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ABSTRACT. Biological nitrogen fixation supplies the largest quantity of new, natural
nitrogen to terrestrial ecosystems, but little is known about its function and controls in
tropical forests. Recent work at Barro Colorado Island and the facilities of the Smithson-
ian Tropical Research Institute has made substantial advances in our understanding of
this process. Nitrogen fixation is performed by bacteria associated with leguminous trees
and by free-living bacteria in soils, litter, and tree canopies. Research indicates that high
nitrogen availability can suppress fixation, while other elements, such as phosphorus and
molybdenum, and environmental factors, such as energy and carbon dioxide concentra-
tion, control rates of fixation. Tropical trees with symbiotic associations with nitrogen-
fixing bacteria use facultative fixation, adjusting fixation to their nitrogen demand versus
soil supply. Furthermore, tree species differ in their rates and timing of symbiotic nitrogen
fixation. These findings have inspired research on nitrogen fixation in other tropical for-
ests and have contributed substantial new understanding to tropical forest biogeochemi-
cal cycling and function.
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INTRODUCTION

Biological nitrogen fixation—the biological conversion of atmospheric dinitrogen
into a bioavailable form—has long been invoked as a critical process for regulating eco-
system function. It is the primary natural pathway by which new nitrogen enters eco-
systems, thereby promoting ecosystem development in primary succession and allowing
ecosystems to recover from disturbance during secondary succession. Within tropical for-
ests, several distinct organisms contribute to biological nitrogen fixation, including free-
living microbes that live in the soil and leaf litter, cyanobacteria that live in the canopy,
and bacteria that form a symbiotic relationship with roots of certain plant species. Until
recently, however, we have had little empirical evidence about how biological nitrogen
fixation in tropical forests is governed over space and time. Over the past two decades,
research at Barro Colorado Island (BCI) and nearby facilities of the Smithsonian Tropical
Research Institute has advanced our understanding of this key ecosystem process and has
made major contributions to the field of tropical biogeochemistry.
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NITROGEN FIXATION NICHES AND THE
NITROGEN PARADOX OF TROPICAL FORESTS

Scientists have long assumed that tropical forests are nitro-
gen rich because of the abundance of leguminous trees (Jenny,
1950; Vitousek, 1984; Vitousek and Howarth, 1991; Martinelli
et al., 1999; Hedin et al., 2003; Davidson et al., 2007; Brook-
shire et al., 2012), which can form a symbiotic association with
nitrogen-fixing bacteria. However, this presents a paradox: if
available soil nitrogen is sufficient, nitrogen-fixing trees should
be outcompeted by non-fixing trees because of the high ener-
getic cost of fixation (Hedin et al., 2009). Over the past two
decades, research in Panamanian forests has revealed that
although nitrogen-fixing trees are abundant across forest ages,
trees only fix nitrogen at appreciable rates in young second-
ary forests or in treefall gaps in mature forests (Barron et al.,
2011; Batterman et al., 2013a; Wurzburger and Hedin, 2016).
This suggests that nitrogen-fixing trees can up- or downregulate
fixation depending on their nitrogen demand and available soil
nitrogen—a facultative fixation strategy (Barron et al., 2011).
Tropical symbiotic fixers that use facultative fixation therefore
can persist at high abundances later in succession despite nitro-
gen richness in the ecosystem (Hedin et al., 2009). This faculta-
tive strategy contrasts with the obligate strategy typical of many
temperate and boreal nitrogen-fixers that fix nitrogen at a con-
stant rate, regardless of plant nitrogen demand and soil nitro-
gen supply (Menge et al., 2009; Sheffer et al., 2015). Findings
from Panama spurred a substantial body of theoretical work on
facultative versus obligate versus the possibility of other strate-
gies (Menge et al., 2009, 20135; Sheffer et al., 2015) as well as
research on the role of symbiotic nitrogen fixers in forest recov-
ery in Costa Rica, Trinidad, and Brazil (Sullivan et al., 2014;
Winbourne et al., 2018; Brookshire et al., 2019; Taylor et al.,
2019; Wong et al., 2020).

If mature tropical forests are nitrogen rich and most legu-
minous trees are not actively fixing, where could the nitrogen
richness come from? Two free-living sources of biological nitro-
gen fixation could provide substantial inputs of new nitrogen
independent of soil nitrogen status: (1) asymbiotic fixers that
rely on organic carbon for their energy are favored in the leaf
litter layer, which has a high C: N ratio, and lies just above the
mineral soil (Wurzburger et al., 2012); and (2) cyanobacteria
that fix nitrogen proliferate in the canopy of tropical trees where
high light availability drives high nitrogen demand (Stanton et
al., 2019). Other sources of fixed nitrogen that have not been
studied in Panama but that may also be important in tropical
forests include free-living fixers in woody debris, on leaf surfaces
(epiphylls), and in the guts of ants, and symbiotic fixers associ-
ated with cycads and leguminous lianas. The tropical nitrogen
paradox therefore could be explained by the dominance of new
nitrogen inputs from symbiotic fixers in early succession and in
mature forest treefall gaps, and the later importance of asymbi-
otic sources from the leaf litter layer, canopy, and other sources
as forests age and with time following disturbance.

Current best estimates indicate that symbiotic nitrogen fixa-
tion can provide up to 30 kg N ha! yr™! in younger forests and
~2 kg N ha™! yr'! in mature forests (Batterman et al., 2013a),
leaf litter fixation provides <0.5 kg N ha~! yr-! (Barron et al.,
2009), and canopy fixation could provide up to 5 kg N ha! yr-!
(Stanton et al., 2019). Although local nitrogen availability and
nitrogen fixer identity (i.e., symbiotic versus asymbiotic) drive
these broad patterns in fixation over space and time, other ele-
ments contribute to the regulation of fixation.

CONTROLS ON BIOLOGICAL
NITROGEN FIXATION

Ecological theory suggests that biological nitrogen fixation
is regulated by phosphorus in addition to nitrogen due to the
large amount of adenosine triphosphate (ATP) required to break
the triple bond of dinitrogen (Vitousek and Howarth, 1991).
This theory is particularly relevant to highly weathered, phos-
phorus-poor soils that often characterize tropical forests. A more
recent alternative theory suggests that nitrogen fixation evolved
as a mechanism to acquire phosphorus because enzymes that lib-
erate phosphorus require nitrogen for their synthesis (Houlton
et al., 2008). Few studies, however, had tested how biological
nitrogen fixation and phosphorus interact. Work from BCI and
Panama filled a key knowledge gap by testing these theories as
well as by expanding the consideration of how other elements,
like molybdenum and carbon, might further govern fixation.

Field and laboratory experiments demonstrated that nitro-
gen and phosphorus interact to regulate nitrogen fixation such
that fixation is suppressed by high available soil nitrogen but
is limited by available phosphorus (Barron et al., 2009, 2011;
Wurzburger et al., 2012; Batterman et al., 2013b; but see Bat-
terman et al., 2018). At face value, the finding that fixation is
limited by available phosphorus does not conform to the the-
ory that fixation evolved to promote phosphorus acquisition in
tropical forests. To probe this question directly, several inves-
tigators quantified phosphatase activity in the rhizosphere of
nitrogen-fixing trees and found that activities did not increase
with nitrogen fixation activity and that higher phosphatase activ-
ity in the rhizosphere of fixers versus non-fixers was observed
only in certain species (Batterman et al., 2013b; Batterman et al.,
2018; Nasto et al., 2019; see also Soper et al., 2019 from Costa
Rica). However, recent findings suggest that fixers may uniquely
access otherwise-unavailable soil phosphorus pools by changing
the soil C: N ratios, pH, and microbial community composition,
which enhances soil weathering beneath their canopies (Epihov
et al., 2021). These findings suggest that fixers may indeed have
evolved strategies for overcoming low-phosphorus tropical soils.

In addition to phosphorus constraining nitrogen fixation,
research in Panama has examined the potential importance of
molybdenum and carbon dioxide (CO,) as limiting elements.
Molybdenum is thought to be particularly important because it is
a co-factor in the nitrogenase enzyme that catalyzes the fixation



reaction. Elevated CO, could stimulate fixation by increasing
carbon efficiency and providing more energy for plants to allo-
cate to their bacterial symbionts (Cernusak et al., 2011). Indeed,
symbiotic fixation rates in seedlings were stimulated by molyb-
denum (Wurzburger and Hedin, 2016; Trierweiler et al., 2018)
and by rising concentrations of atmospheric CO, (Trierweiler et
al., 2018; Nasto et al., 2019). Fixation by free-living fixers in leaf
litter and the canopy was similarly stimulated by molybdenum
(Barron et al., 2009, 2011; Wurzburger et al., 2012; Stanton
etal., 2019).

These findings from Panama stimulated a host of research
on the constraints on biological nitrogen fixation. Free-living
fixation rates have been found to vary by tree species, to be
constrained by phosphorus (Reed et al., 2008, 2011), and to
sometimes, but not always, correlate with molybdenum avail-
ability (Wurzburger et al., 2012; Reed et al., 2013; Wong et al.,
2021). Differences in the type and degree of nutrient limitation
may be explained by the mineralogy of soil parent materials.
For example, in Belize, iron limited free-living fixation rates in
soils derived from high-pH limestone bedrock (Winbourne et al.,
2018). For symbiotic fixation, recent work from Costa Rica and
Brazil identifies roles for light and water as regulating factors
(Taylor and Menge, 2018; Winbourne et al., 2018; McCullogh et
al., 2021). In Panama, however, there was no seasonality in fixa-
tion rates between the wet and dry seasons, which differ substan-
tially in both light availability and rainfall (Barron et al., 2011).
And, finally, intriguing new evidence from BCI and Panama sug-
gest a key role of herbivory in governing fixation rates (Batter-
man et al., in review; Barker 2020; Barker et al., 2022). Thus,
nitrogen appears to regulate where, when, and which fixer is
fixing in tropical forests, but other elements and environmental
conditions control how much nitrogen is fixed, further creating
nitrogen hot spots in the tropical landscape.

SPECIES DIFFERENCES IN
SYMBIOTIC NITROGEN FIXATION

Finally, diversity of leguminous fixers is high in tropical for-
ests, yet biogeochemical theory generally assumes that all fixer
species function similarly. Research from Panama challenges this
assumption. Although legumes are highly diverse and account
for around 9% of tree basal area on the BCI 50-hectare plot
(Losos and Leigh, 2004), only a few species dominate fixation
activity, suggesting they serve as “superfixers” across the land-
scape (Wurzburger and Hedin, 2016). Such a pattern of high
fixation activity isolated to certain locations of the landscape
could be caused by differences in per-area or per-tree fixation
rates (Wurzburger and Hedin, 2016; Batterman et al., 2018;
Nasto et al., 2019) as well as differences in the abundance of
nitrogen-fixing tree species. These fixation hot spots may change
over time, such that different species dominate in abundance
and fixation activity early versus late in succession (Batterman
et al.,, 2013a) or in treefall gaps versus intact mature forests.
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Research in Panama has also found that symbiotic nitrogen fixer
species differ in their strategies for acquiring phosphorus, such as
phosphatase activity and mycorrhizal colonization (Wurzburger
and Hedin 2016; Batterman et al., 2018; Nasto et al., 2019),
which suggests that nitrogen fixers employ a suite of strategies to
acquire limiting nutrients.

These findings from Panamanian forests have led to new
research identifying species differences in fixation, including at
sites in Costa Rica (McCulloch et al., 2021), Brazil (Winbourne
et al., 2018; Wong et al., 2020), and Trinidad (Brookshire et al.,
2019; Currey etal., 2021). Although our knowledge of functional
diversity in the symbiotic nitrogen-fixing trees has burgeoned,
we know little about diversity in the function of lianas (Collins et
al., 2016) or microbial fixers, both as symbiotic partners and as
free-living organisms. Intriguing evidence points to the symbiotic
bacteria being highly diverse on BCI (Parker, 2008); however, we
do not know how these symbiotic relationships emerge or how
the bacterial species identity affects fixation rates.

CONCLUSION

We have made many critical advances in our understand-
ing of biological nitrogen fixation from work on BCI and the
surrounding forests of Panama, including a backdrop of sub-
stantial research on the evolution of the dominant symbiotic
nitrogen-fixer plant genus, Inga (e.g., Coley and Kursar, 2014;
Coley 2024). We have learned that fixation is heterogeneous
across many niches, space, and time and that tropical symbiotic
nitrogen fixers are dynamic in their fixation rates even over their
own lifetimes through the use of facultative nitrogen fixation.
We have also developed a more nuanced understanding for how
nutrients govern biological nitrogen fixation and how fixation
will change with rising CO,. However, many questions remain:
What are the intricacies of the legume-rhizobia relationship?
What is the role of herbivory and trophic interactions in shaping
fixer abundances and fixation rates? How do the diverse strate-
gies of symbiotic fixers affect ecosystem scale inputs of nitrogen?
Undoubtedly, exciting new findings about the many unresolved
questions about biological nitrogen fixation will emerge in the
coming years from BCI and surrounding Panama forests.
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