.9 (6.3-9.5% 16  (13-19% 86%
o Alnus acuminata Actinorhizal Tree 39 (3.14.% 7.8 (6.2-9.4)% 80%
o Alnus rubra Actinorhizal Tree 24 (1.9-2.9% 49 (3.9-5.8)% 52%



98

99
100
101
102
103
104
105
106
107
108

o Casuarina equisetifolia Actinorhizal Tree 24 (1.92.9% 49 (3.9-5.8)% 56%
o FElaeagnus angustifolia Actinorhizal Tree 1.7 (1.4-2.1)% 3.5 (2.84.2)% 14%
o Morella cerifera Actinorhizal Tree 42 (3.4-5.00% 8.4 (6.7-10)% 77%
e Morella faya Actinorhizal Tree 2.6 (2.1-3.D)% 52 (4.1-6.2)% 57%
e  Glycine max (soybean) Rhizobial Herb (crop) 24 (1.9-2.9% 4.8 (3.8-5.8)% 36%
Stanford greenhouse seedlings

o Astragalus douglasii Rhizobial Herb 33 (2.6-3.99% 6.5 (5.2-7.8)% 50%
o Trifolium hirtum Rhizobial Herb 4.0 (3.2-4.8)% 8.0 (6.4-9.6)% 78%
o Vicia americana Rhizobial Herb 7.7 (6.2-9.3)% 15 (12-19% 93%
e Vicia sativa Rhizobial Herb 7.0 (5.6-8.5)% 14 (11-17% 90%
Chapman greenhouse seedlings

e Medicago polymorpha Rhizobial Herb 1.6 (1.3-1.9)% 3.1 (2.5-3.8)% 27%
o Melilotus officinalis Rhizobial Herb 1.3 (1.0-1.5% 2.5 (2.0-3.00% 23%
o Trifolium repens Rhizobial Herb 0.35 (0.28-0.42)% 0.69 (0.55-0.83)% 6.8%
o Trifolium willdenovii Rhizobial Herb 1.1 (0.87-1.3)% 22 (1.7-2.6)% 17%

*Field-grown plants only include control treatments. Field-grown plants were planted in open fields in New York
(Robinia), Oregon (Alnus), and Hawaii (Gliricidia, Casuarina, Acacia, and Morella), and harvested 4-5 years after

planting. All greenhouse data include multiple fertilization treatments, ranging from low N and P to high N and P.

Data sources are Menge et al. (2015, 2023, 2024) and Carreras Pereira et al. (2023).

TGPPsymbiosis, NPPsymbiosis, and BNF for field-grown plants in Hawaii only represent aboveground tissues.

*Values shown outside parentheses use the central C costs: 5, 12, and 20 g C per g N fixed for symbiotic plants,

associative BNF, and free-living BNF, respectively. Values shown inside parentheses show ranges of results from
using the low (4, 5, and 5 g C per g N fixed) and high (6, 20, and 42 g C per g N fixed) C costs for symbiotic plants,

associative BNF, and free-living BNF, respectively.
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