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I n tr o d u cti o n 

S y m bi oti c  nitr o g e n  fi x ati o n ( S N F) —t h e ass o ci ati o n  b et w e e n  
s o m e  v as c ul ar  pl a nts  a n d  nitr o g e n  ( N)-fi xi n g b a ct eri a  t h at 
c o n v erts  N 2  g a s  i nt o bi o a v ail a bl e  N —r e pr es e nts  t h e pri m ar y  
s o ur c e  of  N  i n m a n y  f or ests a n d  h as  i m p ort a nt i m p a cts o n  
i n di vi d u al, c o m m u nit y a n d  e c os yst e m  N  d y n a mi cs  (Cl e v el a n d  
et  al.  1 9 9 9 , Vit o us e k  et  al.  2 0 1 3 , D a vi es- B ar n ar d  a n d  
Fri e dli n gst ei n  2 0 2 0 ). T h o us a n ds  of  s p e ci es  of  tr e es a n d  
s hr u bs  o c c u p yi n g  a  wi d e  r a n g e  of  e c ol o gi c al  ni c h es  c a n  
e n g a g e  i n S N F  (B o x  1 , T a bl e  1 ), pr o vi di n g  criti c al  N  i n p uts 
i nt o f or ests a n d  s a v a n n as  w h er e  t h e y o c c ur.  Yet,  i n m a n y  
of  t h es e e c os yst e ms,  t h e m ost  n ot a bl e  p att er n  of  N-fi xi n g  
tr e es is t h eir r el ati v e  a bs e n c e,  r aisi n g  q u esti o ns  of  w h y  N-
fi xi n g tr e es a n d  s hr u bs  ar e  n ot  m or e  a b u n d a nt  ( p arti c ul arl y 
i n N-li mit e d  e c os yst e ms)  a n d  w h y  t h eir S N F  a cti vit y  oft e n  
d o es  n ot  r eli e v e  N  li mit ati o n (Vit o us e k  a n d  H o w art h  1 9 9 1 , 
M e n g e  et  al.  2 0 1 7 a ). T h es e  q u esti o ns  u n d er pi n  l o n g-st a n di n g 
p ar a d o x es i n t h e lit er at ur e o n S N F i n f or est e c os yst e ms (H e di n  
et  al.  2 0 0 9 , R e e d  2 0 1 7 ) t h at c a n  o nl y  b e  r es ol v e d  t hr o u g h a  
c o m pr e h e nsi v e  u n d erst a n di n g  of  t h e p att er ns  a n d  r e g ul at ors  
of  tr e e S N F  at  s c al es  r a n gi n g  fr o m m ol e c ul ar  t o e c os yst e m.  
T h e  g o al  of  t his s y nt h esis  is t o pr o gr ess  t o w ar d j ust s u c h  a n  
u n d erst a n di n g.  

B o x  1  A s si g ni n g  nitr o g e n  fi x ati o n  st at u s  t o pl a nt  s p e ci e s  

W hi c h pl a nt s p e ci es h a v e t h e c a p a cit y t o f or m n o d ul ati n g,  
nitr o g e n-fi xi n g  s y m bi os es ?  T his  c o n c e pt u all y  str ai g ht-
f or w ar d q u esti o n  is n ot ori o usl y  c h all e n gi n g  t o a ns w er  
b e c a us e  (i) t h e list of  pl a nt  s p e ci es  wit h  t h e g e n eti c  c a p a c-
it y t o e n g a g e i n S N F is l ar g e ( e. g., Wer n er et al. 2 0 1 4 ), a n d 

(ii) c o nfir mi n g  t h e n o d ul ati o n  c a p a cit y  of  a  s p e ci es  c a n  
b e  hi g hl y  s us c e pti bl e  t o f als e n e g ati v es.  T h at  is, s a m pli n g  
a n  i n di vi d u al of  a  s p e ci es  a n d  fi n di n g n o  nitr o g e n-fi xi n g  
n o d ul es  d o es  n ot  g u ar a nt e e  t h at t h e s p e ci es  its elf l a c ks 
t h e c a p a cit y  t o f or m n o d ul es.  T h e  c urr e nt  a p pr o a c h  t o 
t his c h all e n g e  h as  b e e n  t o est a blis h  a n d  r efi n e  lists of  
c o nfir m e d  n o d ul ati n g  s p e ci es, b ut  d u e  t o t h e iss u e of  f als e 
n e g ati v es,  t h es e lists ar e  u n d erst o o d  t o b e  u n d er esti m at es  
of  t h e tr u e n u m b er  of  n o d ul ati n g  nitr o g e n-fi xi n g  pl a nt  
s p e ci es.  A p p e n di x  1  pr es e nts  a  c o n c at e n ati o n  of  s e v er al  
s p e ci es-l e v el  lists of  c o nfir m e d  N  fi x ers, i n cl u di n g > 7 0 0 0  
s p e ci es a cr oss 1 4 f a mili es ( T a bl e  1 ).  W hil e t h e  T R Y gl o b al 
pl a nt  tr ait d at a b as e  (K att g e  et  al.  2 0 1 9 ) pr o vi d es  d at a  o n  
N  fi x ati o n c a p a cit y  (listi n g 8 8 7 7  N-fi xi n g  s p e ci es),  t his 
list c urr e ntl y  i n cl u d es m a n y  n o n- n o d ul ati n g  s p e ci es  ( e. g., 
s e v er al  A c er  s p e ci es)  a n d  s o s h o ul d  b e  a p pr o a c h e d  wit h  
c a uti o n.  T h e  list i n A p p e n di x  1  als o  pr o vi d es  i nf or m a-
ti o n o n  t h e d o mi n a nt  gr o wt h  h a bit  f or > 4 5 0 0  s p e ci es,  
i n cl u di n g 2 8 5 8  tr e e a n d  s hr u b  N  fi x ers. W hil e  t his list 
a n d  ot h ers  pr o vi d e  i nf or m ati o n o n  c o nfir m e d  N  fi x ers, 
t h er e ar e  > 1 9, 0 0 0  l e g u m e s p e ci es  a n d  1 2, 0 0 0  s p e ci es  i n 
t h e or d ers  t h at c o nt ai n  a cti n or hi z al  fi x ers (Ar dl e y  a n d  
S pr e nt  2 0 2 1 ), hi g hli g hti n g  t h at t h es e lists ar e  r el ati v el y  
s m all  s u bs ets  of  t h e p ot e nti al  list of  a ct u al  n o d ul ati n g  
N  fi x ers. Ot h er  a p pr o a c h es  of  usi n g  g e n us-l e v el  tr e n ds 
i n n o d ul ati o n  ( e. g., M e n g e,  B att er m a n,  Li a o  et  al.  2 0 1 7 ) 
or  f oli ar N  c o n c e ntr ati o n  d at a  as  a n  i n di c at or of  S N F  
c a p a cit y  (D o b y  et  al.  2 0 2 4 ) all o w  r es e ar c h ers  t o esti m at e  
t h e N-fi x ati o n  c a p a cit y  of  t h e m a n y  li k el y, b ut  as  y et  
u n c o nfir m e d,  N  fi x ers.
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Table 1. Number of genera with confirmed N-fixing species and the 
number of confirmed N-fixing species in each family listed in Appendix 1. 
Species in the Fabaceae and one genus (Parasponia) in the Cannabaceae 
form nodules with rhizobia bacteria. All other species form nodules with 
Frankia. 

Family Genera containing 
N-fixers 

Confirmed N-fixing 
species 

Betulaceae 1 25 
Cannabaceae 4 10 
Casuarinaceae 3 15 
Coriariaceae 1 12 
Elaeagnaceae 3 14 
Fabaceae 664 4263 
Lembophyllaceae 2 1 
Myricaceae 3 12 
Nelumbonaceae 1 1 
Rhamnaceae 4 31 
Rosaceae 3 8 
Rubiaceae 1 1 
Urticaceae 1 1 
Zygophyllaceae 4 7 

The process of SNF relies on a fundamental resource 
exchange between the plant host and bacterial symbiont. 
Bacteria housed inside specialized plant structures called 
nodules convert N2 gas into ammonia (NH3), which the 
host plant takes up and uses as a N source for a wide suite 
of biological functions. In exchange for this N source, the 
plant provides a stable low-oxygen growth environment 
within the nodule and a labile carbohydrate energy source 
(derived from photosynthates) to the bacteria ( Mylona et al. 
1995). For the plant host, SNF can represent a critical N 
source, supplementing N uptake from the soil to meet plant 
N demands. For the bacteria, while they can survive in a 
free-living state in the bulk soil, the conditions within a host 
nodule allow the bacteria to divide and differentiate into 
reproductive cells that serve as the primary mode for bacterial 
population growth, which are eventually released back into 
the soil following nodule senescence (Oono et al. 2009, 
Denison and Kiers 2011, Komatsu and Simms 2020). Thus, 
this partnership facilitates the primary mode of reproduction 
for the bacteria and provides one of the most important 
elements (N) supporting biological function in the plant. 
In trees and shrubs, two broad groups of plant–bacterial 

partnerships engage in SNF. Rhizobial SNF is carried out 
primarily by plants in the Fabaceae family that partner with 
rhizobia N-fixing bacteria, while actinorhizal SNF is con-
ducted by various plant species in the Rosid I clade that 
partner with N-fixing bacteria in the genus Frankia. Rhizobial 
N fixers are by far the more prolific group, both in species 
richness of plant hosts (as many as 17,000 legume species 
may engage in SNF vs 230 actinorhizal N-fixing species) and 
global abundance (Ardley and Sprent 2021, Tamme et al. 
2021). These two partnerships share the same basic resource 
exchange described above but differ markedly in their ecology 
and biogeographic patterns. 
Ecologically, actinorhizal N fixers are almost exclusively 

trees and shrubs, while rhizobial N fixers also contain many 
vine and herbaceous species (Appendix 1). Historically, these 
two groups were also thought to differ in their SNF strate-
gies. The paradigm through much of the late 20th century 
posited that actinorhizal N fixers exhibit an ‘obligate’ SNF 

strategy where the plant fixes N at relatively constant rates 
per unit plant biomass regardless of environmental N avail-
ability (Binkley et al. 1992). Alternatively, rhizobial N fixers 
were assumed to have a ‘facultative’ SNF strategy, where the 
plant actively regulates SNF rates based on environmental 
conditions—again, often viewed as environmental N avail-
ability (Menge et al. 2009, Barron et al. 2011, Bauters et al. 
2016). Recently, this obligate–facultative dichotomy has been 
increasingly viewed as a spectrum of SNF regulation ability, 
with evidence that at least some actinorhizal N fixers can 
actively regulate SNF in response to environmental conditions 
such as temperature (Bytnerowicz et al. 2022) and soil N avail-
ability (Menge et al. 2023), and rhizobial N fixers can exhibit 
a range of SNF regulation abilities (Menge et al. 2015, 2023). 
The following review seeks to synthesize current knowledge 

on the ecological role of woody symbiotic N-fixing plants in 
forest and savanna ecosystems. This includes discussing the 
broad phylogenetic and biogeographic patterns of woody N 
fixers, the ecological factors that regulate their abundances 
and SNF rates, the ecological impacts that N fixers have on 
forest and savanna ecosystems and the current understanding 
of how woody SNF is likely to respond to global change. 
A set of priorities for future research on woody SNF is 
then presented with the hope of guiding further discovery on 
woody SNF in the coming decades. 

Phylogenetic and biogeographic patterns of 
N-fixing trees and shrubs 
Important work over the past two decades has continued 
to clarify the evolutionary history of N-fixing angiosperms 
and the emergence and loss of the N-fixing trait. All N-
fixing angiosperms belong to one of four orders (Cucurbitales, 
Fabales, Fagales and Rosales) in the Rosid I clade (Doyle 
2011, Soltis et al. 1995). How many times the N-fixing 
trait has arisen within this clade, however, remains actively 
debated. Currently, the most commonly held view is that a 
single, cryptic, evolutionary precursor evolved in this clade 
> 100 MYA, creating the genetic capacity for nodulating 
symbioses (Werner et al. 2014, Kates et al. 2024). Within 
this framework, estimates for the number of independent 
gains and losses of nodulating N-fixing symbioses vary, but 
are commonly estimated at 8–16 independent gains and 10 
independent losses (Werner et al. 2014,Kates et al. 2024),with 
all of the losses of nodulating SNF happening in the legume– 
rhizobia symbiosis (Kates et al. 2024).Within the actinorhizal 
N fixers, there is consensus that nodulating symbioses have 
evolved nine independent times (Kates et al. 2024), which Li 
et al. (2015) suggest were evolutionary gains associated with 
geologic time periods of warm temperatures and high CO2 
concentrations.However, an alternative view is that the actual 
trait of nodulating SNF arose only once (negating the need 
for a cryptic evolutionary precursor to explain the monophyly 
of SNF within the Rosid I) and has undergone parallel losses 
creating the nonfixing groups within the Rosid I clade (van 
Velzen et al. 2019). Continued improvement of phylogenomic 
data and the fossil record holds promise for resolving the 
evolutionary origins of SNF in coming decades. 
Within the dominant N-fixing family, Fabaceae (legumes), 

recent molecular data has revised the historical three sub-
families (Caesalpinioideae, Mimosoideae and Papilionoideae) 
into six distinct subfamilies (a revised Caesalpinioideae,
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Cercidoideae, Detarioideae, Dialioideae, Duparquetioideae 
and revised Papilionoideae), with the previous subfamily 
Mimosoideae now occupying a distinct group within the 
Caesalpinioideae (Legume Phylogeny Working Group and 
Hughes 2017). Whereas each of the three historic subfamilies 
contained a mix of N-fixing and nonfixing species, four of the 
new subfamilies (Cercidoideae, Detarioideae, Dialioideae and 
Duparquetioideae) are entirely nonfixing, with the revised 
Caesalpinioideae and Papilionoideae containing both fixing 
and nonfixing clades (Sprent et al. 2017). These major 
shifts in legume phylogeny are largely due to shifting the 
phylogeny from one based on floral characteristics to one 
based on chloroplast genes, but additional characteristics 
such as nodule structure and infection process are important 
tools for resolving several revised subfamilies (Sprent et al. 
2017). 
The biogeographic patterns of N-fixing trees and shrubs 

have received substantial attention for their importance in 
understanding both the ecology and the evolutionary his-
tory of SNF in forests and savannas. Much of this work 
focuses on the dramatic decline in N-fixing tree relative abun-
dance moving poleward from the equator (Menge et al. 2014, 
Steidinger et al. 2019) (but see Adams et al. 2010). Woody N 
fixers are much more diverse in tropical forests than at high 
latitudes (Tamme et al. 2021), which was originally invoked 
as a potential explanation for declining abundances moving 
poleward. However, revisions to legume biogeographic his-
tory suggest this clade originated in high-latitude Laurasia, 
dispersing southward to tropical latitudes and subsequently 
diversifying (Doyle and Luckow 2003, Schrire et al. 2005), 
suggesting sufficient evolutionary time to diversify in high-
latitude forests if this were ecologically beneficial. Indeed, 
Menge and Crews (2016) evaluated several hypotheses for 
evolutionary constraints to the diversification of N-fixing 
trees at high latitudes and found that the evolutionary oppor-
tunity has existed for many more N-fixing tree species to 
evolve at high latitudes than currently exist, suggesting ecolog-
ical constraints largely drive low N-fixer abundances near the 
poles. This was later corroborated by analyses showing that 
while N-fixing trees are less abundant at high latitudes, they 
do not make up a smaller proportion of the total tree species 
pool in high-latitude forests than in the tropics (Menge et al. 
2017b). 
One of the most distinct ways that phylogenetic and bio-

geographic patterns interact in N-fixing trees is the latitudinal 
shift from rhizobial N-fixing trees dominating tropical lati-
tudes (ter Steege et al. 2006) to actinorhizal N-fixing species 
dominating higher-latitude forests (Menge et al. 2014, Tamme 
et al. 2021). While previous theoretical work suggested the 
purported difference in the ability to regulate SNF (the idea 
that rhizobial N fixers have the ability to facultatively regulate 
SNF while actinorhizal N fixers obligately fix N at con-
stant rates) could drive this latitudinal tradeoff in dominant 
taxa (Menge et al. 2009, Sheffer et al. 2015), more recent 
experimental work shows similar abilities of temperate and 
tropical rhizobial and actinorhizal N fixers to regulate SNF 
(Menge et al. 2023), suggesting that some other characteris-
tic(s) of actinorhizal N fixers explain their relative dominance 
at high latitudes. While not the focus of this review, it is also 
important to note that many nonwoody rhizobial N-fixing 
species are abundant at latitudes as high as the Arctic circle 
(Sprent et al. 2013, Sprent et al. 2017), underscoring the fact 

that the trait of SNF itself can be successful in high-latitude 
ecosystems. 
The overall lack of support for evolutionary/phylogenetic 

explanations for the latitudinal pattern of N-fixing trees 
strongly suggests that ecological forces such as climate and soil 
nutrients drive the latitudinal decline in N-fixer abundances 
and the shift in dominance from rhizobial N fixers in the 
tropics to actinorhizal N fixers in temperate and boreal 
forests (Houlton et al. 2008, Sheffer et al. 2015, Menge et al. 
2017a, Steidinger et al. 2019). These ecological controls are 
described in detail below. Importantly, the vast majority of 
data supporting these biogeographic patterns comes from the 
Americas (Menge et al. 2014, Steidinger et al. 2019), and 
latitudinal patterns do not seem to be as strong in the African 
and Asian tropics (Adams et al. 2010, Menge et al. 2019), but 
many more data are needed in these regions. Moreover, while 
the presence of many common actinorhizal N fixers (e.g., in 
the genus Alnus) in high-latitude Eurasia suggests that the 
latitudinal shift from rhizobial to actinorhizal N fixers is a 
global phenomenon, these patterns have never been formally 
assessed outside of the Americas. 

Ecological controls of N-fixer abundance and 
SNF rates 
Given the importance of SNF to the terrestrial N cycle, under-
standing the factors that regulate SNF is critical for model-
ing current N cycling and how it will shift under changing 
environmental conditions. Nitrogen inputs into ecosystems 
through SNF are the product of individual SNF rates and 
the abundance of N fixers across the landscape (Menge et al. 
2017a), and these two components of SNF patterns can 
respond separately to ecological factors (Figure 1). That is, 
first principles would suggest that ecological conditions that 
maximize SNF rates of an individual plant should also be 
conditions that make N fixers relatively abundant in plant 
communities, but this assumption is often not borne out in 
nature (e.g., Vitousek and Howarth 1991). In many cases, 
N fixers exhibit high SNF rates (suggesting the SNF trait 
is advantageous) but are rare across the landscape (suggest-
ing a separate control on their abundances), while in other 
cases, putative N fixers can be quite common but rarely 
engage in SNF (Menge et al. 2017a). This common discon-
nect between SNF rates and N-fixer abundances highlights 
the often-separate regulation of SNF at the individual and 
community scales. 
Potential explanations for how SNF might be regulated 

differently at the individual and community scales include: (i) 
individual SNF being imperfectly regulated to match plant N 
demand such that SNF rates remain high when SNF is not 
advantageous for the plant (Menge et al. 2008); (ii) traits 
common to N fixers that are not directly tied to SNF (Adams 
et al. 2016, Gei et al. 2018, Bytnerowicz et al. 2022; Box 2, 
Figure 2) creating competitive advantages or disadvantages 
under certain conditions and/or; (iii) N-fixing bacteria induc-
ing over- or under-fixation in plants creating a mismatch 
between actual SNF rates and those optimal for N-fixing 
plants (e.g., Taylor and Komatsu 2024). Given the complexity 
of SNF regulation, the following discussion of ecological 
controls on SNF is structured around key concepts of the costs 
and benefits of SNF for individual N fixers, abiotic regulators 
of SNF and biotic regulators of SNF.
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Figure 1. Environmental controls of forest symbiotic N fixation (SNF). SNF can be regulated by abiotic factors such as temperature, water, light, 
atmospheric CO2, soil N and soil P. Biotic regulators of SNF include the identity and diversity of N-fixing bacteria, the identity of the N-fixing plant, 
herbivory of N fixers and competition with nonfixing plants. Both abiotic and biotic regulators can influence the SNF rates of individual N fixers and the 
relative abundances of N-fixing (red trees in bottom center) versus nonfixing (blue trees in bottom center) trees. 

Box 2 Unique traits of nitrogen-fixing plants 
While the capacity to fix N is the hallmark trait of 
nitrogen-fixing plant species, there is growing interest 
in the many physical and physiological ways that N-
fixing plants differ systematically from nonfixing plants. 
Leaf N concentrations are higher, on average, in N fixers 
than in nonfixers (Fyllas et al. 2009, Adams et al. 2016, 
Bytnerowicz et al. 2023), which leads to other physiologi-
cal differences such as higher water use efficiency (Adams 
et al. 2016, Bytnerowicz et al. 2023). This led Adams 
et al. (2016) to argue that legumes (the dominant N-
fixing family) are fundamentally different physiologically 
than non-legumes. Subsequent re-analysis of Adams’ data 
shows that traits like photosynthesis and water use effi-
ciency scale with leaf N in the same manner between N 
fixers and non-fixers, and that the fundamental difference 
between the groups largely lies in the differences between 
leaf N and leaf mass per area (Bytnerowicz et al. 2023). 
In fact, N fixers may systematically differ from nonfix-

ers in several additional traits. Figure 2 illustrates boot-
strapped comparisons (to account for differences in the 
number of N-fixing and nonfixing species) of key physi-
cal and physiological traits represented in the TRY global 
plant trait database (Kattge et al. 2019). In addition to 
containing higher foliar N concentrations, N fixers also 
have more N in their stems, fine roots and absorptive 
roots (a subset of fine roots) (Figure 2). Interestingly, 
data available in TRY shows that photosynthetic rates 
per unit leaf area are actually lower for N fixers than 
nonfixers. One possible explanation for this is that many 

N fixers occupy relatively harsh ecological niches (e.g., 
sites that are arid, have poor soils, etc.), and thus exhibit 
more conservative photosynthetic rates, on average. In 
this way, the trait of SNF may be viewed as either a means 
to grow quickly in competitive environments (leading one 
to expect high photosynthetic rates for N fixers) or as a 
means to tolerate harsh ecological conditions (creating 
the expectation for low N-fixer photosynthetic rates). 
Although first principles might suggest that N fix-

ers would construct their root systems differently than 
nonfixers (e.g., reducing allocation to roots and altering 
specific root length based on different demands for root 
N, water and P uptake), data from TRY do not indicate 
systematic differences in how N fixers and nonfixers 
construct their root systems (other than the production 
of nodules). 
These analyses are intended to serve as examples of the 

insight that can be gained from leveraging large publicly 
available datasets on plant traits to better understand 
the ecophysiological differences between N-fixing and 
nonfixing species. Analyses like these could provide key 
insights into the factors that determine when SNF is 
advantageous for an individual N-fixer and the condi-
tions that promote N-fixer abundances (even when SNF 
is not upregulated). 

Costs and benefits of SNF for N fixers 
From the plant’s perspective, the fundamental tradeoff of SNF 
is a carbon (C) cost provided to N-fixing bacteria in exchange
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Figure 2. Differences in chemical, physiological and structural traits between nitrogen-fixing and nonfixing. Effect sizes are the percent difference 
between N-fixing and nonfixing species (positive values indicate N-fixers exhibit higher values for that trait). Comparisons are bootstrapped to control for 
unequal sample sizes between N-fixing and nonfixing species. Numbers in parentheses indicate the number of N-fixing and nonfixing species, 
respectively, used in each comparison. Solid points indicate bootstrapped t-tests where P < 0.05. Error bars represent 95% confidence interval of 1000 
bootstrapped effect size estimates. Details of analyses can be found in Appendix 2. 

for the N benefit of fixation. The C costs of SNF are typically 
categorized as structural (i.e., construction and maintenance 
of nodules) and nonstructural (i.e., labile C supporting the 
metabolism of bacterial endosymbionts). While difficult to 
measure in the field, structural C allocation to nodules is a 
small portion of belowground biomass for most trees (e.g., 
Taylor and Menge 2021), and this structural cost is typically 
assumed to be a small component of the total energetic costs 
of SNF (Gutschick 1981, Rastetter et al. 2001). That said, 
rare estimates of nodule turnover suggest that the structural 
costs of nodule production may be incurred several times per 
year (Nygren and Ramirez 1995, Srivastava and Ambasht 
1995), highlighting the need for better data on nodule lifespan 
to estimate the realized structural cost of nodules over time. 
Labile C costs of SNF typically range from 8 to 12 g of glucose 
per g of N fixed, which is higher than other methods of N 
acquisition (i.e., uptake via roots and mycorrhizae) under all 
but the most severely N-limited conditions (Gutschick 1981). 
In a C economy framework, the relative value of these C costs 
depends heavily on the photosynthetic capacity of the plant, 
which is driven by a suite of environmental factors (see section 
on abiotic controls below). In addition to the structural and 
nonstructural C costs, it has been argued that the ability 
to fix N must represent some ‘intrinsic costs’ to N fixers, 
otherwise all plants should have evolved the ability to fix N 
but only do so under advantageous conditions. These intrinsic 
costs could include the additional genetic burden of N-fixing 
genes, physiologic costs of plasticity in the SNF trait (van 
Kleunen and Fischer 2005), or the cost of requiring specific 
environmental conditions for SNF (Rastetter et al. 2001), but 
the effect of these costs onN-fixer performance has never been 
directly quantified. 
The relative value of N benefits from SNF for the host 

plant is heavily dependent on environmental conditions— 
particularly those that determineN availability andN demand 
for the plant. The high per-capita C costs of SNF (Gutschick 

1981) suggest that SNF should be a poor N-acquisition strat-
egy when ecosystem N is abundant. However, in conditions 
where soil N availability is scarce, the relative value of fixed 
N can be high as the per-capita C costs of N uptake from 
the soil become increasingly high. This can make SNF an 
advantageous strategy in extremely N-limited conditions and 
makes N fixers relatively common in recently disturbed, N-
poor soils (e.g., Chaer et al. 2011). Additional important 
indirect benefits of the N acquired via SNF exist, including 
improved water use efficiency, herbivory defense and phos-
phorus (P) acquisition. Interestingly, these benefits are not 
exclusively tied to how much N is fixed via SNF. Evidence 
from herbaceous legumes shows that increases in foliar N 
concentrations (which can affect photosynthetic rates and 
water use efficiency) can exceed the additional N provided 
by SNF, suggesting more fundamental physiological changes 
can be induced by the N-fixing symbioses (Wolf et al. 2017), 
but what drives these changes is not well understood. 

Abiotic controls of SNF 
The majority of research on the ecological drivers of SNF, 
particularly in woody plants, has focused on how abiotic 
conditions impact SNF rates and N-fixer abundances. Of the 
many potential abiotic regulators, the most well-studied are 
soil N, soil P, water, temperature and light. The literature on 
these abiotic controls is large, but recent work has demon-
strated the following broad conclusions for each of these 
abiotic SNF regulators. 
Soil N serves as the most logical regulator of SNF, as uptake 

of soil N via roots and mycorrhizae is the direct alternative to 
SNF for N acquisition. Under this framework, higher soil N 
availability should downregulate individual SNF and reduce 
N-fixer abundances as SNF becomes a less advantageous 
strategy. Indeed, many N fertilization studies support the 
expectation that increasing soil N downregulates individual
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SNF rates (Zheng et al. 2019), but several studies demonstrate 
that other environmental factors such as light, CO2 and soil P 
can mediate the effects of N fertilization under certain condi-
tions (Batterman et al. 2013b, Taylor and Menge 2018, Nasto 
et al. 2019, Ottinger et al. 2023). How soil N affects woody 
N-fixer abundances is substantially more complex. Because 
few fertilization studies have been conducted in forests for 
sufficient lengths to see dramatic shifts in tree communi-
ties, we lack direct experimental evidence of N fertilization 
effects on N-fixer abundances. Observationally, much work 
has focused on the latitudinal pattern that N-fixing trees 
are more abundant in the N-rich tropics and largely absent 
from the N-limited temperate and boreal regions (see above 
section on biogeographic patterns)—a direct contradiction 
to the expectation that N fixers should be more abundant 
in N-limited environments where SNF provides the largest 
competitive advantage (Hedin et al. 2009).Qualitatively, these 
biogeographic patterns support the experimental evidence 
that other environmental factors such as light, temperature, 
water and non-N nutrients can be strong drivers of SNF, cre-
ating seemingly paradoxical patterns of N-fixer abundances 
and N limitation (Houlton et al. 2008). 
In addition to soil N, soil P availability could regulate tree 

SNF, as N fixers could use N from SNF to produce phos-
phatase enzymes to acquire soil P and relieve P limitation, par-
ticularly in tropical forests where N-fixing trees are relatively 
common and P limitation is also common (Du et al. 2020). 
Indeed, several studies have shown increased phosphatase 
activity associated with N-fixing legumes (Gei and Powers 
2013, Batterman et al. 2013b, Nasto et al. 2014, 2019), an 
effect that has been used in theoretical models to explain N-
fixer abundances and SNF in P-limited tropical forests (Wang 
et al. 2007, Houlton et al. 2008). Png et al. (2017) found 
increased phosphatase under Australian legume N fixers, 
which was most prominent in severely P-limited soils, but that 
actinorhizal N fixers do not exhibit increased phosphatase. 
However, direct evidence for N fixers employing so-called ‘N 
for P’ trading is rare, with most studies determining that while 
some N fixers do rely on high phosphatase production for P 
acquisition, others do not and that this is a species-specific 
trait that is not directly related to SNF (Png et al. 2017, 
Batterman et al. 2018, Soper et al. 2019). Maybe the most 
direct evidence for this is that N-for-P trading should result 
in a negative correlation between P availability and SNF, but 
most studies find increases in SNF when plants are fertilized 
with P (Crews 1993, Uliassi and Ruess 2002, Batterman et al. 
2013b). This positive response of SNF to P fertilization is 
also supported by global meta-analysis, which shows an 85% 
stimulation of SNF under P fertilization (Zheng et al. 2019). 
Thus, the current evidence suggests that P limitation of SNF 
is relatively common in P-limited conditions, but that SNF 
as a mechanism to overcome P limitation is a species-specific 
phenomenon. 
High light availability drives higher photosynthetic C 

assimilation, providing more C for the plant to allocate to SNF 
and also increasing plant N demand—both of which should 
increase individual SNF. Experimental and observational 
work in both tropical and temperate trees shows that high 
light conditions can substantially increase SNF, and that 
the impact of light is strongest under low soil N conditions 
(Myster 2006, Barron et al. 2011, Taylor and Menge 2018, 
2021, McCulloch and Porder 2021, Ottinger et al. 2023, 
Schmidt et al. 2023). While it is possible that high levels of 

solar radiation at the equator declining toward the poles could 
help explain the latitudinal decline in N-fixer abundances, 
this idea has never been explicitly tested. However, high light 
availability is likely an important contributor to high N-fixer 
abundances in early successional stages of both tropical and 
temperate forest regeneration (Batterman et al. 2013a, Bauters 
et al. 2016, Liao and Menge 2016, Winbourne et al. 2018, 
Taylor et al. 2019). 
Temperature can have direct and indirect effects on SNF, all 

of which operate to increase SNF at warmer temperatures up 
to an optimum that is at the high end of ecologically relevant 
temperatures. Temperature directly impacts SNF by influenc-
ing the enzymatic efficiency of the nitrogenase enzyme that 
drives SNF (Waughman 1977). Recent experimental work 
has shown that SNF optimizes at 29–37 ◦C air  temperature  
for a variety of woody N fixers, and that SNF’s temperature 
optimum acclimates to growing conditions for tropical but 
not temperate species (Bytnerowicz et al. 2022). Lab studies 
of soil temperature manipulation have also shown substantial 
inhibition of SNF by Alnus shrubs at low soil temperatures 
(Anderson and Markham 2021). These data suggest that in 
most environments, warmer temperatures increase SNF effi-
ciency, but temperature response curves are often asymmetric, 
indicating that SNF drops off quickly at temperatures above 
its optimum (Bytnerowicz et al. 2022). 
Temperature also affects SNF by influencing photosynthetic 

rates, and thus, N demands. Temperature optima for photo-
synthesis are often slightly lower than for SNF (Bytnerowicz 
et al. 2022), suggesting that high temperatures will restrict 
plant C supply to SNF before direct temperature inhibition 
of nitrogenase (Aranjuelo et al. 2015). At broad geographic 
scales, inhibition of SNF at cold temperatures has been used 
to explain the paucity of N-fixing trees at N-limited high 
latitudes (Houlton et al. 2008). While the parsimony of this 
explanation is attractive, the fact that other N-fixing func-
tional groups such as N-fixing herbs, shrubs and aquatic N 
fixers have many successful taxa in high-latitude cold environ-
ments (Sprent et al. 2013, 2017, Li et al. 2022) suggests that 
direct temperature limitation on nitrogenase activity is not the 
only explanation for the latitudinal gradient in N-fixing trees. 
However, game theoretical analyses show that the effect of 
cold temperatures slowing soil C decomposition and creating 
high soil C:N at high latitudes can also drive latitudinal shifts 
between facultative SNF in tropical forests and obligate SNF 
in extra-tropical forests (Sheffer et al. 2015). Thus, tempera-
ture likely plays direct (regulation of nitrogenase efficiency) 
and indirect (e.g., influencing ecosystem properties such as C 
and N cycling, plant growth rates and N demand) roles in 
influencing the latitudinal distribution of N-fixing trees and 
the dominant SNF regulation strategy. 
Because water availability influences multiple aspects of 

plant physiology and soil resource acquisition, it can have 
particularly strong and complex impacts on SNF and N-fixer 
abundances. At the individual scale, SNF can be strongly 
downregulated under extremely dry conditions (Dovrat et al. 
2018, Dovrat and Sheffer 2019) or frequent drought cycles 
(Minucci et al. 2017). Moderately dry conditions could 
increase SNF via at least two potential mechanisms—high 
foliar N from upregulated SNF makes N fixers more water-
use efficient (Adams et al. 2016, Bytnerowicz et al. 2023), and 
dry soils reduce bulk flow of inorganic N to roots creating 
the perception of N limitation regardless of how much N is 
actually present in the soil (Wurzburger and Miniat 2014).
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However, if wet conditions are optimal for plant growth, this 
could increase N demand and upregulate SNF. At the highest 
end of the precipitation spectrum, extremely wet conditions 
could induce sufficient N leaching from the soil to create N 
limitation and increase SNF. At broad scales, there is evidence 
that within the precipitation range that supports forests 
(>500 mm year−1), drier climates often hold more N fixers 
(Gei et al. 2018, Steidinger et al. 2019, Staccone et al. 2020), 
likely driven largely by the N fixers’ high water-use efficiency 
(Adams et al. 2016, Bytnerowicz et al. 2023). However, 
the most common N-fixing tree in North America, Robinia 
psuedoacacia, can be disproportionately disadvantaged by 
dry soils (Minucci et al. 2019). Together, the current literature 
suggests that moderately (but not extremely) dry conditions 
often increase individual SNF rates and N-fixer abundances, 
but that notable exceptions exist for these patterns. 

Biotic controls of SNF 
In addition to the abiotic drivers discussed above, several key 
biotic factors can regulate individual SNF rates and N-fixer 
abundances, although these factors have received relatively 
little empirical attention (particularly in forest systems). Of 
the biotic factors that likely regulate SNF, taxonomy (of both 
plant and bacteria), competition and herbivory stand out as 
particularly important factors. 
Nitrogen-fixing partnerships vary substantially in their abil-

ity and efficiency to fix N, which strongly suggests that the 
taxonomic identities of theN-fixing plant and bacteria present 
are important drivers of ecosystem SNF. Indeed, Wurzburger 
and Hedin (2016) found that tree species identity was the 
most important factor determining nodulation and SNF in a 
lowland Panamanian forest, and SNF ranged from 2 to 71% 
N derived from fixation in a set of co-occurring N fixers in 
Namibia (Schulze et al. 1991). Substantial differences in how 
N-fixing species regulate SNF in response to environmental 
factors (Batterman et al. 2013a, Menge et al. 2015, 2023, 
Batterman et al. 2018, Bytnerowicz et al. 2022) also under-
score the importance of N-fixer taxonomy. 
In addition to the important effects of N-fixing plant 

species, substantial work shows that different N-fixing 
bacterial taxa affect plant growth and fix N at different rates 
and efficiencies (Batzli et al. 1992, Cordero et al. 2016,Moura 
et al. 2020). This means that the availability and diversity of 
prospective bacterial symbionts in the soil can have important 
implications for SNF rates (Taylor et al. 2020). More diverse 
communities of rhizobia in the soil have been experimentally 
shown to increase N-fixer growth rates and SNF (Taylor and 
Komatsu 2024), suggesting that the diversity of both N-fixing 
trees and their bacterial symbionts are important regulators 
of N inputs into natural and managed forests (Moura et al. 
2020, Taylor et al. 2020). 
Interactions with neighboring plants also have the poten-

tial to regulate SNF in forests. At broad scales, competition 
with nonfixing trees eventually excludes most tree SNF from 
mature temperate and boreal forests (Liao and Menge 2016) 
but does not have this effect in many tropical forests (Bat-
terman et al. 2013a, Menge and Chazdon 2016, Gei et al. 
2018). At the individual scale, increased competition from 
neighboring trees could induce N fixers to upregulate SNF 
if competition induces increased N limitation, or N fixers 
could downregulate SNF as a means to reduce energetic costs 
in a more competitive environment. Of the few studies to 

evaluate this in nonagricultural N fixers, both show that the 
presence of nonfixing competitors induces downregulation of 
SNF (Taylor and Menge 2021, Dagan et al. 2023). How the 
individual-scale effects of neighboring competitors on N-fixer 
SNF impact the geographic and successional patterns of N-
fixer abundances remains an open question. 
Finally, it is important to consider top-down impacts of 

herbivory on SNF and N-fixer abundances. It has long been 
postulated that N-fixer abundances are constrained, in part, 
by herbivores preferentially feeding on the N-rich leaves of N 
fixers (Mattson 1980, Vitousek and Howarth 1991, Menge 
et al. 2008, Kurokawa et al. 2010). Alternatively, N fixers 
could use excess leaf N to produce defensive compounds 
that deter herbivores (Mattson 1980, Menge et al. 2008). To 
date, surprisingly few empirical studies have directly evaluated 
whether N-fixing trees receive more herbivory than neighbor-
ing nonfixers and what mechanisms drive this pattern. While 
not all studies show increased herbivory for N-fixing trees 
(Taylor and Ostrowsky 2019), by far the most comprehensive 
study on herbivory costs to N fixers indicates that lowland 
tropical N-fixing trees receive significantly more herbivory 
and incur a disproportionate C cost of this herbivory rela-
tive to nonfixing trees (Barker et al. 2022). The majority of 
studies on N-fixer herbivory have focused on invertebrate 
herbivores, but evidence for ungulate browsers preferentially 
feeding on N-fixing species also exists and has been cited 
as an important link between large-bodied consumers and 
ecosystem N cycling (Knops et al. 2000).How herbivory regu-
lates individual SNF rates (and vice versa) and what role her-
bivory plays in determining N-fixer abundance patterns are 
important next steps in understanding the ecology of N-fixing 
trees. 

Ecological effects of tree symbiotic N fixation 
Given their unique ability to convert N2 into bioavailable 
N, N-fixing trees are one of the most important functional 
groups in many forest and savanna communities, commonly 
providing N inputs of 1.4–11 kg N ha−1 year−1 in temperate 
forests (Staccone et al. 2020, Wurzburger et al. 2021) and  
2–30 kg N ha−1 year−1 in tropical forests (Batterman et al. 
2013a, Winbourne et al. 2018, Brookshire et al. 2019, Taylor 
et al. 2019). Even in ecosystems where N-fixer abundances 
are low in mature forests, N fixers often play important 
transient roles during forest succession. While most work on 
the ecological impacts of N fixers focuses on their contribu-
tions to N cycling, several additional ecological effects of N-
fixing trees (described below) can also be important to forest 
function. 
Clearly, N-fixing trees play an important role in bringing 

N into forests—particularly early successional forests. Much 
ecosystem theory (Vitousek and Field 1999, Rastetter et al. 
2001, Menge et al. 2008, Fisher et al. 2010, Levy-Varon 
et al. 2019) and empirical work (Batterman et al. 2013a, 
Sullivan et al. 2014,Winbourne et al. 2018, Taylor et al. 2019) 
demonstrate the particularly critical role that N-fixing trees 
play inN cycle recovery of regenerating forests and supporting 
incremental biomass gains in mature forests (Brookshire et al. 
2019). There is also direct isotopic evidence (from boreal 
peatlands) that fixed N from SNF enhances the tissue N 
concentrations of neighboring plants (Zhang et al. 2024), 
providing a mechanistic link between SNF and benefits to 
neighboring plants.
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Despite well-established impacts of SNF on ecosystem N 
availability, it is often challenging to link these N inputs 
directly to forest growth rates. One approach to this challenge 
is to calculate or model total N demand of forest growth and 
estimate forest-wide SNF rates for the same forest to calculate 
the portion of the growing forest’s N demand that is supported 
by SNF. This approach has provided strong evidence for N 
fixers facilitating forest growth, particularly in regenerating 
tropical forests (Batterman et al. 2013a, Brookshire et al. 
2019, Levy-Varon et al. 2019). However, the effect of indi-
vidual N fixers on the growth of neighboring trees can range 
from negative (Chapin et al. 2016, Taylor et al. 2017) to  
neutral (Lai et al. 2018, Xu et al. 2020) to positive (Minucci 
et al. 2019). In the most comprehensive of these assessments, 
Staccone et al. (2021) show that these effects vary widely 
over large geographic scales (coterminous USA) and that N 
fixers tend to facilitate neighbors most in scenarios where 
the N fixer itself should be less competitive. Meta-analysis 
of studies comparing plots with and without N fixers also 
shows highly variable effects of N fixers on nonfixer growth, 
but that N fixers promote nonfixer growth more often than 
not (Ortiz and Wolf 2024). Overall, the balance between the 
benefits of fixed N and the competitive influence of N fixers 
on neighboring plants is highly context dependent. 
In addition to the direct effects of N-fixing trees on forest N 

cycling and biomass, N fixers can have several important but 
underrecognized indirect effects on forest ecosystems.N fixers 
often mediate important soil properties, such as acidifying the 
soil (Russell and Raich 2012) and increasing soil C accrual 
(Wang et al. 2010, Peng et al. 2020, Koutika et al. 2021, Ye 
et al. 2022) through changes in soil microbial communities 
(Binkley 2005). Nitrogen-fixing trees can also have impor-
tant impacts on biotic interactions. Because the seeds of N 
fixers (particularly rhizobial N fixers) are disproportionately 
animal-dispersed (Wilcots et al. 2019), N fixers often serve 
as important food sources for frugivores and granivores. 
Nitrogen fixers can also mediate the diversity of the neigh-
boring tree community (Ortiz and Wolf 2024)—increasing or 
decreasing neighborhood diversity in N-rich and N-poor sites, 
respectively (Xu et al. 2020). Together, these studies highlight 
the important ecological impacts that N-fixing trees have on 
both the abiotic and biotic functions of forests. 

Forest SNF and global change 
The sensitivity of tree SNF to many environmental factors 
(Ecological controls of N-fixer abundance and SNF rates) 
means that SNF in forests will be directly impacted by several 
aspects of global climate change, and the important roles that 
N fixers play in global forest functioning (Ecological effects 
of tree symbiotic N fixation) mean that changes to tree SNF 
will, in turn, influence the trajectory of forest C capture and 
climate change itself. 
How is global change likely to impact forest SNF? Of 

the abiotic regulators of SNF described in Section 2, rising 
temperatures, increasing drought and increasing P deposition 
driven by global change should all act to increase SNF and/or 
N-fixer abundances. Warming temperatures should increase 
the enzymatic efficiency of SNF (Bytnerowicz et al. 2022), but 
whether N fixers as a group are more tolerant of heat stress is 
an open question (Slot et al. 2021). Substantial evidence sug-
gests that N fixers are more water-use efficient (Adams et al. 
2016), and thus, may increase under regimes of more frequent 
drought. Given the common P limitation of SNF (Zheng et al. 

2019), anthropogenic increases in P availability should also 
increase SNF. Additional global change drivers that should 
also operate to increase SNF include rising CO2 reducing C 
limitation of SNF (Hungate et al. 1999, Trierweiler et al. 2018, 
Cui et al. 2024, Yaffar et al. 2024) and increasing human land 
use creating more early-successional forests (Batterman et al. 
2013a, Sullivan et al. 2014, Liao andMenge 2016,Winbourne 
et al. 2018, Taylor et al. 2019, Wurzburger et al. 2021). 
Anthropogenic N deposition should reduce forest SNF 

(Zheng et al. 2019,Wurzburger et al. 2021), although whether 
terrestrial N availability will increase or decrease over the 
coming century is currently unclear (Mason et al. 2022, Cui 
et al. 2024). These studies suggest that individual SNF rates 
are likely to increase under most climate change scenarios for 
the coming century. At large scales, climate envelope modeling 
indicates that N-fixer abundances will also increase in many 
areas, primarily due to warming temperatures (although this 
work did not consider effects of rising CO2; Liao et al. 2017). 
If SNF does, indeed, increase over the coming century, how 

will this impact future forest function? One of the most impor-
tant roles of SNF will be providing N inputs to fuel additional 
terrestrial C capture—an effect that is often evaluated using 
dynamic vegetation and Earth system models (ESMs) (Xu-Ri 
and Prentice 2017, Levy-Varon et al. 2019, Davies-Barnard 
et al. 2022). Most global models project increasing SNF over 
the coming century, largely due to coupling of the modeled 
N cycle with an increasing terrestrial C sink driving higher 
external N demands (Thomas et al. 2015, Xu-Ri and Prentice 
2017). So, while global models rely heavily on increasing SNF 
to support future additional C capture, increases in SNF have 
historically been modeled based on coupling of N fixation 
to some proxy of vegetation (i.e., NPP, evapotranspiration, 
N limitation) rather than on mechanistic SNF responses to 
changing environmental conditions (Wieder et al. 2015). For 
example, of the 11 models in the TRENDY-N ensemble, 
different representations of N fixation include mechanistic 
environmental controls in one model, N fixation modeled as a 
function of vegetationN limitation in three models,N fixation 
tied to NPP or evapotranspiration in four models and three 
models where N fixation is either time invariant or used to 
close the model’s N cycle (Kou-Giesbrecht et al. 2023). While 
current models predict up to an 80% increase in biological N 
fixation over the coming century (Davies-Barnard et al. 2022), 
there is wide recognition that a more mechanistic representa-
tion of N fixation is needed to accurately determine the ability 
of N fixation to support a growing terrestrial C sink (Stocker 
et al. 2016, Davies-Barnard et al. 2022, Kou-Giesbrecht et al. 
2023). It is also important to note that potential increases 
in SNF over the coming century can also have important 
impacts on other ecosystem fluxes, such as N2O emissions, 
which could partially counteract the climate forcings of SNF 
increasing terrestrial C capture (Kou-Giesbrecht and Menge 
2019). Together, current evidence suggests that SNF will likely 
increase over the coming century, that this will create both 
positive and negative climate forcings, but that the dominant 
effect is likely to be SNF supporting additional terrestrial C 
capture, mitigating atmospheric CO2 accumulation. 

Unresolved questions and avenues for future 
research 
Despite important recent work on tree SNF, much about the 
regulation and impacts of this process remains unresolved. 
Outlined below are a set of particularly important next steps
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in research among the myriad unanswered questions sur-
rounding woody SNF. 

• Incorporating interacting environmental regulation of 
SNF.Much important work has identified how individual, 
or occasionally, two environmental factors work to 
regulate SNF, but we have a poor understanding of how 
temperature, water, CO2, light, soil nutrients, pH and 
other abiotic factors interact to produce the N-fixer 
abundances and SNF rates seen in nature. Given the 
logistical complexity of experimentally evaluating these 
factors, theoretical modeling and large-scale observational 
data analysis across environmental gradients may be 
effective approaches to this topic. 

• Generalizing biotic regulators of SNF. While recent work 
clearly demonstrates the importance of biotic factors such 
as N-fixer taxonomy, competition and herbivory as regu-
lators of SNF, we currently lack a framework for gener-
alizing and extrapolating the patterns of biotic regulation 
to large scales. Global forest census (gfbinitiative.org) and  
herbivory (Robinson et al. 2023) datasets will be useful 
tools for assessing the influence of competition, herbivory 
and plant taxonomy on biogeographic patterns of SNF. 

• Understanding positive and negative effects of N-fixing 
trees on nonfixing neighbors.We currently lack consensus 
on when N-fixing trees promote versus inhibit growth of 
neighboring trees and the surrounding forest stand. Using 
a combination of forest census plots and manipulative 
experiments including and excluding N-fixing trees (e.g., 
Ortiz and Wolf 2024) in greenhouse experiments and 
forests that differ in dominant nonfixing tree species, soil 
N availability, climate, etc., will help us better determine 
what drives the impact of N-fixing trees on forest growth. 

• Empirical SNF data from in situ global change exper-
iments. To date, much of our evidence on how SNF 
will respond to global change is based on either small-
scale growth chamber and greenhouse experiments or 
on observations of SNF across spatial gradients of envi-
ronmental factors. As researchers increasingly overcome 
the challenges of conducting large-scale global change 
experiments in forests, it will be imperative to leverage 
these experiments to better understand forest SNF under 
future climate conditions. 

• Improving mechanistic representation of SNF in ESMs. 
Creating mechanistic regulation of SNF in ESMs is a 
large task, but a critical one to accurately representing 
future global N and C dynamics. The current coupling 
of N inputs from fixation to plant productivity and N 
demand is valuable but risks ignoring scenarios where 
environmental regulation of N fixation is driven by factors 
that do not align well with plant productivity. Modeling 
SNF as a function of environmental variables such as light, 
temperature, soil N, etc. (as a few ESMs now do) will help 
improve the realistic representation of the process. 

• Global standardized SNF measurements. A primary limi-
tation to understanding and modeling SNF at global scales 
is a paucity of empirical data (particularly when compared 
to data on C cycling). Establishing global networks of 
coordinated standardized measurements of SNF in dif-
ferent ecosystems and environmental conditions would 
dramatically improve our understanding of this process— 
particularly in underrepresented regions such as tropical 
Africa and Asia. 

Conclusions 
Major advancements in our understanding of tree SNF 
have occurred over the past two decades, providing insight 
into phylogenetic, biogeographic and ecological patterns of 
this critical process. Traditional views of SNF as simply 
a ‘nitrostat’ regulator (SNF increases or decreases as a 
function of N limitation or saturation, respectively) of 
forest N availability are being replaced by the increasing 
recognition that this process is conducted by a wide variety of 
plant and bacterial taxa, that it is regulated by a complex 
suite of biotic and abiotic factors and that it can have 
important, but sometimes counterintuitive, impacts on the 
community dynamics and biogeochemical functioning of 
forest ecosystems. In the coming decades, both improved 
empirical data and theory development will be needed to 
quantify this spatially and temporally variable process and 
integrate it into our broader understanding of current and 
future forest function. 

Acknowledgments 
Sincere thanks to A. Bisson and T. Bytnerowicz for feedback on drafts of 
this manuscript, as well as to M.Schori and K.Kittell for assistance with 
the GRIN database of nodulating plants. Thanks also to three anony-
mous reviewers whose comments substantially improved this work. 

Supplementary data 
Supplementary data for this article are available at Tree Physiology 
Online. 

Conflict of interest 
None declared. 

Funding 
None declared. 

Data availability 
All data and supporting analytical code are available at https://github. 
com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review. 

References 
AdamsMA, Simon J, Pfautsch S (2010)Woody legumes: a (re)view from 

the south. Tree Physiol 30:1072–1082. https://doi.org/10.1093/tree 
phys/tpq061. 

Adams MA, Turnbull TL, Sprent JI, Buchmann N (2016) Legumes are 
different: leaf nitrogen, photosynthesis, and water use efficiency. 
Proc Natl Acad Sci U S A 113:4098–4103. https://doi.org/10.1073/ 
pnas.1523936113. 

Anderson P, Markham J (2021) Soil temperature limits nitro-
gen fixation, photosynthesis, and growth in a boreal acti-
norhizal shrub. Plant Soil 468:411–421. https://doi.org/10.1007/ 
s11104-021-05127-0. 

Aranjuelo I,Aldasoro J,Arrese-Igor C,Erice G, Sanz-sáez A (2015)How 
does high temperature affect legume nodule symbiotic activity? In: 
Legume nitrogen fixation in a changing environment: Achievements 
and challenges. Springer International Publishing, Cham, Switzer-
land, pp 67–87. 

Ardley J, Sprent J (2021) Evolution and biogeography of actinorhizal 
plants and legumes: a comparison. J Ecol 109:1098–1121. https:// 
doi.org/10.1111/1365-2745.13600.

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/45/1/tpae159/7920617 by guest on 06 February 2025

gfbinitiative.org
gfbinitiative.org
gfbinitiative.org
gfbinitiative.org
gfbinitiative.org
gfbinitiative.org
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae159#supplementary-data
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://github.com/bentonneiltaylor/Tree-Physiology_Tree-SNF-Review
https://doi.org/10.1093/treephys/tpq061
https://doi.org/10.1093/treephys/tpq061
https://doi.org/10.1093/treephys/tpq061
https://doi.org/10.1093/treephys/tpq061
https://doi.org/10.1093/treephys/tpq061
https://doi.org/10.1093/treephys/tpq061
https://doi.org/10.1073/pnas.1523936113
https://doi.org/10.1073/pnas.1523936113
https://doi.org/10.1073/pnas.1523936113
https://doi.org/10.1073/pnas.1523936113
https://doi.org/10.1073/pnas.1523936113
https://doi.org/10.1007/s11104-021-05127-0
https://doi.org/10.1007/s11104-021-05127-0
https://doi.org/10.1007/s11104-021-05127-0
https://doi.org/10.1007/s11104-021-05127-0
https://doi.org/10.1111/1365-2745.13600
https://doi.org/10.1111/1365-2745.13600
https://doi.org/10.1111/1365-2745.13600


10 Taylor

Barker W, Comita LS, Wright SJ, Phillips OL, Sedio BE, Batter-
man SA (2022) Widespread herbivory cost in tropical nitrogen-
fixing tree species. Nature 612:483–487. https://doi.org/10.1038/ 
s41586-022-05502-6. 

Barron AR, Purves DW, Hedin LO (2011) Facultative nitrogen fixation 
by canopy legumes in a lowland tropical forest. Oecologia 165: 
511–520. 

Batterman SA, Hedin LO, van Breugel M, Ransijn J, Craven DJ, Hall JS 
(2013a) Key role of symbiotic dinitrogen fixation in tropical forest 
secondary succession. Nature 502:224–227. 

Batterman SA, Wurzburger N, Hedin LO (2013b) Nitrogen and phos-
phorus interact to control tropical symbiotic N2 fixation: a test in 
Inga punctata. J Ecol 101:1400–1408. 

Batterman SA,Hall JS, Turner BL,Hedin LO,Kimiko LaHaela Walter J, 
Sheldon P, van Breugel M (2018) Phosphatase activity and nitrogen 
fixation reflect species differences, not nutrient trading or nutrient 
balance, across tropical rainforest trees. Ecol Lett 21:1486–1495. 
https://doi.org/10.1111/ele.13129. 

Batzli JM, Graves WR, Van Berkum P (1992) Diversity among rhizobia 
effective with Robinia pseudoacacia L. Appl Environ Microbiol 58: 
2137–2143. https://doi.org/10.1128/aem.58.7.2137-2143.1992. 

Bauters M, Mapenzi N, Kearsley E, Vanlauwe B, Boeckx P (2016) 
Facultative nitrogen fixation by legumes in the Central Congo Basin 
is downregulated during late successional stages. Biotropica 48: 
281–284. https://doi.org/10.1111/btp.12312. 

Binkley D (2005) How nitrogen-fixing trees change soil carbon. In: 
Binkley D, Menyailo O (eds) Tree species effects on soils: Implica-
tions for global change. Springer, Berlin/Heidelberg, pp 155–164, 
https://doi.org/10.1007/1-4020-3447-4_8. 

Binkley D, Sollins P, Bell R, Sachs D, Myrold D (1992) Biogeo-
chemistry of adjacent conifer and alder-conifer stands. Ecology 73: 
2022–2033. 

Brookshire ENJ, Wurzburger N, Currey B, Menge DNL, Oatham MP, 
Roberts C (2019) Symbiotic N fixation is sufficient to support net 
aboveground biomass accumulation in a humid tropical forest. Sci 
Rep 9:7571. 

Bytnerowicz TA, Akana P, Griffin K, Menge DNL (2022) Temperature 
sensitivity of woody nitrogen fixation across species and grow-
ing temperatures. Nat Plants 8:209–216. https://doi.org/10.1038/ 
s41477-021-01090-x. 

Bytnerowicz TA, Funk JL, Menge DNL, Perakis SS, Wolf AA (2023) 
Leaf nitrogen affects photosynthesis and water use efficiency simi-
larly in nitrogen-fixing and non-fixing trees. J Ecol 111:2457–2471. 
https://doi.org/10.1111/1365-2745.14194. 

Chaer GM, Resende AS, Campello EFC, De Faria SM, Boddey RM, 
Schmidt S (2011) Nitrogen-fixing legume tree species for the recla-
mation of severely degraded lands in Brazil. Tree Physiol 31: 
139–149. https://doi.org/10.1093/treephys/tpq116. 

Chapin FS III, Conway AJ, Johnstone JF, Hollingsworth TN, 
Hollingsworth J (2016) Absence of net long-term successional 
facilitation by alder in a boreal Alaska floodplain. Ecology 97: 
2986–2997. https://doi.org/10.1002/ecy.1529. 

Cleveland CC, Townsend A, Schimel D et al. (1999) Global patterns of 
terrestrial biological nitrogen (N2) fixation in natural ecosystems. 
Global Biogeochem Cycles 13:623–645. 

Cordero I, Ruiz-Díez B, Coba de la Peña T, Balaguer L, Lucas MM, 
Rincón A, Pueyo JJ (2016) Rhizobial diversity, symbiotic effective-
ness and structure of nodules of Vachellia macracantha. Soil Biol 
Biochem 96:39–54. https://doi.org/10.1016/j.soilbio.2016.01.011. 

Crews TE (1993) Phosphorus regulation of nitrogen fixation in a 
traditional Mexican agroecosystem. Biogeochemistry 21:141–166. 
https://doi.org/10.1007/BF00001115. 

Cui J, Zheng M, Bian Z, Pan N, Tian H, Zhang X, Qiu Z, Xu J, Gu 
B (2024) Elevated CO2 levels promote both carbon and nitrogen 
cycling in global forests. Nat Clim Chang 14:511–517. https://doi.o 
rg/10.1038/s41558-024-01973-9. 

Dagan R, Dovrat G, Masci T, Sheffer E (2023) Competition-induced 
downregulation of symbiotic nitrogen fixation. New Phytol 240: 
2288–2297. https://doi.org/10.1111/nph.19322. 

Davies-Barnard T, Friedlingstein P (2020) The global distribution 
of biological nitrogen fixation in terrestrial natural ecosystems. 
Global Biogeochem Cycles 34:1–17. https://doi.org/10.1029/2019 
GB006387. 

Davies-Barnard T, Zaehle S, Friedlingstein P (2022) Assessment of 
the impacts of biological nitrogen fixation structural uncertainty in 
CMIP6 earth system models. Biogeosciences 19:3491–3503. https:// 
doi.org/10.5194/bg-19-3491-2022. 

Denison RF, Kiers ET (2011) Life histories of symbiotic rhizobia and 
mycorrhizal fungi. Curr Biol 21:R775–R785. 

Doby JR, Siniscalchi CM, Pajuelo M,Krigbaum J, Soltis DE, Guralnick, 
RP, & Folk RA (2024) Elemental and isotopic analysis of leaves 
predicts nitrogen-fixing phenotypes. Scientific Reports 14:20065. 
https://doi.org/10.1038/s41598-024-70412-8. 

Dovrat G, Sheffer E (2019) Symbiotic dinitrogen fixation is seasonal 
and strongly regulated in water-limited environments. New Phytol 
221:1866–1877. https://doi.org/10.1111/nph.15526. 

Dovrat G, Masci T, Bakhshian H, Mayzlish Gati E, Golan S, Sheffer E 
(2018) Drought-adapted plants dramatically downregulate dinitro-
gen fixation: evidences from Mediterranean legume shrubs. J Ecol 
106:1534–1544. https://doi.org/10.1111/1365-2745.12940. 

Doyle JJ (2011) Phylogenetic perspectives on the origins of nodulation. 
Mol PlantMicrobe Interact 24:1289–1295. https://doi.org/10.1094/ 
MPMI-05-11-0114. 

Doyle JJ, Luckow MA (2003) The rest of the iceberg. Legume diversity 
and evolution in a phylogenetic context. Plant Physiol 131:900–910. 
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150. 

Du E, Terrer C, Pellegrini AFA, Ahlstrom A, Lissa CJ, Hhao X, Xia N, 
Wu X, Jackson RB (2020) Global patterns of terrestrial nitrogen 
and phosphorus limitation. Nat Geosci 13:221–226. https://doi.o 
rg/10.1038/s41561-019-0530-4. 

Fisher JB, Sitch S, Malhi Y, Fisher RA, Huntingford C, Tan S-Y 
(2010) Carbon cost of plant nitrogen acquisition: a mechanistic, 
globally applicable model of plant nitrogen uptake, retransloca-
tion, and fixation. Glob Biogeochem Cycles 24:1–17. https://doi.o 
rg/10.1029/2009GB003621. 

Fyllas NM, Patiño S, Baker TR et al. (2009) Basin-wide varia-
tions in foliar properties of Amazonian forest: phylogeny, soils 
and climate Biogeosciences 6:2677–2708. https://doi.org/10.5194/ 
bg-6-2677-2009. 

Gei M, Rozendaal DMA, Poorter L et al. (2018) Legume abun-
dance along successional and rainfall gradients in neotropi-
cal forests. Nat Ecol Evol 2:1104–1111. https://doi.org/10.1038/ 
s41559-018-0559-6. 

Gei MG, Powers JS (2013) Do legumes and non-legumes tree species 
affect soil properties in unmanaged forests and plantations in costa 
Rican dry forests? Soil Biol Biochem 57:264–272. https://doi.o 
rg/10.1016/j.soilbio.2012.09.013. 

Gutschick V (1981) Evolved strategies in nitrogen acquisition by plants. 
AmNat 118:607–637. http://www.jstor.org/stable/2460604. https:// 
doi.org/10.1086/283858. 

Hedin LO, Brookshire ENJ, Menge DNL, Barron AR (2009) The 
nitrogen paradox in tropical forest ecosystems. Annu Rev Ecol Evol 
Syst 40:613–635. http://www.annualreviews.org/doi/abs/10.1146/a 
nnurev.ecolsys.37.091305.110246. 

Houlton BZ, Wang Y-P, Vitousek PM, Field CB (2008) A uni-
fying framework for dinitrogen fixation in the terrestrial bio-
sphere. Nature 454:327–330. http://www.ncbi.nlm.nih.gov/pubme 
d/18563086. https://doi.org/10.1038/nature07028. 

Hungate BA, Dijkstra P, Johnson DW, Hinkle CR, Drake BG (1999) 
Elevated CO2 increases nitrogen fixation and decreases soil nitrogen 
mineralization in Florida scrub oak. Glob Chang Biol 5:781–789. 
https://doi.org/10.1046/j.1365-2486.1999.00275.x. 

Kates HR,O’Meara BC, LaFrance R et al. (2024) Shifts in evolutionary 
lability underlie independent gains and losses of root-nodule sym-
biosis in a single clade of plants. Nat Commun 15:4262. 

Kattge J, Bönisch G, Díaz S et al. (2019) TRY plant trait database 
– enhanced coverage and open access. Global Change Biology 
26:119–188. Portico. https://doi.org/10.1111/gcb.14904.

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/45/1/tpae159/7920617 by guest on 06 February 2025

https://doi.org/10.1038/s41586-022-05502-6
https://doi.org/10.1038/s41586-022-05502-6
https://doi.org/10.1038/s41586-022-05502-6
https://doi.org/10.1038/s41586-022-05502-6
https://doi.org/10.1111/ele.13129
https://doi.org/10.1111/ele.13129
https://doi.org/10.1111/ele.13129
https://doi.org/10.1111/ele.13129
https://doi.org/10.1128/aem.58.7.2137-2143.1992
https://doi.org/10.1128/aem.58.7.2137-2143.1992
https://doi.org/10.1128/aem.58.7.2137-2143.1992
https://doi.org/10.1128/aem.58.7.2137-2143.1992
https://doi.org/10.1111/btp.12312
https://doi.org/10.1111/btp.12312
https://doi.org/10.1111/btp.12312
https://doi.org/10.1111/btp.12312
https://doi.org/10.1007/1-4020-3447-4_8
https://doi.org/10.1007/1-4020-3447-4_8
https://doi.org/10.1007/1-4020-3447-4_8
https://doi.org/10.1038/s41477-021-01090-x
https://doi.org/10.1038/s41477-021-01090-x
https://doi.org/10.1038/s41477-021-01090-x
https://doi.org/10.1038/s41477-021-01090-x
https://doi.org/10.1038/s41477-021-01090-x
https://doi.org/10.1111/1365-2745.14194
https://doi.org/10.1111/1365-2745.14194
https://doi.org/10.1111/1365-2745.14194
https://doi.org/10.1093/treephys/tpq116
https://doi.org/10.1093/treephys/tpq116
https://doi.org/10.1093/treephys/tpq116
https://doi.org/10.1093/treephys/tpq116
https://doi.org/10.1093/treephys/tpq116
https://doi.org/10.1093/treephys/tpq116
https://doi.org/10.1002/ecy.1529
https://doi.org/10.1002/ecy.1529
https://doi.org/10.1002/ecy.1529
https://doi.org/10.1002/ecy.1529
https://doi.org/10.1016/j.soilbio.2016.01.011
https://doi.org/10.1016/j.soilbio.2016.01.011
https://doi.org/10.1016/j.soilbio.2016.01.011
https://doi.org/10.1016/j.soilbio.2016.01.011
https://doi.org/10.1016/j.soilbio.2016.01.011
https://doi.org/10.1016/j.soilbio.2016.01.011
https://doi.org/10.1007/BF00001115
https://doi.org/10.1007/BF00001115
https://doi.org/10.1007/BF00001115
https://doi.org/10.1007/BF00001115
https://doi.org/10.1038/s41558-024-01973-9
https://doi.org/10.1038/s41558-024-01973-9
https://doi.org/10.1038/s41558-024-01973-9
https://doi.org/10.1038/s41558-024-01973-9
https://doi.org/10.1111/nph.19322
https://doi.org/10.1111/nph.19322
https://doi.org/10.1111/nph.19322
https://doi.org/10.1111/nph.19322
https://doi.org/10.1029/2019GB006387
https://doi.org/10.1029/2019GB006387
https://doi.org/10.1029/2019GB006387
https://doi.org/10.1029/2019GB006387
https://doi.org/10.5194/bg-19-3491-2022
https://doi.org/10.5194/bg-19-3491-2022
https://doi.org/10.5194/bg-19-3491-2022
https://doi.org/10.5194/bg-19-3491-2022
https://doi.org/10.1038/s41598-024-70412-8
https://doi.org/10.1038/s41598-024-70412-8
https://doi.org/10.1038/s41598-024-70412-8
https://doi.org/10.1038/s41598-024-70412-8
https://doi.org/10.1111/nph.15526
https://doi.org/10.1111/nph.15526
https://doi.org/10.1111/nph.15526
https://doi.org/10.1111/nph.15526
https://doi.org/10.1111/1365-2745.12940
https://doi.org/10.1111/1365-2745.12940
https://doi.org/10.1111/1365-2745.12940
https://doi.org/10.1094/MPMI-05-11-0114
https://doi.org/10.1094/MPMI-05-11-0114
https://doi.org/10.1094/MPMI-05-11-0114
https://doi.org/10.1094/MPMI-05-11-0114
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
www.plantphysiol.org/cgi/doi/10.1104/pp.102.018150
https://doi.org/10.1038/s41561-019-0530-4
https://doi.org/10.1038/s41561-019-0530-4
https://doi.org/10.1038/s41561-019-0530-4
https://doi.org/10.1038/s41561-019-0530-4
https://doi.org/10.1029/2009GB003621
https://doi.org/10.1029/2009GB003621
https://doi.org/10.1029/2009GB003621
https://doi.org/10.1029/2009GB003621
https://doi.org/10.5194/bg-6-2677-2009
https://doi.org/10.5194/bg-6-2677-2009
https://doi.org/10.5194/bg-6-2677-2009
https://doi.org/10.5194/bg-6-2677-2009
https://doi.org/10.1038/s41559-018-0559-6
https://doi.org/10.1038/s41559-018-0559-6
https://doi.org/10.1038/s41559-018-0559-6
https://doi.org/10.1038/s41559-018-0559-6
https://doi.org/10.1016/j.soilbio.2012.09.013
https://doi.org/10.1016/j.soilbio.2012.09.013
https://doi.org/10.1016/j.soilbio.2012.09.013
https://doi.org/10.1016/j.soilbio.2012.09.013
https://doi.org/10.1016/j.soilbio.2012.09.013
https://doi.org/10.1016/j.soilbio.2012.09.013
http://www.jstor.org/stable/2460604
http://www.jstor.org/stable/2460604
http://www.jstor.org/stable/2460604
http://www.jstor.org/stable/2460604
http://www.jstor.org/stable/2460604
http://www.jstor.org/stable/2460604
http://www.jstor.org/stable/2460604
https://doi.org/10.1086/283858
https://doi.org/10.1086/283858
https://doi.org/10.1086/283858
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110246
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
http://www.ncbi.nlm.nih.gov/pubmed/18563086
https://doi.org/10.1038/nature07028
https://doi.org/10.1038/nature07028
https://doi.org/10.1038/nature07028
https://doi.org/10.1038/nature07028
https://doi.org/10.1038/nature07028
https://doi.org/10.1038/nature07028
https://doi.org/10.1046/j.1365-2486.1999.00275.x
https://doi.org/10.1046/j.1365-2486.1999.00275.x
https://doi.org/10.1046/j.1365-2486.1999.00275.x
https://doi.org/10.1046/j.1365-2486.1999.00275.x
https://doi.org/10.1046/j.1365-2486.1999.00275.x
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/gcb.14904


Symbiotic nitrogen fixation in trees 11

Knops JMH, Ritchie ME, Tilman D (2000) Selective herbivory on a 
nitrogen fixing legume (Lathyrus venosus) influences productivity 
and ecosystem nitrogen pools in an oak savanna. Ecoscience 7: 
166–174. https://doi.org/10.1080/11956860.2000.11682585. 

Komatsu KJ, Simms EL (2020) Invasive legume management strategies 
differentially impact mutualist abundance and benefit to native and 
invasive hosts. Restor Ecol 28:378–386. https://doi.org/10.1111/re 
c.13081. 

Kou-Giesbrecht S, Menge D (2019) Nitrogen-fixing trees could exacer-
bate climate change under elevated nitrogen deposition. Nat Com-
mun 10:1493–1498. https://doi.org/10.1038/s41467-019-09424-2. 

Kou-Giesbrecht S, Arora V, Seiler C et al. (2023) Evaluating nitrogen 
cycling in terrestrial biosphere models: implications for the future 
terrestrial carbon sink. EGUsphere 14:1–23. 

Koutika L-S, Taba K, Ndongo M, Kaonga M (2021) Nitrogen-fixing 
trees increase organic carbon sequestration in forest and agro-
forestry ecosystems in the Congo basin. Reg Environ Change 
21:109. https://doi.org/10.1007/s10113-021-01816-9. 

Kurokawa H, Peltzer DA, Wardle DA (2010) Plant traits, leaf palata-
bility and litter decomposability for co-occurring woody species 
differing in invasion status and nitrogen fixation ability. Funct Ecol 
24:513–523. https://doi.org/10.1111/j.1365-2435.2009.01676.x. 

Lai HR, Hall JS, Batterman SA, Turner BL, van Breugel M, van Breugel 
M (2018) Nitrogen fixer abundance has no effect on biomass 
recovery during tropical secondary forest succession. J Ecol 106: 
1415–1427. https://doi.org/10.1111/1365-2745.12979. 

Legume Phylogeny Working Group, Hughes CE (2017) A new sub-
family classification of the leguminosae based on a taxonom-
ically comprehensive phylogeny. Taxon 66:44–77. https://doi.o 
rg/10.12705/661.3. 

Levy-Varon JH, Batterman SA, Medvigy D, Xu X, Hall JS, van Breugel 
M, Hedin LO (2019) Tropical carbon sink accelerated by symbiotic 
dinitrogen fixation.Nat Commun 10:5637. https://doi.org/10.1038/ 
s41467-019-13656-7. 

Li HL, Wang W, Mortimer PE, Li RQ, Li DZ, Hyde KD, Xu JC, Soltis 
DE, Chen ZD (2015) Large-scale phylogenetic analyses reveal mul-
tiple gains of actinorhizal nitrogen-fixing symbioses in angiosperms 
associated with climate change. Sci Rep 5:14023. https://doi.o 
rg/10.1038/srep14023. 

Li Y, Yu YX, Ma SN, Qiao RT, De CY, Wang HJ, Wang HZ (2022) 
Pelagic cyanobacterial nitrogen fixation in lakes and ponds of 
different latitudinal zones. Aquat Sci 84:42. https://doi.org/10.1007/ 
s00027-022-00871-6. 

Liao W, Menge DNL (2016) Demography of symbiotic nitrogen-fixing 
trees explains their rarity and successional decline in temperate 
forests in the United States. PloS One 11:e0164522. https://doi.o 
rg/10.1371/journal.pone.0164522. 

Liao W, Menge DNL, Lichstein JW, Ángeles-Pérez G (2017) Global 
climate change will increase the abundance of symbiotic nitrogen-
fixing trees in much of North America. Glob Chang Biol 23: 
4777–4787. https://doi.org/10.1111/gcb.13716. 

Mason RE,Craine JM,LanyNK et al. (2022) Evidence, causes, and con-
sequences of declining nitrogen availability in terrestrial ecosystems. 
Science 376:376. https://doi.org/10.1126/science.abh3767. 

Mattson W (1980) Herbivory in relation to plant nitrogen content. 
Annu Rev Ecol Syst 11:119–161. 

McCulloch LA, Porder S (2021) Light fuels while nitrogen suppresses 
symbiotic nitrogen fixation hotspots in neotropical canopy gap 
seedlings. New Phytol 231:1734–1745. 

Menge D, Lichstein J, Angeles-Perez G (2014) Nitrogen fixation strate-
gies can explain the latitudinal shift in nitrogen-fixing tree abun-
dance. Ecology 95:2236–2245. http://www.esajournals.org/doi/a 
bs/10.1890/13-2124.1. 

Menge DNL, Chazdon RL (2016) Higher survival drives the success of 
nitrogen-fixing trees through succession in costa Rican rainforests. 
New Phytol 209:965–977. https://doi.org/10.1111/nph.13734. 

Menge DNL, Crews TE (2016) Can evolutionary constraints explain 
the rarity of nitrogen-fixing trees in high-latitude forests? New 
Phytol 211:1195–1201. https://doi.org/10.1111/nph.14080. 

Menge DNL, Levin SA, Hedin LO (2008) Evolutionary tradeoffs can 
select against nitrogen fixation and thereby maintain nitrogen lim-
itation. Proc Natl Acad Sci U S A 105:1573–1578. https://doi.o 
rg/10.1073/pnas.0711411105. 

Menge DNL, Levin SA, Hedin LO (2009) Facultative versus obligate 
nitrogen fixation strategies and their ecosystem consequences. Am 
Nat 174:465–477. 

Menge DNL, Wolf AA, Funk JL (2015) Diversity of nitrogen fixation 
strategies in Mediterranean legumes. Nat Plants 1:15064. http:// 
www.nature.com/articles/nplants201564. https://doi.org/10.1038/ 
nplants.2015.64. 

Menge DNL, Batterman SA, Hedin LO, Liao W, Pacala SW, Taylor BN 
(2017a) Why are nitrogen-fixing trees rare at higher compared to 
lower latitudes? Ecology 98:3127–3140. https://doi.org/10.1002/e 
cy.2034. 

Menge DNL, Batterman SA, Liao W, Taylor BN, Lichstein JW, 
Ángeles-Pérez G (2017b) Nitrogen-fixing tree abundance in 
higher-latitude North America is not constrained by diversity. Ecol 
Lett 20:842–851. http://doi.wiley.com/10.1111/ele.12778. 

Menge DNL, Chisholm RA, Davies SJ et al. (2019) Patterns of 
nitrogen-fixing tree abundance in forests across Asia and Amer-
ica. J Ecol 107:2598–2610. https://onlinelibrary.wiley.com/doi/a 
bs/10.1111/1365-2745.13199 

Menge DNL, Wolf AA, Funk JL et al. (2023) Tree symbioses sustain 
nitrogen fixation despite excess nitrogen supply. Ecol Monogr 93: 
1–27. https://doi.org/10.1002/ecm.1562. 

Minucci JM, Miniat CF, Teskey RO, Wurzburger N (2017) Tolerance 
or avoidance: drought frequency determines the response of an 
N2-fixing tree. New Phytol 215:434–442. https://doi.org/10.1111/ 
nph.14558. 

Minucci JM, Miniat CF, Wurzburger N (2019) Drought sensitivity 
of an N2-fixing tree may slow temperate deciduous forest recov-
ery from disturbance. Ecology 100:1–14. https://doi.org/10.1002/e 
cy.2862. 

Moura EG, Carvalho CS, Bucher CPC, Souza JLB, Aguiar ACF, Ferraz 
ASL, Bucher CA, Coelho KP (2020) Diversity of rhizobia and 
importance of their interactions with legume trees for feasibility and 
sustainability of the tropical agrosystems. Diversity (Basel) 12:206. 
https://doi.org/10.3390/d12050206. 

Mylona P, Pawlowski K, Bisseling T (1995) Symbiotic nitrogen fixation. 
Plant Cell 7:869–885. https://doi.org/10.2307/3870043. 

Myster RW (2006) Light and nutrient effects on growth and allocation 
of Inga vera (Leguminosae), a successional tree of Puerto Rico. Can 
J For Res 36:1121–1128. http://www.nrcresearchpress.com/doi/a 
bs/10.1139/x06-006. 

Nasto MK, Alvarez-Clare S, Lekberg Y, Sullivan BW, Townsend AR, 
Cleveland CC (2014) Interactions among nitrogen fixation and 
soil phosphorus acquisition strategies in lowland tropical rain 
forests. Ecol Lett 17:1282–1289. http://www.ncbi.nlm.nih.gov/pu 
bmed/25070023. https://doi.org/10.1111/ele.12335. 

Nasto MK, Winter K, Turner BL, Cleveland CC (2019) Nutrient 
acquisition strategies augment growth in tropical N2-fixing trees in 
nutrient-poor soil and under elevated CO2. Ecology 100:e02646. 
https://doi.org/10.1002/ecy.2646. 

Nygren P, Ramirez C (1995) Management production and 
turnover of N2 fixing nodules in relation to foliage development 
in periodically pruned Erythrina poeppigianu (Leguminosae) trees. 
For Ecol Manag 73:59–73. https://doi.org/10.1016/0378-1127(94 
)03505-Q. 

Oono R,Denison RF,Kiers ET (2009) Controlling the reproductive fate 
of rhizobia: how universal are legume sanctions? New Phytol 183: 
967–979. https://doi.org/10.1111/j.1469-8137.2009.02941.x. 

Ortiz SK, Wolf AA (2024) Nitrogen-fixing plants increase soil nitrogen 
and neighbouring-plant biomass, but decrease community diversity: 
a meta-analysis reveals the mediating role of soil texture. J Ecol 
112:2374–2385. https://doi.org/10.1111/1365-2745.14402. 

Ottinger SL,Miniat CF,Wurzburger N (2023) Nitrogen and light regu-
late symbiotic nitrogen fixation by a temperate forest tree.Oecologia 
201:565–574. https://doi.org/10.1007/s00442-023-05313-0.

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/45/1/tpae159/7920617 by guest on 06 February 2025

https://doi.org/10.1080/11956860.2000.11682585
https://doi.org/10.1080/11956860.2000.11682585
https://doi.org/10.1080/11956860.2000.11682585
https://doi.org/10.1111/rec.13081
https://doi.org/10.1111/rec.13081
https://doi.org/10.1111/rec.13081
https://doi.org/10.1111/rec.13081
https://doi.org/10.1111/rec.13081
https://doi.org/10.1038/s41467-019-09424-2
https://doi.org/10.1038/s41467-019-09424-2
https://doi.org/10.1038/s41467-019-09424-2
https://doi.org/10.1038/s41467-019-09424-2
https://doi.org/10.1007/s10113-021-01816-9
https://doi.org/10.1007/s10113-021-01816-9
https://doi.org/10.1007/s10113-021-01816-9
https://doi.org/10.1007/s10113-021-01816-9
https://doi.org/10.1111/j.1365-2435.2009.01676.x
https://doi.org/10.1111/j.1365-2435.2009.01676.x
https://doi.org/10.1111/j.1365-2435.2009.01676.x
https://doi.org/10.1111/j.1365-2435.2009.01676.x
https://doi.org/10.1111/j.1365-2435.2009.01676.x
https://doi.org/10.1111/1365-2745.12979
https://doi.org/10.1111/1365-2745.12979
https://doi.org/10.1111/1365-2745.12979
https://doi.org/10.12705/661.3
https://doi.org/10.12705/661.3
https://doi.org/10.12705/661.3
https://doi.org/10.1038/s41467-019-13656-7
https://doi.org/10.1038/s41467-019-13656-7
https://doi.org/10.1038/s41467-019-13656-7
https://doi.org/10.1038/s41467-019-13656-7
https://doi.org/10.1038/srep14023
https://doi.org/10.1038/srep14023
https://doi.org/10.1038/srep14023
https://doi.org/10.1038/srep14023
https://doi.org/10.1038/srep14023
https://doi.org/10.1007/s00027-022-00871-6
https://doi.org/10.1007/s00027-022-00871-6
https://doi.org/10.1007/s00027-022-00871-6
https://doi.org/10.1007/s00027-022-00871-6
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1371/journal.pone.0164522
https://doi.org/10.1111/gcb.13716
https://doi.org/10.1111/gcb.13716
https://doi.org/10.1111/gcb.13716
https://doi.org/10.1111/gcb.13716
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1126/science.abh3767
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
http://www.esajournals.org/doi/abs/10.1890/13-2124.1
https://doi.org/10.1111/nph.13734
https://doi.org/10.1111/nph.13734
https://doi.org/10.1111/nph.13734
https://doi.org/10.1111/nph.13734
https://doi.org/10.1111/nph.14080
https://doi.org/10.1111/nph.14080
https://doi.org/10.1111/nph.14080
https://doi.org/10.1111/nph.14080
https://doi.org/10.1073/pnas.0711411105
https://doi.org/10.1073/pnas.0711411105
https://doi.org/10.1073/pnas.0711411105
https://doi.org/10.1073/pnas.0711411105
https://doi.org/10.1073/pnas.0711411105
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
http://www.nature.com/articles/nplants201564
https://doi.org/10.1038/nplants.2015.64
https://doi.org/10.1038/nplants.2015.64
https://doi.org/10.1038/nplants.2015.64
https://doi.org/10.1038/nplants.2015.64
https://doi.org/10.1038/nplants.2015.64
https://doi.org/10.1002/ecy.2034
https://doi.org/10.1002/ecy.2034
https://doi.org/10.1002/ecy.2034
https://doi.org/10.1002/ecy.2034
http://doi.wiley.com/10.1111/ele.12778
http://doi.wiley.com/10.1111/ele.12778
http://doi.wiley.com/10.1111/ele.12778
http://doi.wiley.com/10.1111/ele.12778
http://doi.wiley.com/10.1111/ele.12778
http://doi.wiley.com/10.1111/ele.12778
http://doi.wiley.com/10.1111/ele.12778
http://doi.wiley.com/10.1111/ele.12778
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2745.13199
https://doi.org/10.1002/ecm.1562
https://doi.org/10.1002/ecm.1562
https://doi.org/10.1002/ecm.1562
https://doi.org/10.1002/ecm.1562
https://doi.org/10.1111/nph.14558
https://doi.org/10.1111/nph.14558
https://doi.org/10.1111/nph.14558
https://doi.org/10.1111/nph.14558
https://doi.org/10.1002/ecy.2862
https://doi.org/10.1002/ecy.2862
https://doi.org/10.1002/ecy.2862
https://doi.org/10.1002/ecy.2862
https://doi.org/10.3390/d12050206
https://doi.org/10.3390/d12050206
https://doi.org/10.3390/d12050206
https://doi.org/10.3390/d12050206
https://doi.org/10.2307/3870043
https://doi.org/10.2307/3870043
https://doi.org/10.2307/3870043
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-006
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
http://www.ncbi.nlm.nih.gov/pubmed/25070023
https://doi.org/10.1111/ele.12335
https://doi.org/10.1111/ele.12335
https://doi.org/10.1111/ele.12335
https://doi.org/10.1111/ele.12335
https://doi.org/10.1002/ecy.2646
https://doi.org/10.1002/ecy.2646
https://doi.org/10.1002/ecy.2646
https://doi.org/10.1002/ecy.2646
https://doi.org/10.1016/0378-1127(94)03505-Q
https://doi.org/10.1016/0378-1127(94)03505-Q
https://doi.org/10.1016/0378-1127(94)03505-Q
https://doi.org/10.1016/0378-1127(94)03505-Q
https://doi.org/10.1016/0378-1127(94)03505-Q
https://doi.org/10.1016/0378-1127(94)03505-Q
https://doi.org/10.1111/j.1469-8137.2009.02941.x
https://doi.org/10.1111/j.1469-8137.2009.02941.x
https://doi.org/10.1111/j.1469-8137.2009.02941.x
https://doi.org/10.1111/j.1469-8137.2009.02941.x
https://doi.org/10.1111/j.1469-8137.2009.02941.x
https://doi.org/10.1111/1365-2745.14402
https://doi.org/10.1111/1365-2745.14402
https://doi.org/10.1111/1365-2745.14402
https://doi.org/10.1007/s00442-023-05313-0
https://doi.org/10.1007/s00442-023-05313-0
https://doi.org/10.1007/s00442-023-05313-0
https://doi.org/10.1007/s00442-023-05313-0


12 Taylor

Peng Y, Schmidt IK, Zheng H, Heděnec P, Bachega LR, Yue K, Wu 
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