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Biological nitrogen fixation (BNF) is the main pathway for new nitrogen (N) to enter
ecosystems. The highest rates of BNF are found in tropical forests, but the majority of
studies on BNF in tropical forests have been conducted along coastal regions, which
receive high rates of sea-salt aerosols likely rich in molybdenum (Mo). Much evidence
suggests that the low availability of Mo, a co-factor in the nitrogenase enzyme, can
constrain BNF, even in forests that receive large inputs of Mo. Thus, Mo could be
even more limiting to BNF in tropical forests isolated from atmospheric inputs. In
Chapter 1, I modeled how sea-salt aerosols, mineral dust, and volcanoes distribute
atmospheric Mo to terrestrial ecosystems. I then identified the southern Amazon basin
as a region where atmospheric inputs and parent material weathering is low, and
hypothesized that 1) Mo limitation of BNF is prevalent in this region, further
exacerbated by low soil pH, and that 2) BNF rates would be low compared to other
tropical forests. In Chapter 2, I conducted two long-term experiments where I added
Mo, phosphorus (P), and lime (to raise soil pH) separately and together. I found that,
free-living BNF did not respond strongly to Mo and P additions, likely because of
high soil N availability that suppresses BNF.
In the southeastern Amazon, interactions of drought, deforestation, and
agricultural have led to increased forest fires. Early in forest succession after large N
losses, BNF has been found to increase in many tropical forests to support secondary

forest recovery. In Chapters 3 and 4, I asked if trees capable of hosting symbiotic BNF
(N-fixing) in the Fabaceae family and associated symbiotic BNF, as well as freeliving BNF, increase to support forest recovery post-fires. I found low rates of freeliving and symbiotic BNF despite 1) large aboveground losses of N post-fire and 2) a
large increase in the abundance of N-fixing trees. The low rates of BNF in the
southeastern Amazon have important implications for understanding the role of BNF
in tropical forests more generally, because large areas of tropical forest occur in
lowland, interior basins on highly weathered oxisols.
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CHAPTER 1 . INTRODUCTION
1.1. Background
Biological nitrogen fixation (BNF) is an essential process that provides the
primary input of new nitrogen (N) into ecosystems. There are two main pathways for
BNF—symbiotic and free-living. The largest source of symbiotic BNF occurs when
specific bacteria live in association with specific leguminous plants in the Fabaceae
family and fix N in root nodules. Free-living BNF is catalyzed by bacteria and archaea
that live freely in soils, and is ubiquitous. Despite the importance of BNF for
ecosystem function and for predicting future responses to global change, we still know
little about the rates of and the controls on BNF, particularly in tropical forests where
BNF is thought to be potentially high, but where measurements are rare. While P is
thought to ultimately limit net primary productivity in tropical forests on old, highly
weathered soils, N often limits secondary forest regrowth until forests mature
(Davidson et al. 2007, Wright et al. 2018). Thus, BNF rates are often high after
disturbances and in forest gaps (Barron et al. 2011, Batterman et al. 2013). In contrast
to temperate forests, BNF rates are estimated to be 5-10 times higher in tropical forests
(Sullivan et al. 2014). The high abundance of Fabaceae across the Neotropics (~10%
basal area) (ter Steege et al. 2006), and the potential for relatively high rates of freeliving BNF associated with the warm and moist soil and litter suggest that tropical
forests can fix large quantities of N rapidly.
The highest rates of primary production and measured rates of BNF occur in
tropical forests (Cleveland et al. 1999), but most studies have been conducted in
coastal regions that receive large inputs of sea-salt aerosols likely rich in molybdenum
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(Mo). Aerosol inputs can be important to tropical forests situated on ancient, highly
weathered soils, since high temperatures and precipitation lead rock-derived nutrients,
such as P (Porder and Hilley 2011) and likely Mo to be in short supply. Molybdenum
is the most prevalent and efficient co-factor in the nitrogenase enzyme (Eady 2003),
and experimental Mo additions have shown that the low concentrations of Mo can
limit BNF rates in tropical forests (Barron et al. 2009, Wurzburger et al. 2012).
Molybdenum is rare in soils, with an average crustal abundance of 1-2 µg g-1 (Taylor
and McLennan 1995). In addition, when present as the oxidized anion molybdate
(MoO42-), Mo is highly soluble and easily leached (Wichard et al. 2009). While plants
and bacteria have highly specialized mechanisms to take up molybdate (Grunden and
Shanmugam 1997, Tomatsu et al. 2007), in highly acidic tropical soils (pH < 5) Mo
forms biologically-inaccessible protonated compounds such as molybdic acid (Anbar
2004). How then can Mo be sustained in highly weathered, acidic, tropical systems
that account for roughly 70% of global terrestrial BNF (Wang and Houlton 2009,
Cleveland et al. 2013)?
1.2. Chapter 2
Highly weathered soils of tropical forests are generally regarded as being in
delicate nutrient balance, so the influx of new nutrients through atmospheric input can
be crucial to tropical forest productivity (Swap et al. 1992, Mahowald et al. 2008b, Yu
et al. 2015). While atmospheric sources may be important contributors of Mo to
weathered tropical systems, atmospheric Mo deposition had not yet been studied
spatially (Nriagu 1989). Despite being a trace constituent of the crust, Mo is relatively
unreactive in oxygenated, aqueous solution and is removed so slowly from seawater
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that it is the most abundant transition metal in the oceans, with a concentration of
about 106 nmol kg-1 (Nakagawa et al. 2012). In contrast to P, Mo is highlyconcentrated in sea-water, making sea-salt inputs to terrestrial ecosystems much more
important for Mo than for P. I hypothesized that atmospheric inputs of Mo, such as
sea-salt aerosol spray, contribute to the Mo supply in the tropics and sustain some of
the previously measured high BNF rates.
In Chapter 2, I examined the global distribution of potential inputs of Mo to
terrestrial ecosystems, modifying the model that Mahowald et al. (2008) used for P
and iron (Fe). In the model, I focused on the primary long-term natural inputs that
redistribute Mo: mineral dust, redistributed from deserts across far distances; sea-salt
aerosols, which can be large inputs along coasts; and volcanoes, which are highly
localized sources. While the concentrations of Mo concentrations in seawater are
highly conserved and well-known (Emerson and Huested 1991, Nakagawa et al.
2012), Mo in dust had not yet been quantified. A large global source of mineral dust is
the Bodélé Depression in North Africa, which makes its way westward annually from
North Africa across the Atlantic Ocean, to the Caribbean, Central America, and parts
of the Amazon Basin. We quantified Mo in dust and sediments from the Bodélé
Depression to constrain our global model. Our group used the same samples as
Abouchami et al. (2013) in their study characterizing dust and sediments from the
Bodélé Depression to assess accumulation of dust in the Amazon Basin.
I found higher Mo deposition to terrestrial ecosystems along coasts downwind
of trade winds, near active volcanoes, and in areas that receive transatlantic dust
deposition from North Africa, such as the northern Amazon Basin, the Caribbean, and
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Central America. Mineral dust is the largest natural source of Mo deposition (70%),
while sea-salt follows (26%), and volcanoes are the lowest (4%). Sea-salt spray
deposition of Mo is likely well-constrained since seawater Mo is a conservative
constituent of seawater globally. Again, we noted that most studies that have directly
measured BNF rates in the tropics are conducted in coastal regions, and therefore
subject to inputs of Mo in sea-salt aerosol spray. The lowest Mo deposition rates were
in the high latitudes, the northern parts of North America, Western Australia, Southern
Africa, and much of central South America, including the southern Amazon basin.
This leads to the question: is Mo is short supply where there is little to no parent
material contribution and where atmospheric inputs of Mo are low?
1.3. Chapter 3
Based on our model findings, I hypothesized that the southern Amazon, which
receives relatively little dust, sea-salt aerosol, or volcanic inputs would be low in Mo
and P availability. Phosphorus availability is also important for BNF since it is the
element that has been found to most frequently limit tropical BNF (Reed et al. 2011).
Many N fixers (free-living and symbiotic) increase in both abundance and fixation
rates when P supply is high. This can be explained by one of three mechanisms: (1)
most systems are limited by P supply, with the supply of N adjusting to P; when P is
added, the system shifts to N-limitation and induces a higher demand for BNF; (2)
because N fixers systematically require more P for cell growth; or (3) N fixers are less
competitive in acquiring P than non-fixers (Vitousek and Howarth 1991, Crews 1993,
Vitousek et al. 2002, Benner and Vitousek 2007). However, teasing apart Mo and P
limitation in previous research is complicated because in many P addition
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experiments, Mo may have been present as a contaminant not actively controlled for
(Charter et al. 1995, Barron et al. 2009). This calls into question the results of
historical P addition experiments in which Mo could represent an incidental nutrient
addition (Reed et al. 2011). Molybdenum could be more important in limiting BNF
than previously thought, but because Mo is rarely measured in soils due
methodological issues, we do not yet have a grasp on Mo abundance in tropical
systems.
Furthermore, I hypothesized 1) that the southeastern Amazon may have low
rates of symbiotic and free-living BNF in contrast to empirical studies of other tropical
forests, and 2) that Mo limitation of free-living BNF is widespread in the southern
Amazon. Even in areas where atmospheric Mo inputs are high to tropical forests that
are P- and not N-limited, Mo often limits BNF (Barron et al. 2009, Wurzburger et al.
2012, Reed et al. 2013, Winbourne et al. 2017). Thus in areas of low atmospheric Mo
inputs, such as the southeastern Amazon, Mo limitation of BNF is likely even stronger
than in other tropical forests. In addition, the high soil acidity of the Amazon may
further make Mo unavailable for microbial uptake. The forest soils in the southeastern
Amazon are highly acidic with an average pH of 3.9 (Riskin et al. 2013), which affects
Mo and P formation of chemical complexes and sorption to soils (Haynes 1982, Anbar
2004). Currently, the five studies that have assessed Mo and P limitation on free-living
BNF rates in the tropics have not examined Mo and P limitation alone in the field;
they have either looked at short-term Mo and P limitation in the lab, or combined
long-term Mo and P limitation in the field without Mo and P alone.
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For Chapters 3-5, I conducted my dissertation fieldwork at Fazenda Tanguro in
Mato Grosso, Brazil in the southeastern Amazon, one of Brazil’s (Long-Term
Ecological Research) LTER field stations run by Instituto de Pesquisa Ambiental da
Amazônia (IPAM), where research has been ongoing since 2004. For Chapter 3, I
conducted two block-design field experiments during the wet and dry seasons by
adding Mo, P, and lime alone and in combination. I measured free-living BNF in the
soil and litter immediately, and then weeks and months after the applications. To
verify that my experiment altered soil conditions, I measured total and resinextractable Mo and P along with soil pH one day and one month after the applications.
I found that as I hypothesized, soil Mo and P concentrations were low in the
southeastern Amazon. My measurements verified that additions of Mo, P, and lime
resulted in higher concentrations of resin-extractable Mo and P and higher pH.
However, the additions did not strongly and consistently increase BNF over time as I
originally hypothesized. BNF increased in the soil one day after applications in
response to Mo and P in the dry season (17-fold on average, p = 0.049), and in
response to Mo and P in combination with lime one month after applications in the
soil in the wet season five-fold on average, p = 0.045). Three months after the
applications in the dry season, Mo and P in combination with lime increased BNF
rates in the litter layer four-fold, but variation was high and the effect, if real, was
statistically weak (p = 0.11). BNF rates varied widely depending on seasonality and
precipitation. The high variability in the field, compared to previous short-term
laboratory experiments, may have precluded the detection of significant responses in
the litter layer.
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I postulate that while Mo and P may be important for regulating BNF during
periodic N limitation, N richness ultimately downregulates free-living BNF at this site.
Indirect indicators, such as the stoichiometric ratios of soil N:P and soil and foliar C:N
(the average foliar C:N was 23.8, compared to a tropical forest average of 36
(McGroddy et al. 2004)) and the high soil concentrations of nitrate and ammonium
(1.35 µg NO3- and 14.58 µg NH4+ g-1 in the wet season; 6.17 µg NO3- g-1 and 23.03 µg
NH4+ g-1 in the dry season) in the southeastern Amazon indicate that N availability is
high, especially when compared to many other tropical forests on younger soils. The
higher N availability could explain the overall low rates of BNF, and the lack of strong
responses to Mo or P.
1.4. Chapter 4
Deforestation and greater drought intensity are increasing the susceptibility of
tropical forests to fire over large areas of the Amazon. Although tropical forests on old
soils are not typically limited by N, after forest fires, N is lost to the atmosphere
preferentially to P (Kauffman et al. 1995), potentially inducing N limitation relative to
P during early succession. In areas isolated from atmospheric N deposition, BNF is the
primary mechanism to support N acquisition and the recovery of the N cycle
(Batterman et al. 2013). In wet tropical forests of Panama, symbiotic BNF can
increase to high rates in disturbed forests, but generally stays low in high-N soils in
mature forests (Barron et al. 2011). I hypothesized in the southeastern Amazon, Nfixing species downregulate symbiotic N fixation when N is available in mature
forests, and that after fires, aboveground losses of N would facilitate higher rates of
free-living and symbiotic BNF.
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I hypothesized that BNF would increase post-fire for two reasons: 1)
aboveground losses of N relative to P would induce temporal N limitation; and 2) fires
would release biomass Mo and P, as well as cations, to the forest floor. Thereby the
increase in availability of Mo and P for microbial uptake would reduce potential Mo
and P limitation on BNF while increasing soil pH. I investigated the role of BNF by
free-living and symbiotic microbes seven years after experimental burns in the
southeastern Amazon. At Fazenda Tanguro, a large-scale experiment (150-ha)
compared control forests with forests that were burned three years apart (triennially) in
2004, 2007 and 2010, and annually from 2004 to 2010 (except 2008). I measured the
changes in aboveground biomass N using tree inventories and monthly leaf area index
measurements as a proxy for aboveground N recovery. I quantified free-living BNF in
the dry and wet seasons and symbiotic BNF in the wet season to test the hypothesis
that BNF is elevated after a fire to support forest regrowth.
After forest fires, about half the aboveground N was lost (~280 kg ha-1), and
post-fire average aboveground regrowth assimilated a gross between 5 and 6 kg N ha-1
yr-1. However, symbiotic and free-living BNF rates did not increase as expected,
especially relative to other secondary forests, where mean rates have ranged from 4 to
29 kg N ha-1 yr-1 (Batterman et al. 2013, Sullivan et al. 2014, Winbourne et al. 2018,
Taylor et al. 2019). Seven years after the last fires, free-living and symbiotic BNF
rates (0.16-0.69 kg N ha-1 yr-1 across all plots) were eight-fold lower than estimates for
all tropical forests (5.7 kg N ha-1 y-1) (Sullivan et al. 2014). I conclude that BNF in the
burned forests in the southeastern Amazon behaves more like mature forests than
secondary forests found elsewhere, probably due to high N availability in surface soils
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as well as high nitrate availability stored deeper in soils from 1-4 m (Jankowski et al.
2018). Although we found slightly decreased nitrate and ammonium in the burned
plots, the surface soil nitrate and ammonium concentrations in the southeastern
Amazon were much higher than many other succession studies across the tropics,
averaging a total of 16.0 µg NO3- + NH4+ g-1 in the dry season and 4.8 µg NO3- + NH4+
g-1 in the wet season across both burned treatments. In another study at Fazenda
Tanguro, Jankowski et al. (2018) found substantial deep nitrate pools in forest soils,
228 kg N-NO3- + NH4+ ha-1 from 0-4 m deep, indicating a buildup of N. The large
nitrate pools were indicative of potential anion exchange in the highly weathered,
topographically stable tropical forests. The high availability of N likely suppresses
BNF, even in secondary forests where N has been lost. Previous BNF studies have
mostly been conducted on much younger and more topographically variable parent
material, where there is likely less accumulation of inorganic N.
1.5. Chapter 5
Tropical forests are characterized by a high abundance of trees and lianas in
the family Fabaceae, which are capable of supporting symbiotic BNF. They are
thought to play an important role in the carbon cycle, particularly in recovering
tropical forests, when N can be limiting (Davidson et al. 2007, Wright et al. 2018).
Fabaceae are more abundant in dry tropical forests than in wet tropical forests, which
likely is related to their reduced leaflet size and thus drought tolerance, as well as their
ability to fix N (Gei et al. 2018). While successional patterns have been documented
for these trees capable of supporting symbiotic BNF in wet tropical forests after
logging, fewer patterns have been studied in dry tropical forests post-fire.
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In Chapter 5, I tested the hypothesis that tree species that are often associated
with symbiotic BNF (potential N fixers) would be more competitive than tree species
that do not support symbiotic BNF (non-fixers) in growth, recruitment, and mortality
post-fire, but not in the mature forest. Using a tree inventory census from the largescale fire experiment at Fazenda Tanguro in the southeastern Amazon (2004-2016), I
investigated the successional patterns of non-fixers and potential N fixers post-fire.
Post-fire, potential N-fixer stem percentage and basal area percentage increased
relative to the mature control forest, particularly in the smaller size classes. This
pattern was driven by a higher recruitment rate of N fixers in the burned forests, lower
mortality of N fixers in the burned relative to the mature forest, and faster growth rates
of potential N fixers compared to non-fixers. These patterns were consistent with
previous studies in wet and dry tropical forests. However, in the southeastern Amazon,
most of the demographic processes were driven by one potential N-fixing species,
Tachigali vulgaris, common to the Cerrado and southern Amazon biomes. However,
nodule surveys and indirect isotopic evidence suggests that T. vulgaris was not
supporting N-fixing symbionts. It is surprising that species with the capability of
fixing N are still successful even when they are not actively fixing N. This may be
explained by potential N fixers having other ecological advantages, such as higher
water-use efficiency or higher leaf N (Adams et al. 2016).
1.6. Conclusion
In conclusion, I found that atmospheric sources of Mo could potentially
produce a spatial gradient of Mo availability, and I identified the southern Amazon as
a region that receives very low Mo deposition. The southern Amazon is a region
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where BNF has not yet been quantified, and where parent material weathering
contribution is low. I then focused the field work and experimentation of my
dissertation in the southeastern Amazon. There, I found surprisingly low rates of
symbiotic and free-living BNF (eight-fold lower than the tropical forest estimated
average), even in response to Mo and P additions, perhaps because of high N
availability suppressing BNF. In response to disturbance, when BNF has been shown
to increase in other tropical forests, BNF did not increase after fires in the southeastern
Amazon. I also found that potential N-fixing species in the Fabaceae family are still
dominant early in succession in tropical forests, but perhaps not because of BNF, but
rather because of drought tolerance.
These patterns likely represent large areas of tropical forest that occur in
lowland, interior basins on highly weathered oxisols. The low rates of BNF in
southeastern Amazon forests have important implications for understanding and
predicting the role of BNF in tropical forests more generally, because about 30% of
tropical forests globally (the majority of the Amazon and Congo Basins) occur in
lowland, interior basins on highly weathered soils that likely behave similarly, where
N stocks have built up in soils over time from increasing anion exchange capacity.
Currently our knowledge of tropical forest function and biogeochemistry is
geographically-biased, and sampling across lowland, interior tropical forests reveals
more variation in the biogeochemical cycling across tropical forests than previously
thought.
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2.1. Summary
Molybdenum (Mo) is an essential trace metal that plays a central role in
biological nitrogen fixation (BNF) as the cofactor of the nitrogenase enzyme. The low
availability of Mo in soils often constrains BNF rates in many terrestrial ecosystems.
Atmospheric sources may supply a critical source of exogenous Mo to regions with
highly weathered soils likely low in Mo, particularly in tropical forests where BNF
rates are thought to be high. Here, we present results of a global model of Mo
deposition that considers the principal natural sources that redistribute Mo—
windborne mineral dust, sea-salt aerosols, and volcanic sources, which operate over
geologic time. The largest source of mineral dust globally is from North Africa. We
quantified Mo concentrations in dust and sediments from the Bodélé Depression, a
large source of dust within North Africa, to constrain our model. Because the Mo
concentration of seawater is relatively high, we also hypothesized that sea-salt
aerosols would contribute atmospheric Mo. Our model predicted higher Mo deposition
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to terrestrial ecosystems along coasts downstream in trade winds, near active
volcanoes, and in areas that receive dust deposition from North Africa, such as the
northern Amazon Basin, the Caribbean, and Central America. Regions with higher Mo
deposition tend to also be areas where BNF has previously been measured. The lowest
Mo deposition rates were in the high latitudes, northern parts of North America,
Western Australia, Southern Africa, and much of central South America. Atmospheric
Mo could play an important role in supplying Mo across geologic time, particularly in
tropical regions with highly weathered soils.
2.2. Introduction
The distribution of molybdenum (Mo) deposition to terrestrial ecosystems
from the atmosphere is important because Mo plays a critical role in nitrogen (N)
fixation, the reaction that transforms atmospheric N into plant-available forms.
Molybdenum is the most prevalent and efficient co-factor of the nitrogenase enzyme
(Eady 1996), and the availability of Mo constrains biological nitrogen fixation (BNF)
rates across many terrestrial ecosystems (e.g. Barron et al. 2009). Despite the key
biological role of Mo, it is rare in most soils, with an average crustal abundance of 1-2
µg g-1 (Taylor and McLennan 1995). Molybdenum availability is likely even lower
across many acidic and highly weathered tropical soils remote from atmospheric
inputs, where leaching over geologic time removes Mo and other soluble elements.
There has been little study on Mo availability in tropical regions, but it may be
particularly low in remote regions such as the interior Amazon, where BNF rates are
thought to be high (Wang and Houlton 2009), but where BNF has not yet been
quantified. Our current understanding of tropical BNF is geographically-limited,
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particularly for areas remote from the mineral dust, sea-salt aerosol, or volcanic inputs
that provide the dominant sources for Mo deposition.
While weathering of parent material is the major contributor of rock-derived
elements to soils, atmospheric sources can be an important source of new nutrients to
highly weathered soils (Chadwick et al. 1999). Sea-salt aerosols are carried inland
varying distances by prevailing winds, and the largest rates of deposition occur in
coastal regions. Because of sea-salt aerosol deposition, sodium (Na) concentrations in
rainfall can drop up to 700-fold from coastal to inland regions across 3000 km
(Stallard and Edmond 1981). Molybdenum eventually leaches from soils into rivers
and accumulates in the ocean because of its high solubility when oxidized in the form
of molybdate (MoO42-). Because Mo is relatively unreactive in oxygenated, aqueous
solution and is only very slowly removed from seawater by organisms or by most
common mineral phases (Helz and Vorlicek 2019), Mo is the most abundant transition
metal in the oceans with a concentration of about 106 nmol kg-1 (Nakagawa et al.
2012). We hypothesize that Mo likely follows a similar deposition pattern as Na, with
highest deposition in coastal regions.
Away from coastal regions, mineral dust is the major source of aerosols
globally, and annual estimates of dust production range from 1000-2150 Tg yr-1
(Zender et al. 2004). Dust aerosols are produced by wind erosion in arid and semi-arid
regions, and the main source regions globally include the edges of the Sahara desert
and Sahel region in North Africa (50-70% of global dust sources), the Arabian
Peninsula, the Gobi and Taklamakan deserts in Asia (10-25%), and the Australian and
South American deserts (Tegen and Schepanski 2009). The westward movement of
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North African dust across the Atlantic Ocean, and the presence of this dust in the
Caribbean and the Amazon Basin are well-known (e.g. Artaxo et al. 1990), and
thought to help maintain long-term productivity of vegetation in the Amazon Basin
(Swap et al. 1992, Okin et al. 2004, Yu et al. 2015) by supplying phosphorus (P).
Although dust transport is highly variable from year to year, these dust emissions have
likely occurred over tens of thousands of years (Albani et al. 2015), and were possibly
even higher before the Last Glacial Maximum (Mahowald et al. 1999) because of high
aridity and wind speeds. A major source of dust from the Sahara and Sahel regions
comes from the Bodélé Depression in Chad (Koren et al. 2006), where the easilyeroded, diatomite-rich sediments are located between two mountain chains that direct
and accelerate the strong and frequent surface winds (Bristow et al. 2009). While the
annual rates of atmospheric deposition are typically low for most ecosystems when
distributed over large areas, deposition can be important on geologic timescales (Swap
et al. 1992, Chadwick et al. 1999). Empirical measurements and models have
demonstrated that dust from the Sahara and Sahel regions are an important source of P
and iron (Fe) in regions with P and Fe limitation (Mahowald et al. 2005b; Yu et al.
2015).
Volcanoes can also be a source of trace elements to the atmosphere when
episodic events release volcanic ash composed of gases, aerosols, and metal salts.
Even when not erupting, small amounts of sulfur dioxide gas leak from non-erupting
degassing volcanoes, which act as carrier phases for trace elements. In volcanic
aerosols from Kilauea volcano in Hawaii, Mo was relatively enriched compared with
other trace elements (Sansone et al. 2002), indicating that volcanoes could also be a
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source for atmospheric Mo (King et al. 2016). Nriagu (1989) previously synthesized
estimates of total sources of Mo to the atmosphere, but Mo deposition has not yet been
evaluated spatially, and differential deposition rates could influence ecosystem
structure over geologic time. While model-based maps of deposition of Fe (Mahowald
et al. 2005b) and P (Mahowald et al. 2008b) from different sources have been
constructed, Mo deposition has not yet been evaluated in a similar manner.
Here, we quantify for the first time Mo concentrations in mineral dust, and
present the first model-based global deposition map for Mo. We focused on preindustrial, natural source emissions since the end of the Last Glacial Maximum, with a
particular emphasis on the fate of dust from the Sahara and Sahel regions and the
potential impact of deposition on tropical regions such as the Amazon Basin.
Anthropogenic activity has increased Mo deposition since the 19th century (Hong et al.
2004), and biogenic particles and biomass burning could also be important sources of
the atmospheric Mo cycle, redistributing local sources of Mo. However, natural
sources of sea-salt aerosols, mineral dust, and volcanoes likely dominated the
atmospheric cycles during the past 12,000 years. Previous studies based on
precipitation concentrations and Mo isotopes indicate an important role of atmospheric
Mo in contributing to soil Mo (Marks et al. 2015; Siebert et al. 2015; King et al.
2016). Our objectives were to quantify Mo in dust, develop a model that depicts
atmospheric Mo deposition worldwide, and determine if atmospheric Mo could be an
important source of Mo to highly weathered soils of the world. We hypothesized that:
(1) dust inputs from North Africa are important in the northern Amazon, (2) sea-salt
deposition is important only near coastal regions, and (3) that volcanoes could be
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locally-important sources of Mo.
2.3. Methods
2.3.1. Sample collection
We collected dried samples of dust and sediment from the Bodélé Depression
in September 2010 along the main trajectory of the wintertime Harmattan wind
system, a dusty West African trade wind that moves westward from North Africa
(Abouchami et al 2013). The sediment samples consist of dry lake-bed sediments
collected from eight locations in the Bodélé Depression, located about 200 km south
of Faya Largeau, a town north of the Bodélé Depression. These dry lake sediments
consist of mostly diatomites, the dominant material in the central lake bed of former
Lake Megachad, which now is the Bodélé Depression. Here, we use the same sample
names as described by Abouchami et al. (2013). The five dust samples were collected
from Chad and Niger from high ledges inside abandoned buildings in which dust had
collected over a period of many decades. Sample locations and collections as well as
data on many elements (but not Mo) in these same dust samples are further described
in Abouchami et al. (2013) (Table 2.1).
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Table 2.1. Bodélé Depression dust and sediment total Mo concentrations and sample
locations. Sample identification parameters correspond to those from Abouchami et al.
(2013).
Sample

Sample Description

Mo (µg g-1)

Latitude

Longitude

#1 Faya Largeau (Chad)

17° 56.113’ N

19° 06.743’E

1.1

#1 Harmattan (Niamey, Niger)

13° 29.492’ N

02° 10.189’ E

1.2

#1 Radome (Niamey, Niger)

13° 29.492’ N

02° 10.189’ E

1.2

#2 Mao (rafters, Chad)

14° 07.704’ N

15° 18.753’ E

1.3

#2 Nguimi (police station, Chad)

14° 15.175’ N

13° 06.878’ E

1.0

16° 06.120’ N

18° 33.000’ E

0.9

16 °08.139’ N

18 °35.930’ E

1.1

16 °08.139’ N

18 °35.930’ E

2.4

16 °12.273’ N

18 °36.397’ E

0.7

16 °12.273’ N

18 °36.397’ E

0.7

17 °13.777’ N

19 °02.149’ E

3.6

16 °09.190’ N

18 °35.464’ E

0.7

16 °09.190’ N

18 °35.464’ E

1.3

Bodélé Dust

Bodélé Sediment
Bodéle soil 43.5 (Chad)
Bodéle soil 44 (Chad)
Bodéle soil 44B (Chad)
Bodéle soil 44C (Chad)
Bodéle soil 44D (Chad)
Bodéle soil 51 (Chad)
Bodéle soil 54A (Chad)
Bodéle soil 54B (Chad)

gray flakes and highly
localized red plates
mixture of gray and white
flakes of diatomite and
surrounding sand
mixture of gray and white
flakes of diatomite and
surrounding sand
gray flakes and highly
localized red plates
gray flakes and highly
localized red plates
gray flakes and highly
localized red plates
gray flakes and highly
localized red plates
gray flakes and highly
localized red plates

2.3.2. Sample analysis
Molybdenum concentrations in the dust and sediment samples were measured
at the W.M. Keck Foundation Laboratory for Environmental Biogeochemistry, School
of Earth & Space Exploration, Arizona State University (ASU). The dust and sediment
samples were re-dried at 105°C, sieved at 2 mm and powdered, and ashed at 550°C
overnight to remove organic matter. Samples were digested in HNO3, HF, and HCl
depending on sample solubility in a closed Savillex reactor on a hot plate. After
digestion, samples were then diluted in 2% HNO3 and Mo concentrations were
determined by quadrupole ICP-MS (ThermoFisher Scientific iCAP Q, with CCT
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option). All samples were run in conjunction with SDO-1, a Devonian Ohio shale
available from the USGS, and SCo-1, a grey shale low in Mo concentration available
from the USGS, and yielded values of 142 ± 5.4 and 1.12 ± 0.2 µg g-1 (1 s.d.; n = 9).
2.3.3. Atmospheric Modeling
To estimate Mo deposition from mineral dust, sea-salt aerosols, and volcanoes,
we used an atmospheric transport model to simulate atmospheric Mo deposition from
source areas through emission processes (Figure 2.1), transport, and deposition
mechanisms, using the parameterizations from (Brahney et al. 2015). Because Mo in
the atmosphere is present almost exclusively in the solid aerosol phase, we simulated
Mo using an aerosol transport and deposition scheme within the Community
Atmosphere Model, version 4 (CAM4), the atmospheric component of the Community
Earth System Model (CESM) developed at the National Center for Atmospheric
Research (NCAR). We ran the model using climate model-derived winds with the slab
ocean model. Simulations were conducted for 5 years, with the last 4 years used for
analysis. The model simulates three-dimensional transport and wet and dry deposition
for gases and aerosols. Model spatial resolution was 1.9° by 2.5°. For each grid box,
we obtained an estimate of deposition fluxes for every day of the year which were
summed into annual estimates.
For Mo in dust, we assumed a constant fraction of the dust was Mo using
concentrations measured in this study, described above. In the model, mineral dust
was entrained in unvegetated dry, arid regions with easily erodible soils during strong
wind events. The dominant source regions of mineral aerosols were the arid regions of
North Africa, the Arabian Peninsula, Central Asia, China, Australia, North America,
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and South Africa, most of which contain basins that drain from highlands that collect
small particles (Figure 2.1a). The entrainment process to the atmosphere was
proportional to the wind friction velocity, a measure of wind shear stress on soil
surfaces and a function of planetary boundary layer winds, surface roughness, and
atmospheric stability, further described by Mahowald et al. (2005b). The dust model
included four particle size bins (0.1–1, 1–2.5, 2.5–5, and 5–10 μm) which were
transported and deposited separately using the size fractionation by Albani et al.
(2014). The regional source strengths of the mineral dusts were tuned to best match
available aerosol optical depth, concentration and deposition data as described by
Albani et al. (2014).

24

Figure 2.1. Annual sources of sea-salt Mo (μg m-2 yr-1) (A), Annual dust Mo sources
(μg m-2 yr -1) (B), Annual volcano Mo sources from degassing volcanoes (μg m-2 yr -1)
(C).
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Similarly, to model the Mo in sea-salt aerosols, we used a constant
concentration of Mo in seawater and used the sea-salt module (Mahowald et al. 2006)
with parameterizations from Gong et al. (1997). Because Mo, unlike any other trace
element, is a conservative element in seawater with a constant ratio with salinity, we
could assume that the concentration of Mo in sea-salt aerosols reflected that of surface
seawater (Collier 1985). In the oxic seawater surface, Mo occurs as the stable
molybdate oxyanion (Smedley and Kinniburgh 2017), slowly removed by organisms
and most minerals (Helz and Vorlicek 2019). Therefore, the average Mo atom
circulates the oceans about 300 times, resulting in a homogenous distribution across
oceans, with the largest variations in the Mo concentration ~5% when normalized to
salinity (Tuit 2003). We derived the Mo sea-salt aerosol concentration from an
average ocean concentration of 106 nM Mo (Nakagawa et al. 2012) normalized to
average seawater salinity of 35 g kg-1, resulting in a value of 0.29 μg Mo g-1 salt. The
source of the sea-salt aerosols was the open ocean under high wind speed conditions
(Figure 2.1b). Distribution into each size bin (0.1-1, 1-3, 3-10, and 10-20 μm) was
independent of wind speed or relative humidity.
We used the Mo to sulfur (S) ratio to approximate volcanic Mo deposition,
normalized to estimates of S emissions from volcanoes from gridded global data sets
(Spiro et al. 1992) of non-erupting volcanoes (Figure 2.1c). Sulfur is used as a
parameter for volcanic activity because of the ability to easily measure S with ground
and satellite-based remote sensing (Carn et al. 2017). We simulated S emission as
continuous release from active volcanoes. While volcanic ash from episodic events
can contribute significant elements, we focused here on average estimated background
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volcanic activity only for the steady-state spatial model because of the difficulty in
capturing historical episodic events, but include eruptive events in the total budget.
We assumed that the volcanic Mo is in fine aerosols because it is formed at high
temperatures, and used a mass-based ratio of 4 x 10-4 of Mo/S from Nriagu (1989),
estimate Mo emissions as a fraction of S emissions. Volcanic aerosols were simulated
in the size same bins as dust and sea salt for this study following (Brahney et al. 2015).
Once the aerosols were entrained into the atmosphere, they underwent transport, wet
and turbulent dry depositions and gravitational settling appropriate for their assumed
composition and size.
2.4. Results
2.4.1 Dust Mo concentrations
The Bodélé Depression sediment Mo concentrations ranged from 0.7 to 3.6 µg
g-1 and the Bodélé Depression dust Mo concentrations ranged from 1.0 to 1.3 µg g-1
(Table 2.1). The dust samples averaged a total Mo concentration of 1.15 ± 0.14 µg g-1
(standard error) while the sediment samples averaged 1.42 ± 1.04 µg g-1. The dust
samples had a much smaller range, likely due to filtering of particles that are entrained
in the atmosphere and the downstream mixing that occurs in the atmosphere. We used
the dust concentrations here to parameterize the model because up to half the dust
from the Sahara, the main mineral source to the Amazon Basin, is thought to be
emitted from the Bodélé Depression (Koren et al. 2006).
The average sediment and dust concentrations of 1.4 and 1.1 ug g-1 are within
the range of the crustal abundance estimates of Mo at 1-2 µg g-1 (Taylor and
McLennan 1995). Often models use the concentrations from crustal abundance when
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dust concentrations are not available (Chadwick et al. 1999, Okin et al. 2004). Using
the crustal abundance tends to be a conservative estimate for trace elements, since
dusts is typically enriched in trace elements (Lawrence and Neff 2009). Although we
did not sample dust from other desert sources, the average concentration of dust
measured from the Bodélé falls within the crustal abundance range; thus, we assume
conservatively that the concentration of 1.1 µg g-1 represents other mineral dust
sources.
2.4.2. Modeled sea-salt deposition
Our model predicted higher Mo deposition from sea-salt aerosols in coastal
regions facing trade winds (Figure 2.2a). Because of prevailing wind patterns in the
equatorial regions where the northeast and southeast trade winds converge, the
Caribbean and the northeast coast of South America received relatively high Mo
deposition compared to islands situated between the Indian and Pacific Oceans.
Deposition rates were higher and extended farther inland to terrestrial ecosystems in
the coastal regions of western North America, Western Europe, southern Asia, eastern
South America, eastern and southern Australia, Hawaiian Islands, and Central
America. The East Indies, eastern North America, western South America,
northwestern Australia, which do not have onshore trade winds, received less sea-saltderived Mo deposition. Because of higher wind speeds in the latitudinal regions, seasalt sources and subsequent deposition rates were generally higher across the oceans
farther from the equator. In South America, for example, moving westward, there was
a drop-off of sea-salt aerosol deposition rates. Near Maceio, Brazil at 10.4°S and
35°W, sea-salt deposition rates abruptly decline from 6 μg Mo m-2 yr-1 to 2.4 times
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lower across 270 km, 10 times lower at 820 km, and 18 times lower at 1400 km
(Figure 2.2a).
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Figure 2.2. Annual sea-salt Mo deposition (μg m-2 yr-1) (A), Annual dust Mo
deposition (μg m-2 yr -1) with triangles indicating Bodélé dust samples and circles
indicating Bodélé sediment samples (B), Annual volcano Mo deposition from
degassing volcanoes (μg m-2 yr -1) (C), and combined annual sea-salt, dust, and
volcano Mo deposition (μg m-2 yr -1) with circles indicating where BNF studies have
previously been conducted in the tropics, summarized in Appendix Table 1 (D).
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2.4.3. Modeled Mo dust deposition
The regions that received the most Mo from mineral dust were proximal to the
dust sources with onshore winds, such as North Africa, the Arabian Peninsula, the
Gobi and Taklamakan deserts in Asia, deserts in central and southern Australia, the
Patagonian desert on the southern part of South America, and the southwestern U.S.
For example, following the westerly winds, dust moved eastward from the Gobi and
Taklamakan deserts in Asia. Exogenous deposition rates were highest, similar to seasalt spray, in the direction following trade wind movement. Globally, the highest rates
decreased moving westward from North Africa, as dust from that source is deposited
in the Caribbean, Central America, and the northern Amazon Basin. We found a
particularly steep gradient in Mo dust deposition from northern South America to
central South America (Figure 2.2b). For example, moving south from Trindad and
Tobago in the Caribbean, dust deposition rates decreased from a peak at 8.5°N and
60°W from 30 µg Mo m-2 yr-1 to 0.042 µg Mo m-2 yr-1 at 2.38°S and 60°W near
Manaus, Brazil in the Amazon, decreasing about 800-fold as precipitation scavenges
the atmospheric dust. This pattern held relatively constant from the northern to
southern Amazon Basin, and did not correlate with the amount of annual precipitation.
2.4.4. Modeled Mo volcano deposition
The major volcanic sources of Mo were located near the major degassing
volcanic regions, such as active volcanoes in Italy, Papua New Guinea, Colombia,
Japan, Hawaii, Chile, Guatemala, and Nicaragua (Carn et al. 2017). Deposition
patterns of volcanic Mo also followed the direction trade winds, with higher and more
extensive deposition moving in the direction of the trade winds relative to the source.
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We found the highest deposition rates in Papua New Guinea at 16 µg Mo m-2
yr-1. Within the Hawaiian Islands, the highest deposition rates were 1.5 µg Mo m-2
yr-1 near Hawai'i, Hawaii, and values dropped off three-fold to nearby Hawaiian
Islands from scavenging by precipitation, such as Kauai, Hawaii 500 km away.
Deposition of Mo associated with volcanic activity ranged between 0.1 to 10 µg Mo
m-2 yr-1 across Central America and the Andean region, and between from 0.1 to 5 µg
Mo m-2 yr-1 from Chile to the southern parts of South America (Figure 2.2c).
2.4.5. Total modeled Mo deposition
When combining sea-salt, dust, and volcanic aerosol deposition, we found the
lowest rates of total natural deposition in the high latitudes, the northern parts of North
America, the Indian Ocean, Western Australia, Southern Africa, and much of central
South America and the southern tip of South America (Figure 2.2d). In total, in the
central part of South America, for example, at 65°W and 29.4°S, total deposition rates
were 0.16 µg Mo m-2 yr-1. The total deposition patterns followed the dust and sea-salt
deposition patterns closely, with the highest deposition rates near dust sources and
downwind of dust sources, coastal regions facing trade winds, and near active
degassing volcanoes (Figure 2.2d).
Mineral dust inputs to the atmosphere dominated natural sources (70%), while
sea-salt deposition followed (26%), while the smallest source were degassing and
eruptive volcanoes (4%) (Table 2.2). Dust deposition had a far-reaching influence on
terrestrial land surfaces within the same continent as the source regions, but also
across oceans. In contrast, sea-salt deposition had a stronger influence within oceans
and a relatively small influence on terrestrial landscapes, with the exception of coastal
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regions facing trade winds. Volcanoes were the smallest source globally, and had
predominantly local influences near active, degassing volcanoes. In tropical regions
with low dust and sea-salt deposition such as Indonesia, volcanic sources dominated.
Across most tropical regions, either dust, sea-salt aerosols, or volcanic activity
contributed notable amounts of atmospheric Mo deposition, except for the central
region of South America. For example, Hawaii and Central America receive between
2 to 5 µg Mo m-2 yr -1, the northern Amazon receives between 5 to 0.010 µg Mo m-2
yr -1, and the southern Amazon receives between 0.1 to 1 µg Mo m-2 yr -1. Notably,
many of the regions where BNF has been measured in the tropics are located in areas
with higher rates of sea-salt Mo deposition (Figure 2.2d), such as the Hawaiian
Islands, Central America, and coastal South America.
Table 2.2. Global sources of natural atmospheric Mo (Gg/yr)
Source
Our Model
Ngiaru (1989)

Relative
Uncertainty
Dust
4.3
1.3
Medium
Sea salts
1.6
0.22
Low
Volcanoes
0.22*
0.4
High
*Includes both degassing and eruptive volcanoes: 0.07 Gg/yr for degassing, and 0.15
Gg/yr for erupting volcanoes

2.5. Discussion
Our model results suggest that globally, mineral dust inputs dominate the
natural atmospheric cycle (Table 2.2). Our estimates are some three-fold higher for
dust, 8-fold higher for sea-salt aerosols, and roughly half as much for volcanoes
compared to previous estimates (Nriagu 1989). Nriagu’s sea-salt aerosol estimates
were lower and dust estimates were higher because they normalized their sea-salt
production to 0.1-1 x 1016 g of sea-salt spray, their dust production to 0.6 to 5 x 1014 g
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of dust derived from (Prospero et al. 1983), while our estimates are derived from
simulated sea-salt aerosol and dust entrainment into the atmosphere that were
previously tuned to observational data (Mahowald et al. 2006, 2008b). Our modeled
sea-salt aerosol Mo deposition estimates are relatively robust because model estimates
were tuned to empirical measurements of Na and chloride for sea-salt aerosols
(Mahowald et al. 2008b), and the conservative nature of Mo leads to a consistent ratio
with sea salts. Our mineral dust model is relatively robust as well, because the dust
model has been tuned to observational data from aerosols, as well as satellite data
(Mahowald et al. 2003). Although we parameterized the model only with dust samples
from the Bodélé Depression, the concentrations from this region fit within the crustal
abundance range and represents the largest global source relative to its size. The least
well-constrained estimates are the volcano sources because we used a Mo/S ratio, and
Mo is rarely measured in volcano plumes or in volcanic ash (Crowe et al. 1987), and
often not together with S (e.g. Mather et al. 2012). Our estimates of volcanic
emissions from active, degassing volcanoes are likely on the higher end, since Mo is
much less volatile than S. While trace metals are often thought to be abundant in
degassing volcano plumes because of fractionation processes that concentrate trace
metals (Hinkley et al. 1994), a study conducted in Iceland demonstrated relatively low
levels of Mo in degassing materials (Arnórsson and Óskarsson 2007). Though
volatilization of Mo from degassing volcanoes still needs to be investigated, eruptive
volcanoes are still likely to be a source of Mo, as in Hawaii, where Mo in soils was
isotopically traced to volcanic emissions (King et al. 2016).
Our modeled Mo deposition rates agreed relatively well with estimates from
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the two existing empirical estimates of atmospheric Mo deposition based on
precipitation fluxes. In Iceland, a total atmospheric input of 2 to 9 µg Mo m-2 yr-1 was
estimated (Siebert et al. 2015), which is within the range of our model predictions of
3.5 and 6.1 µg Mo m-2 yr-1 for that region. The Pacific Northwest of the U.S. is also a
region for which our model predicted relatively high sea-salt deposition of 4 to 7 µg
Mo m-2 yr-1. In the same region, Marks et al. (2015), estimated atmospheric Mo
deposition rates of 19 µg Mo m-2 yr-1, within one order of magnitude of our model
estimates. Both of these regions are relatively pristine with little anthropogenic
influence but with a higher importance of sea-salt aerosols and in the case of Iceland,
volcanic inputs relative to dust.
Across long timescales, atmospheric Mo deposition could support Mo cycling
in particular ecosystems that receive relatively high Mo atmospheric deposition with
low parent material weathering. For example, in Iceland where deposition rates from
sea-salt aerosols are relatively high, Siebert et al. (2015) suggested that atmospheric
deposition contributed to between 5 and 9% of the Mo soil pool relative to the basaltic
bedrock. They found the strongest sea-salt influence (9%) in the more weathered soils
where Mo pools were lower (Siebert et al. 2015). These results suggest that
atmospheric Mo inputs can be particularly important on older highly weathered soils
in regions of high precipitation where soluble Mo has been lost to leaching. Strong
evidence that soil age affects rock-derived nutrient availability also comes from
Hawaiian Islands, which vary widely in ecosystem age, ranging from 300 years to
4,100,000 years old. Atmospheric P and calcium (Ca) inputs are particularly important
for the fertility of the older islands, where the basaltic parent material is highly
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weathered. On islands older than 20,000 years, atmospheric inputs of Ca are the
dominant source of Ca (Chadwick et al. 1999). Hawaii is a region where sea-salt
deposition of Mo and volcanic deposition of Mo are relatively high, and where BNF
rates have also been found to be high (Vitousek and Walker 1989, Ley and D’Antonio
1998, Pearson and Vitousek 2002), indicating that atmospheric Mo may also be
important on the older islands, potentially overcoming any potential Mo limitation of
BNF.
Tropical forests are thought to be major global sites of BNF rates and
important to global BNF totals (Cleveland et al. 1999, Wang and Houlton 2009) for a
few reasons. First, tropical forests have a higher abundance of leguminous trees
capable of forming symbiotic relationships with bacteria compared to other biomes.
Second, the warm, wet conditions of the litter layer facilitate higher rates of
heterotrophic, free-living BNF associated with bacteria and archaea. In addition,
higher BNF rates in the tropics have been associated with the canopy, epiphytes,
decaying wood, bryophytes, and lichens compared to other ecosystems (Cleveland et
al. 1999, Matzek and Vitousek 2003). The nitrogenase enzyme, which catalyzes BNF,
can be synthesized by all N-fixing bacteria and archaea in its conventional form, of
which Mo is the most efficient and prevalent co-factor (Eady 1996).
Evidence of Mo limitation on BNF in tropical forests and other biomes has
been increasing (Dynarski and Houlton 2018). Phosphorus was previously thought to
be the dominant nutrient control on BNF, but teasing apart the effects of Mo and P in
previous research is complicated. In many P addition experiments, Mo may have been
present as a contaminant, calling into question the results of historical P addition
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experiments where Mo could have been incidentally added (Barron et al. 2009).
Almost all previous addition experiments in different biomes have demonstrated Mo
limitation on BNF to some extent. However, much of the previous research on Mo and
its control on BNF, measured through Mo fertilization experiments, has been
conducted in regions where atmospheric deposition of Mo may supply sufficient Mo
to support high BNF rates. Even where atmospheric Mo deposition is relatively high
in tropical forests in Panama, previous addition experiments have demonstrated an
experimental response of BNF to Mo at rates of 39 µg m-2 yr-1 (Barron et al. 2009).
These rates could be supplied by atmospheric deposition over decades to hundreds of
years at our modeled rates in some tropical regions (Figure 2.2d).
Thus, if Mo constrains BNF widely across tropical forests, then this constraint
is likely more prominent in N-limited regions of low Mo deposition, where parent
material weathering is low. For example, the eastern, central and southeastern Amazon
are some of the oldest geologic surfaces exposed in South America, with maximum
geological ages ranging from 1500 to 3600 million years (Quesada et al. 2011). In the
Amazon, the lack of recent geologic activity has suggested the link of atmospheric
inputs of P with the long-term productivity of the forests (Swap et al. 1992). Okin et
al. (2004) speculated that in the Amazon and Congo Basins, dust P from the Sahara
are large enough relative to soil P concentrations to have replenished the soil P many
times since the evolution of these ecosystems. From isotopic analysis, the lack of
strong dust accumulation from the Bodélé in the Amazon Basin suggests that the dust
is consumed, contributing nutrients to stimulate plant growth (Abouchami et al. 2013).
While we do not have the soil Mo measurements across the Amazon and Congo
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Basins to make the same conclusion as Okin et al. (2004), their results suggests that
Mo availability could be relatively low across the lower Amazon and could constrain
BNF, compared to other regions like Hawaii where BNF rates have been measured to
be relatively high, and Mo deposition is relatively high (Figure 2.2d). Because regions
like the Amazon and Congo are not where the majority of BNF studies have
previously been conducted (Figure 2.2d), the consequence may be that BNF in interior
basins is underrepresented in tropical forest estimates, and we need more studies in
these to test whether or not the patterns found in the tropical forests are representative
of forests where atmospheric deposition of Mo is low. Atmospheric Mo is likely
highly tied to N cycling in N-limited systems with older soils, and more BNF
measurements should be conducted to study how BNF behaves there compared to
areas that receive relatively high atmospheric inputs of Mo.
Here, we demonstrate the large range in deposition rates of atmospheric Mo
globally, which could impact the structure of ecosystems, particular in N-limited
ecosystems. To predict the future importance of atmospheric Mo on ecosystem
function, we need to further understand the retention and loss of Mo within
ecosystems, collect more empirical observations of Mo in soils and in aerosol
measurements, and study the impacts of human activity and land-use change on the
atmospheric Mo cycle. This will help further understand how tightly coupled Mo
availability will be to atmospheric Mo transport in the future, and what the ultimate
impact of atmospheric Mo on N-cycling is. Ultimately, BNF should be measured in
more remote tropical forests, many of which receive little to no atmospheric Mo inputs
and could be limited by Mo.
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CHAPTER 3 . MOLYBDENUM, PHOSPHORUS, AND PH EFFECTS ON FREELIVING NITROGEN FIXATION IN A TROPICAL FOREST IN THE
SOUTHEASTERN AMAZON
Authors
Wong, Michelle Y.1*, Christopher Neill2, Roxanne Marino1, Paulo M. Brando2,3,
Divino Silvéiro, Robert W. Howarth1,2.
1

Department of Ecology and Evolutionary Biology, Cornell University, Ithaca, NY
14853, U.S.A.
2
Woods Hole Research Center, Falmouth, MA 02450, U.S.A.
3
Instituto de Pesquisa Ambiental da Amazônia, Brasília-DF, Brazil
3.1. Summary
High rates of biological nitrogen fixation (BNF) are commonly reported for
tropical forests, but most studies have been conducted in regions that receive
substantial inputs of Mo from atmospheric dust and sea-salt aerosols. Even in these
regions, the low availability of molybdenum (Mo) can constrain free-living BNF. We
hypothesized that in regions where atmospheric inputs of Mo are low and soils are
highly weathered, such as the southeastern Amazon, Mo would constrain BNF. We
also hypothesized that the high soil acidity, characteristic of the Amazon Basin, would
further constrain Mo availability and therefore BNF. We conducted two field
experiments across the wet and dry seasons, adding Mo, phosphorus (P), and lime
alone and in combination to the forest floor in the southeastern Amazon. We sampled
soils and litter immediately, and then weeks and months after the applications,
measuring Mo and P availability through resin extractions and measuring BNF by the
acetylene reduction assay. The experimental additions of Mo and P increased their
availability and the lime increased soil pH. BNF rates varied widely as a function of
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precipitation. While the combination of Mo and P increased BNF at some time points,
BNF did not increase rates strongly or consistently across the study as a whole,
suggesting that Mo, P, and soil pH are not the dominant controls over BNF at this site.
Instead, we postulate that high nitrogen (N) availability, revealed by stoichiometry
relative to other tropical forests, may suppress BNF at this site. These patterns may
also extend across many oxisols in topographically stable regions of the tropics.
3.2. Introduction
Tropical forests are highly productive ecosystems, where the greatest rates of
terrestrial biological nitrogen fixation (BNF) rates have been measured and modeled
(Cleveland et al. 1999, Wang and Houlton 2009). BNF is the main source of N input
to tropical forests, and is mediated either by free-living bacteria and archaea that
reside in litter or soil, or by bacteria in symbiotic associations with specific tree
species. Even in the tropics, where there are abundant leguminous N-fixing plants in
the Fabaceae family, free-living BNF can often be more dominant than symbiotic
BNF (e.g. Nardoto et al., 2014; Taylor et al., 2019). Molybdenum (Mo), a co-factor in
the nitrogenase enzyme, and phosphorus (P), required for the BNF process, often limit
free-living BNF in many well-studied tropical forests (such as those in Central
America or Hawaii (Crews et al. 2000, Barron et al. 2009, Wurzburger et al. 2012,
Winbourne et al. 2017)). However, less is known about the occurrence of Mo and P
limitation in tropical forests further from major sources of atmospheric input of Mo
(Chapter 2; Dynarski and Houlton 2018). In the tropics, higher temperatures and
precipitation facilitate more chemical and physical weathering (Stallard 1988, Porder
and Hilley 2011), leading to lower rock-derived nutrient availability. Tropical forests
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situated on older parent material, with maximum geological ages ranging between
1500 to 3600 million years (Quesada et al. 2011) are characteristic of many tropical
regions such as central Africa and much of the Amazon Basin. These regions are
likely characterized by even lower P (Sanchez 1977, Vitousek et al. 2010) and Mo
availability.
Phosphorus and Mo limitation to both symbiotic and free-living BNF has been
observed across multiple tropical forests (e.g. Vitousek and Hobbie 2000, Barron et al.
2009, Wurzburger et al. 2012, Winbourne et al. 2017), as well as temperate and boreal
forest biomes (e.g. Silvester 1989, Jean et al. 2013, Rousk et al. 2016, Pérez et al.
2017). Phosphorus is the element that is found to most frequently limit tropical BNF
(Reed et al. 2011), with BNF often increasing when P supply is high. This can happen
for one of two reasons: (1) most tropical forest ecosystems are limited by P supply,
with the supply of N adjusting to P; when P is added, the system shifts to N limitation
to be more favorable for BNF; or (2) N fixers systematically require more P than nonfixers for cell growth (Vitousek and Howarth 1991, Crews 1993, Vitousek et al.
2002b, Benner and Vitousek 2007). Molybdenum is the most common and most
efficient co-factor for the nitrogenase enzyme (Eady 1996). However, teasing apart
Mo and P limitation based upon previous research is complicated because in many P
addition experiments, Mo may have been present as a contaminant in the fertilizer
(Charter et al. 1995, Barron et al. 2009). Thus, Mo limitation of BNF could be more
prevalent than previously thought.
While high rates of BNF are commonly reported for tropical forests (Cleveland
et al. 1999, Sullivan et al. 2014), most studies have been conducted in regions that
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receive substantial inputs of molybdenum (Mo) from atmospheric dust and sea salt
(Chapter 2), and P from dust. Even in regions that receive relatively high atmospheric
inputs of Mo, the low availability of Mo may still constrain free-living BNF. We
hypothesized that in regions such as the southeastern Amazon where atmospheric
inputs of Mo are low and soils are highly weathered, Mo may be especially limiting to
BNF. Molybdenum is already rare in soils, with an average crustal abundance of 1-2
µg g-1 (Taylor and McLennan 1995). Moreover, because lower soil pH (pH < 5)
affects the chemical speciation of Mo (Anbar 2004), increases adsorption of Mo to
soils (Reddy et al. 1997), and likely reduces biological uptake (Wanner and Soppa
1999, Zahalak et al. 2004, Tomatsu et al. 2007), Mo limitation is likely even more
prevalent in the acidic soils of the Amazon Basin that range from pH 4.17 to 4.94
(Negreios and Nepstad 1994, Laurance et al. 1999). Phosphorus behaves similarly in
acidic soils, and to combat this, agricultural liming is often used in the tropics to
increase to P availability to plants (Haynes 1982). The same prevalence of soil acidity
is likely true in forests, where the low pH effects on Mo and P further exacerbate the
already low soil concentrations.
The southeastern Amazon is a region where Mo and P limitation might be
pronounced, because soils are developed from old, stable surfaces with little to no
parent material contribution (Quesada et al. 2011), and atmospheric inputs are low
(Mahowald et al., 2008, Chapter 2). Currently, five studies have assessed the
simultaneous effects of Mo and P on free-living BNF rates in the tropics. These
studies were located in Hawaii, Panama, Costa Rica, and Belize (Vitousek and Hobbie
2000, Barron et al. 2009, Wurzburger et al. 2012, Reed et al. 2013, Winbourne et al.
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2017), all of which receive higher weathering and atmospheric inputs, particularly
from sea-salt aerosols (Chapter 2). In addition, these five studies have either been
short-term experiments, or longer-term studies with Mo added as a nutrient “cocktail”
where responses to Mo alone have not been examined (Vitousek and Hobbie 2000,
Barron et al. 2009). In contrast, we know less about controls on free-living BNF across
the Amazon, the world’s largest tropical forest facing transitions in deforestation and
recovery (Aguiar et al. 2016), which may drive the need for BNF in forest recovery
(Batterman et al. 2013).
In this study, we tested the hypothesis that absolute Mo and P availability, or
low effective availability as a function of low soil pH, limit free-living BNF across
old, highly weathered tropical soils receiving minimal atmospheric inputs. We
conducted a multi-factorial Mo, P and lime addition experiment in a dominantly
evergreen forest in the southeastern Amazon, and measured BNF responses across
days, weeks, and months across both the wet and dry seasons.
3.3. Methods
3.3.1. Site description
The study was conducted at Fazenda Tanguro, an 800 km2 working farm in
eastern Mato Grosso State, Brazil (13°04’ S, 52°23’ W). Forest tree species
composition in this predominantly evergreen forest represents a transition between the
central Amazon forest and the more seasonal Cerrado, which lies 30 km south of the
study site (Ivanauskas et al. 2003). The soils in this region are classified as red-yellow
alic dystrophic latosols (Brazilian soil classification), relatively infertile sandy
ferralsols (FAO classification), or oxisols (Haplustox; USDA classification), and are
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among the oldest in Amazonia (Quesada et al. 2011), with Tertiary and Quaternary
fluvial deposits over Precambrian gneisses of the Xingu Complex (Projeto
Radambrasil 1981). Further site characteristics are described in Chapter 4.
3.3.2. Fertilization experiment and sample collection
In the dry season beginning in October 2016 and the wet season beginning in
February 2017, we conducted two separate fertilization experiments to test Mo, P, and
pH controls on free-living BNF. Five plots per treatment received either no addition
(control), Mo (as Na2MoO4·2H2O), P (Na3PO4·12H2O), Mo and P together, lime
(9CaCO3•1MgCO3), or lime with Mo and P, for a total of 30 plots. Prior to the
experiment, we dissolved the P and lime in nitric acid (HNO3) and quantified Mo
contamination in the P additions, and both Mo and P contamination in the lime
additions using the analytical methods described below, because Mo has been found in
phosphate fertilizers at 2.4-18.5 µg-1 Mo g-1 fertilizer (Charter et al. 1995). The lime
contained no quantifiable Mo or P (< 33.4 ng Mo g-1 and < 1.3 µg P g-1) and the
Na3PO4·12H2O added had an average concentration of 52.1 ng Mo g-1, which are
much lower than for standard fertilizers.
In the dry season, plots (2 x 2 m) were set up in a randomized block design 2 m
apart, unless physically obstructed by a large standing or fallen tree, with each block
separated by 50 m distance (Appendix C Supplementary Figure 1). For the lime
treatments, the litter layer was removed by hand, and lime was sprinkled by hand at a
rate of about 1.2 kg lime per plot to raise the pH of the soil to about pH 5. Litter was
returned back on the forest floor. The Mo, P, and Mo plus P treatments were added by
hand-broadcast sprayer with 1.5 L of distilled water over the leaf litter layer, and
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separate sprayers were used for Mo and P to avoid cross-contamination. Control and
lime-only treatments received only distilled water on the leaf litter layer. The same
fertilization experiment was repeated in the following wet season on a separate set of
plots in a randomized block design for a total of 60 plots (Appendix B Supplementary
Figure 1).
We determined background soil Mo and P concentrations from a nearby forest
(Chapter 4) and added Mo with a target to double the concentration in the top 10 cm of
surface soil and P to raise soil concentrations by 10 percent; this is equivalent to a Mo
addition rate of 348 g Mo ha-1 and a P addition rate of 18.1 kg P ha-1. To compare our
addition rates on a mass basis to prior short-term lab experiments, we assume that the
additions were contained in the top 10 cm of soil with a bulk density of 1.09 g cm-2
(Riskin et al. 2013) and in the litter layer with an average of 8000 kg litter ha-1
(Chapter 4). The addition rates would then be equivalent to 317 µg Mo kg-1 sample
and 16.5 mg P kg-1 sample in our study. Thus these Mo and P addition rates were
mostly in between the low and high range added by other bottle addition studies
(Table 3.1).
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Table 3.1. Addition rates of other studies testing Mo and P limitation on BNF.
Forest
type
Tropical
Forest

Temperate
forest

Boreal
forest

Site

Study

Reference

Costa Rica

Incubation

Panama
Panama

Field,
Incubation
Incubation

Belize

Incubation

southeastern
Amazon
Chile

Field

Reed et al.
2013
Barron et al.
2009
Wurzburger
et al. 2012
Winbourne
et al. 2017
This study

Oregon,
USA
Pacific
Northwest,
USA
Canada

Incubation

Sweden

Field

Incubation

Incubation

Incubation

Addition rate by
area

297 µg Mo kg-1
10 g Mo ha-1,
50 kg P ha-1

348 g Mo ha-1,
18.1 kg P ha-1

Pérez et al.
2017
Perakis et al.
2017
Silvester et
al. 1989
Jean et al.
2013
Rousk et al.
2016

Addition rate by mass

42 to 504 µg Mo kg-1,
2.8 to 283 mg P kg-1
667 µg Mo kg-1,
283 mg P kg-1
667 µg Mo kg-1,
283 mg P kg-1
317 µg Mo kg-1,
16.5 mg P kg-1
2000 µg Mo kg-1,
1000 mg P kg-1
80 µg Mo kg-1,
800 mg P kg-1
250 µg Mo kg-1
144 µg Mo kg-1,
4.8 mg P kg-1

7 to 70 g Mo ha-1,
40 to 400 kg P ha-1

For the October dry season addition experiment, we collected separate soil and
litter samples two days prior to treatment applications, and one day, 11 days, or four
months after treatment. For the February wet season additions, we collected soil and
litter samples one week before and one day, one week, four weeks, and 11 months
after treatment. For each sampling, we weighed soils on the day of collection and
incubated them overnight using the acetylene reduction assay (described below), and
weighed litter the next morning and incubated the litter across the following day. In
each plot, we composited three individual soil cores (0-2 cm) for each replicate within
the plot. We collected a total of three replicates per plot, or 90 soil incubations per
time point. The litter was collected by hand, with two replicates per plot for a total of
60 litter incubations per time point, except for the last sampling day where there were
90 litter incubations.
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3.3.3. Short-term lab addition experiment
To aid comparison with previous short-term studies, we conducted a separate
lab experiment with ten replicates of soil and litter each for the following treatments:
control, lime (~0.2 g), Mo, double (2x) Mo, P, Mo+P, Mo+P+lime for a total of 70
incubations, at the same estimated mass-basis rates as the field experiment described
above. After additions, we incubated samples for 12 hours before ARA incubations
were initiated, the time expected for microbes to respond to Mo based upon previous
studies (Bellenger et al. 2011). Treatments were added in 5 mL solutions (control:
distilled water; Mo: 0.83 µg Mo mL-1; high Mo: 1.65 µg Mo mL-1; P: 80.3 µg P mL-1)
to about 15 grams of litter or 25 grams of fresh surface soil as Mo (Na2MoO4·2H2O)
and P (trace metal grade NaH2PO4). The NaH2PO4 added had an average
concentration of 80.7 ng Mo g-1.
3.3.4. Free-living BNF by acetylene reduction
We measured free-living BNF in soil and litter using the acetylene reduction
assay (ARA) method (Hardy et al. 1968, Barron et al. 2009). For each incubation, we
added about 15 grams of litter or 25 grams of fresh surface soil to 125 mL gas tight
jars with lids fitted with septa (Fisher Scientific 501215190), sealed these, and added a
10% atmosphere of acetylene generated from calcium carbide. We incubated litter
samples for 8-10 hours and soil samples for 14-18 hours at ambient temperature in an
open-air greenhouse environment.
After incubations, we collected 30 mL headspace into pre-evacuated gas tight
vials (Teledyne Tekmar 22mL) fitted with thick butyl septa (Geo-Microbial
Technologies, Inc.). After the ARA was terminated, we weighed litter and soil before
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and after drying for two days at 65°C or 105°C, respectively. We measured the
ethylene concentrations from the field-collected samples at Cornell University using a
Shimadzu 8-A gas chromatograph equipped with a flame ionization detector (330°C)
and a Porapak-N 80/100 column at 70°C with two standard curves and check
standards every ten samples. For the short-term laboratory experiment, we analyzed
samples at Brown University using a Shimadzu GC-2014 gas chromatograph equipped
with a flame ionization detector (330°C) and a Poropak-T column at 80°C. To
measure background ethylene production from litter without exposure to acetylene, we
incubated six additional litter samples per sampling. Acetylene blanks were made
following the same methods as discussed in Chapter 4. Ethylene production rates from
litter averaged 17% of the total ethylene concentrations, but varied widely, with a
relative standard deviation of 107%. Ethylene production from soil without exposure
to acetylene was insignificant. Ethylene blanks averaged 12% of the ethylene
production in litter incubations but 50% in soil incubations, due to the low rates
measured.
We measured the soil pH using a 1:2 soil (field moisture) to distilled water
ratio by weight, stirred and equilibrated for 30 minutes with a pH meter standardized
at pH 7 and 4 daily using single junction, epoxy body, sealed electrode (Cole-Parmer).
3.3.5. Resin-extractable and total soil Mo and P
To confirm the addition of fertilizers and track their fate, we collected soil
samples from nine randomized locations within the plots. Soil from 0-2 cm depth was
collected into a bag, shaken, dried, and subsampled. Because our export permit
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precluded us from exporting litter samples, we were unable to analyze leaf litter for
Mo or P.
We extracted available Mo and P from soils using anion-exchange beads
following the same procedures as Wurzburger et al. (2012) for mineral soils. We
conducted extractions with a bead:soil:water ratio of 1:5:50 where the beads (Dowex
1x4-200) were loaded into acid-washed tubing capped at both ends with Nitex bolting
cloth (243 µm) held by plastic clamps to expose the beads to the solution in 50 mL
vials. The soil solution was shaken for 16 hrs at 80 rpm, and we rinsed the resins with
DI to remove excess soil particles, eluted the resins with 10% HNO3 on the shaker for
another hour in a separate 50 mL vial, and then filtered the final solution. Procedural
blanks and spiked check standards in DI were also run with each set.
To measure total soil Mo and P, samples were ground in an alumina ceramic
ring and puck shatterbox, oven-dried at 105°C, ashed at 550°C for four hours, and
digested in concentrated nitric acid (HNO3) using the 3052 EPA microwave-assisted
acid digestion of siliceous and organically based matrices. The digests were
centrifuged, filtered, and diluted. A procedural blank and a certified natural sample
were digested and run in parallel with each set of microwave digestions: SCO-1,
USGS Geochemical Reference Standard, Cody Shale.
Resin Mo, total Mo, and resin P concentrations were measured on an Elan
DRC-e quadrople Inductively Coupled Plasma Mass Spectrometer at the State
University of New York College of Environmental Science and Forestry (SUNY
ESF), and total P concentrations were measured on a Perkin Elmer Optima 3300DV
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES).
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Concentrations of Mo and P in procedural blanks were subtracted from final sample
concentrations, and accounted for less than 7% of the Mo and 15% of the P
concentrations in the resin samples, and less than 1% of the Mo and P concentrations
in the nitric acid digestions.
3.3.6. Statistical analyses
For the field experiments, we used linear mixed-effects model (LMM) to
examine the ln-transformed rate (ln(+0.0001) for soils and ln(+0.001) for litter) with
random effects for the block and plot with interactions with the time point. The time
point and treatment were treated as factors in the LMM. Analyses were conducted for
each substrate (litter and soil) for each set of plots (additions in October, additions in
February). Substrates were analyzed separately because the ARA rates found within
the litter layer and the soil differed by an order of magnitude or more. For analysis, we
dropped one control plot due to continuously high rates from an ant waste mound
located on the plot (Pinto-Tomás et al. 2009). We also followed the approach of
(Rousk et al. 2016, Perakis et al. 2017) and analyzed the effects of Mo, P, and lime on
ARA rates as response ratios (nutrient additions relative to the average of the control
treatment) in the Supplementary Information (Appendix B). If values found in the
control plot were zero, then the rate was estimated as half the lowest rate found within
the group. The relationship between ARA rates and sample moisture content was
tested using linear regression analysis with ln-transformed rate (ln(+0.0001) for soils
and ln(+0.001) for litter), while the relationship between season and ARA rates were
tested with a Wilcoxon rank sum test. In the lab experiments, we used a one-way
ANOVA with the treatment as the factor with an ln-transformed rate. For total soil Mo

56

and P and resin Mo and P, we used a LMM with random effects for the block with the
treatment as a factor. Multiple comparisons within the LMM were analyzed using a
Tukey post-hoc test, both between treatments and grouped treatments (P, Mo and P,
and Mo and P with lime, for example). Residuals were visually inspected by
examining the QQ plots to see whether the distribution was relatively normal, and
heteroscedasticity was investigated. Statistical analyses were performed using R
software v.3.0.3 (R Development Core Team).
3.4. Results
3.4.1. Study site chemistry
In the control plots, surface soil (0-2 cm) total Mo concentrations averaged 89
± 9.7 ng g-1 and P concentrations averaged 84 ± 9.6 µg g-1 for all time points (Figure
3.1, Appendix B Supplementary Table 1). The resin-extractable Mo averaged 1.3 ng
g-1, while the resin-extractable P averaged 0.97 µg g-1 in the control plots for all time
points. The soil pH averaged 4.2 ± 0.02 (Table 3.2).

57

Figure 3.1. Field-based resin-extractable available molybdenum (Mo) (A), phosphorus
(P) (B), and total Mo (C), and P (D) one day and one month after applications in the
wet season (February additions) in the southeastern Amazon. The circles (●) represent
the means one day after and the triangles (▲) represent the means one month after
applications. The error bars represent ± standard error. Capital letters signify
statistically significant differences between treatments one day after applications, and
lower-case letters signify differences one month after (p < 0.05) (Tukey post-hoc test).
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Table 3.2. Surface soil (0-2 cm) pH of soils before and after liming across the wet and
dry seasons in field fertilization experiments in the southeastern Amazon. Data are
means ± 1 standard error. Letters signify statistically significant differences (p < 0.05)
(Tukey post-hoc test).
October Application
Dry Season
Control
Lime
Mo
P
Mo + P
Mo + P
+ lime

February Application
Wet season

Preaddition

1 Day

10 Days

3 Months

Preaddition

1 Day

1 Week

1 Month

11
Months

4.01
(0.05)a
3.95
(0.07)a
3.82
(0.05)a
3.99
(0.08)a
4.04
(0.09)a
4.00
(0.10)a

4.16
(0.05)a
4.31
(0.18)a
4.02
(0.08)a
4.57
(0.17)a
4.44
(0.11)a
4.38
(0.16)a

3.97
(0.06)b
5.19
(0.20)a
3.85
(0.06)b
4.44
(0.12)b
4.21
(0.12)b
5.25
(0.22)a

4.46
(0.04)ab
4.99
(0.15)ab
4.37
(0.03)b
4.68
(0.06)ab
4.54
(0.05)ab
5.04
(0.12)a

4.23
(0.02)a
4.20
(0.05)a
4.23
(0.03)a
4.16
(0.04)a
4.14
(0.05)a
4.17
(0.03)a

4.24
(0.04)b
5.34
(0.14)a
4.21
(0.05)b
4.40
(0.05)b
4.46
(0.07)b
5.10
(0.11)a

4.12
(0.06)c
5.11
(0.16)a
4.25
(0.05)c
4.38
(0.05)bc
4.38
(0.04)bc
4.96
(0.10)ab

3.95
(0.03)b
5.25
(0.22)a
4.01
(0.04)b
4.01
(0.03)b
4.09
(0.06)b
5.00
(0.15)a

4.15
(0.03)b
5.38
(0.15)a
4.34
(0.14)b
4.19
(0.02)b
4.19
(0.02)b
5.04
(0.09)a

The treatments increased soil pH, total Mo and P, and resin-extractable
“available” Mo and P both one week and one month after applications during the wet
season. One day after applications, the P additions increased resin-extractable P
concentrations two-fold (p = 0.0001) and total P concentrations two-fold (p = 0.0004),
and the Mo additions increased resin-extractable Mo 11-fold (p = 0.0004), and total
Mo concentrations three-fold (p = 0.0002). Despite precipitation during the wet
season, we observed treatment effects in the surface soils one month after applications.
One month after applications, the P additions increased resin-extractable P
concentrations two-fold (p = 0.0032) and total P concentrations by half (p < 0.0001),
and the Mo additions increased resin-extractable Mo 46-fold (p < 0.0001) and total
Mo concentrations two-fold (p = 0.0002) (Figure 1). The lime additions increased the
soil pH (Table 1) across all time points, on average, to 5.02 ± 0.05 (p < 0.0001).
Available Mo and P typically represented 0.5 to 2.5% of total Mo and P in the control
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plots. The Mo additions increased resin-extractable Mo relatively more than P
additions increased resin-extractable P.
3.4.2. Dry and wet season free-living BNF in the field experiment
In the long-term field experiment, additions of lime, Mo, and P alone and in
combination did not strongly or consistently increase free-living BNF in the litter layer
or the soil. The only exceptions were increased BNF one day after applications in the
surface soil in the dry season in response to Mo and P, three months after dry season
applications in the litter layer in response to Mo and P in combination with lime, and
one month after applications in the wet season in the surface soil in reponse to Mo and
P in combination with lime (Figures 3.2, 3.3).
Before the applications in the dry season, mean free-living BNF rates were
similar across plots. One day after the applications in the dry season, on average, Mo
and P increased BNF rates in the soil by 17-fold (p = 0.049), driven by one sample
where rates were 0.59 nmol C2H4 g-1 hr-1; similarly, Mo and P in combination with
lime increased BNF rates on this date by four-fold, although the high variation
precluded a statistically-significant response (p = 0.15). In the dry season no effects
were seen in the surface soil ten days after additions (p > 0.97 for all treatments),
although there was one hotspot in the P addition, where BNF rates were 0.67 nmol
C2H4 g-1 hr-1. Three months after applications, which was at the onset of the wet
season, the additions also had no significant effect on BNF in the surface soil (p > 0.58
for all treatments) (Figure 3.2, Appendix B Supplementary Table 2).
In the litter layer, one day and eleven days after applications in the dry season,
the additions had no effect on BNF rates (p > 0.99 for all treatments). Three months
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after dry season applications, P increased BNF in the litter layer by four-fold (p =
0.16), and Mo and P in combination with lime increased BNF rates four-fold (p =
0.11), but the high variation precluded detection of a statistically-significant response
(Figure 3.2, Appendix B Supplementary Table 3).

Figure 3.2. Field-based free-living BNF by acetylene reduction (nmol C2H4 g-1 hr-1) in
surface soils in response to fertilizations before applications (A), one day after (B),
eleven days after (C), and four months after (D) applications, and free-living BNF in
the litter layer before applications (E), one day after (F), eleven days after (G), and
four months after (H) applications that began during the dry season in October in the
southeastern Amazon. The boxes represent the mean and the error bars represent ±
standard error.
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Figure 3.3. Field-based free-living BNF rates by acetylene reduction (nmol C2H4 g-1
hr-1) in surface soils in response to fertilization before applications (A), one day after
(B), one week after (C), one month after (D), and eleven months after (E) applications,
and free-living BNF rates found in the litter layer before additions (F), one day after
(G), one week after (H), one month after (I), and eleven months after (J) applications
that began in the wet season in February in the southeastern Amazon. The boxes
represent the mean and the error bars represent ± standard error.
Before the applications in the wet season, mean free-living BNF rates in the
surface soil were similar across plots. One day and one week after applications during
the wet season, there were no effects of the treatments on BNF in the soil (p > 0.93 for
all treatments). One month after applications in the wet season, Mo and P in
combination with lime increased BNF rates in the soil by five-fold (p = 0.045), driven
by two hotspots of 0.057 and 0.075 nmol C2H4 g-1 hr-1. There were no effects again
eleven months after applications (p > 0.97 for all treatments) (Figure 3.3, Appendix B
Supplementary Table 2). One day, one week, one month, and eleven months after
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applications in the wet season, the treatments had no effect in the litter layer (p > 0.90,
p > 0.65, p > 0.92, p = 1.0 for all treatments, respectively) (Figure 3.3, Appendix B
Supplementary Table 3).
Many of these patterns were not statistically significant despite the apparent
increase in mean BNF rates in response to additions because they were driven by
single samples of high value, or hotspots (Appendix B Supplementary Information).
When we calculated differences based on response ratios, similar results were found
where most additions did not significantly increase BNF. The variation among the
individual plots (2 x 2 m) and the individual blocks in the block design experiment (50
m) were relatively similar (Appendix B Supplementary Table 4), which illustrates the
high amount of variation associated with BNF in the field, irrespective of spatial
proximity.
3.4.3. Short-term lab experiment
In the bottle addition experiment, the lime and 2x Mo treatments slightly
increased BNF rates in soil, although most of these differences were not statistically
significant (Figure 3.4). In the litter layer, the additions had no significant effect (p >
0.63 for all treatments). In the surface soil, lime increased BNF rates by 1.8 fold (p =
0.095), Mo increased BNF rates by a third (p = 0.82) and 2x Mo increased BNF rates
by two-fold (p = 0.21); however, the high variation precluded the detection of
significant differences. The 2x Mo and lime treatments were significantly higher than
the Mo and P in the combination lime treatments (p = 0.025, p = 0.0088, respectively).
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Figure 3.4. Free-living BNF by acetylene reduction in a lab-based addition experiment
(nmol C2H4 g-1 hr-1) in surface soil (A) and the litter layer (B) (n = 10). The control
represents distilled water added alone.
3.4.4. Seasonal patterns in BNF
Across the fertilizations, BNF rates in the litter layer and surface soil varied
greatly, depending on the seasonality and often were higher if there was recent
precipitation (Figure 3.5). BNF rates in the litter layer and soil were both affected by
seasonality (wet vs. dry season), and moisture. In the litter layer and surface soil, there
were significant relationships between the seasonality (wet vs. dry) (p < 0.0001,
Wilcoxon rank sum test) and moisture with BNF rates (litter, F1,434 = 48.13, ANOVA,
p < 0.0001, R2 = 0.10) (soil, F1,613 = 43.8, ANOVA, p < 0.0001, R2 = 0.067).
Mean free-living BNF rates in the soil and litter closely followed precipitation
patterns, measured from rain gauges at Tanguro (Figure 3.5). For example, before the
applications in the dry season, mean free-living BNF rates in the control plots were
relatively low, averaging 0.001 nmol C2H4 g-1 hr-1 in the soil and 0.010 nmol C2H4 g-1
hr-1 in the litter (Figure 3.5) after no precipitation fell for the five days prior. However,
after the applications, mean free-living BNF rates in the control plots increased to
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0.003 nmol C2H4 g-1 hr-1 in the soil and 0.063 nmol C2H4 g-1 hr-1 in the litter, when 16
mm of precipitation fell the day before (Figure 3.5).
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Figure 3.5. Temporal pattern in precipitation (grey bars) and mean field-based freeliving BNF acetylene reduction rates (nmol C2H4 g-1 hr-1) (points) in the surface soil
(A) and in the litter layer (B) in response to fertilizations between October 2016 and
March 2018 in the southeastern Amazon. Application dates are indicated on the figure.
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3.5. Discussion
3.5.1. Low concentrations of Mo and P in the southeastern Amazon
As we hypothesized from the high degree of weathering and low atmospheric
inputs, Mo and P concentrations in soils were low at this dry tropical forest site in
southeastern Amazon compared with other regions of the tropics. Total Mo (89 ± 9.7
ng g-1) and P (84 ± 9.6 µg g-1) concentrations are at the low end of the range reported
for other tropical forest sites where BNF limitation by soil Mo and P had been found,
such as Costa Rica and Belize. In Costa Rica, for example, surface soil Mo and P
concentrations exceed those measured here by around an order of magnitude, while
this number varies between two-fold and 30-fold for Belize and Panama (Barron et al.
2009, Wurzburger et al. 2012, Reed et al. 2013, Winbourne et al. 2017) (Table 3.3).
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Litter

Chile

Perez et al. 2017

Jean et al. 2013

Canada

Soil

Perakis et al. 2017

Oregon, USA

Perez et al. 2017

This study

southeastern
Amazon

Temperate forest Chile

Wurzburger et al. 2012

Reed et al. 2013

Panama

Costa Rica

Winbourne et al. 2017

Belize

Soil

Wurzburger et al. 2012

Reed et al. 2013

Panama

Litter
Barron et al. 2009

Costa Rica

Tropical forest

Substrate Reference

Panama

Site

Forest type

36 to 138

0.032 to 0.124

7.2 (4.64)

71.8 to
356.6

concentrated sulfuric nitric acid/water
acid/water peroxide
peroxide and graphite
solution, colorimetric furnace AAS
analysis

1.37 to 1.98

367 to 1557 0.535 to 2.42

70% nitric acid, ICP-MS

concentrated sulfuric nitric acid/water
168.5 to
1.32 to 1.78
acid/water peroxide
peroxide and graphite
512.1
solution, colorimetric furnace AAS
analysis
nitric/hydrochloric/hyd nitric/hydrochloric/hydro 870 to 1580 0.018 to 0.68
rofluoric acid, ICPfluoric acid, ICP-MS
OES

70% nitric and ICP-MS

70% nitric and ICPOES

557 (45)

sulfuric acid/hydrogen 35% nitric acid and ICPperoxide digest,
MS
colorimetric analysis

170 to 700

157, 2354 1.73, 1.79

mixed acid digest and aqua regia digest and
ICP-MS
ICP-MS

70% nitric acid, ICP-MS

377 to 629 0.07 to 0.157

70% nitric acid, ICP-MS

0.053 (0.007)

397 (28)

0.297 (0.045)

Mo (ug g-1)

70% nitric acid, ICP-MS

P (ug g-1)
844 (131)

Mo method

sulfuric acid/hydrogen 35% nitric acid, ICP-MS
peroxide digest,
colorimetric analysis

P method

Table 3.3. Soil and litter Mo and P concentrations and their respective quantification
methods in unmanaged tropical and temperate forests.

Available Mo and P typically represented 0.5 to 2.5% of total Mo and P in our
control plots, similar to what Jean et al. (2013) found for soils (0.4 to 14.4%) in
temperate forests in Canada. Contrary to expectations, lime additions did not affect
resin-extractable “available” Mo and P, perhaps due to smaller pH shift (4.15 to 5.05)
induced by our lime addition relative to other studies. Relationships between soil pH
and resin-extractable Mo (Bhella and Dawson 1972) and ammonium-acetate
extractable Mo (Evans et al. 1951) have been demonstrated before, although over a
much wider pH range, in the range of 5-7 and 5-9 in the aforementioned studies.
However, in other cases, studies have been unable to demonstrate a relationship
between resin-extractable Mo and Mo limitation (Wurzburger et al. 2012, Jean et al.
2013). This could be due to the fact that extractants may not always be good predictors
of biologically-accessible Mo, since bacteria may have separate metallophores to
obtain Mo that resins may not predict availability (Bellenger et al. 2008).
3.5.2. Mo or P limitation did not strongly limit BNF
We tested whether Mo and P availability limit free-living BNF in the
southeastern Amazon, a region where we predicted strong limitation due to ancient,
highly weathered soils and isolation from atmospheric inputs. Contrary to our
hypothesis, and despite the relatively low Mo and P concentrations and availability in
the southeastern Amazon, we did not find strong responses of free-living BNF in the
surface soil or litter layer to Mo and P additions both immediately and across time,
with few exceptions. Where we did see responses, they occurred one day after Mo and
P applications to soil during the dry season, three months after Mo and P in
combination with lime during the onset of the wet season, and one month after
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applications of Mo, P and lime combined in the wet season. These results were
unexpected, given that all previous studies that tested Mo or P limitation on BNF in
the tropics have demonstrated more prominent responses to Mo (Barron et al. 2009,
Winbourne et al. 2017), to P (Vitousek and Hobbie 2000, Reed et al. 2013), or to both
(Wurzburger et al. 2012). This is particularly surprising considering that Mo limitation
is seemingly widespread in temperate and boreal ecosystems (Horstmann et al. 1982,
Silvester 1989, Jean et al. 2013, Rousk et al. 2016, Perakis et al. 2017, Pérez et al.
2017), spanning from temperate regions of relatively high Mo richness and deposition
(Marks et al. 2015) to boreal systems with relatively low Mo deposition (Rousk et al.
2016). Granted, long-term limitation by Mo and P is still unknown for many of these
sites, since only three of the studies that have monitored limitation on longer
timescales have looked at Mo and P together in the tropics (Barron et al. 2009) and in
temperate and boreal systems (Jean et al. 2013, Rousk et al. 2016). Thus, to further our
understanding of the extent to which Mo and P limit free-living BNF, longer-term
field fertilization studies should be conducted more widely.
3.5.3. Experimental variation
The high variability exhibited in the field fertilization experiment may have
precluded detection of significant differences of free-living BNF in response to
fertilizations. Our short-term laboratory fertilization experiment resembled the
methodology most comparable to other studies, and the variation was much smaller
than compared to the field experiment. At the field level, the variation increased, and
there was as much variation within a 2 x 2m plot as there was across the blocks, which
were 50 m apart (Appendix B Supplementary Table 4). The wide variation in ethylene
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production from litter and the low soil ARA rates may have also contributed more
variation and thus difficultly in detecting responses. Studies at this site or in other
locations likely require more replication to detect significant responses to additions.
The difficulty in detecting consistent responses to Mo and P could also because
nutrient limitation can be seasonal and spatially variable. Of studies that have
examined Mo and P limitation to BNF across multiple time points, all studies have
found variation as to when and where Mo and P are limiting (Jean et al. 2013, Rousk
et al. 2016, Winbourne et al. 2017). The responses after one day (both in response to
2x Mo in the short-term lab experiment, as well as to Mo and P additions in the dry
season soil), and well as after one month in the surface soil and three months in litter
layer could reflect two separate phenomena. The short-term responses to Mo, as found
in the current tropical studies, reflect the ability of bacteria and to utilize the added Mo
rapidly and increase nitrogenase synthesis and activity (Bellinger et al. 2011), while
the longer-term effects integrate nutrient recycling from decomposition (Rousk et al.
2016).
3.5.4. High N availability may control free-living BNF
Even in tropical forests where Mo and P limitation on free-living BNF has
been demonstrated, BNF may still be suppressed by high N availability, as evidenced
by decreases in response to N, Mo, and P additions in combination (Winbourne et al.
2017). While Winbourne et al. (2017) found that Mo suppressed BNF in their volcanic
sites, when they combined N with Mo and P additions, the additions in combination
suppressed BNF, indicating that N exerts a greater control on BNF rather than Mo and
P availability. The same pattern was found in Hawaii, where Crews et al. (2000) added
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P and other micronutrients to the litter layer, free-living BNF generally increased, but
when N and P and micronutrients were added together, BNF decreased. Thus, even
when Mo and P are limiting to BNF, if N availability is high, BNF is downregulated
and will not respond to Mo and P additions because BNF is an energetically-expensive
process (Gutschick 1981).
Previous work at our Tanguro site demonstrated high concentrations of
inorganic N in surface soils, averaging a total of 37 µg and 7.5 µg N-NO3- + NH4+ g-1
in the dry and wet seasons respectively (Chapter 4), values that are four to nine-fold
higher than other previously measured tropical forests where BNF has been quantified
(e.g. Sullivan et al. 2014, Winbourne et al. 2018) (Chapter 4). Concentrations at depth
are even greater, and the top 4 m of soil contains 230 kg N-NO3- + NH4+ ha-1
(Jankowski et al., 2018). These large pools of inorganic N have only been found in
other regions where oxisols dominate, such as the central Amazon (Schroth et al.
1999) and in Kenya (Tully et al. 2016). The buildup of inorganic N suggests that deep
oxisols could have anion exchange capacity to hold onto large quantities of nitrate, in
contrast to other tropical soils, such as forests measured in Costa Rica, where nitrate is
highly mobile (Newbold et al. 1995). These deeper pools of inorganic N are likely
accessible to plants, where trees in the seasonally-dry evergreen forest have deep roots
that allow them to access water during a several months-long dry season (Nepstad et
al. 1994), thus accessing and recycling inorganic N back to the soil surface.
The ranges in BNF rates I found in the Tanguro site are much closer to rates
found in response to experimental N additions in tropical forests. The free-living BNF
rates in the litter layer on a mass basis (0.10 nmol C2H4 g-1 hr-1 in the wet season) fall
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in the range of rates measured by other studies in the tropics following N additions
(Cusack et al. 2009, Barron et al. 2009, Wurzburger et al. 2012), and are at least an
order of magnitude lower than rates found in many other tropical forests (Vitousek and
Hobbie 2000, Reed et al. 2013, Winbourne et al. 2017) (Figure 3.6). The similarity in
rates measured in the southeastern Amazon to rates found in response to N fertilization
at other sites is consistent with the hypothesis that the low rates may due to a level of
high N richness in the southeastern Amazon.
The C:N ratios in the canopy and soil in the southeastern Amazon are much
higher than other sites where BNF has been measured, while the BNF rates are much
lower than other sites (Figure 3.6), suggesting a relationship between C:N ratios and
BNF (Figure 3.6). The foliar C:N ratio measured at our site in the southeastern
Amazon (23.8) (Chapter 4), is on the low end of the tropical forest average (C:N = 36;
(McGroddy et al. 2004)). Even within specific sites, such as a tropical forest in
southern China, stoichiometry explained 13-53% of the variation in BNF (Zheng et al.
2018), and as both litter and foliar C:N increased from 12.5 to 45, BNF in the litter
and canopy also increased. Cusack et al. (2009) found the same pattern in Puerto Rico,
where BNF increased as foliar C:N increased from 40 to 85. In Panama, the site with
the lowest litter C:N, or highest N availability, also had the lowest BNF rates that did
not response to Mo or P additions. In contrast, at the sites in Panama with higher C:N
ratios, BNF rates were the highest and responded to Mo and P (Wurzburger et al.
2012), which suggests that Mo and P availability are more important for BNF when N
is more limiting.

73

Figure 3.6. Relationship between substrate stoichiometry (soil, litter, or canopy C:N)
stoichiometry and ARA rates (log10 scale) in substrate. For the southeastern Amazon
and Belize, we plot the average wet season ARA rates in the litter with the canopy
C:N ratio instead of litter C:N. All other ARA rates are associated with the specified
substrate: (●) canopy, (▲) litter, and (■) soil.
The mean soil N:P (33.3), derived from values measured in Chapter 4 ,
indicates relative N richness to P in the southeastern Amazon. While the soil % N in
this region falls within ranges found in other tropical forests (Batterman et al. 2013),
the soil P concentrations were much lower, explaining the high soil N:P ratio (Chapter
4). However, the soil N:P in the southeastern Amazon is much higher than compared
to other tropical forests where BNF rates are higher (in the range of 6-16, (Batterman
et al. 2013, Reed et al. 2013, Sullivan et al. 2014, Winbourne et al. 2017). When
adding P fertilizer to soils in the southeastern Amazon, the soil N:P ratio theoretically
shifted to 18, a value still outside the typical range of N:P ratios which might be
considered favorable for BNF based on observations from other sites. The negative
relationship between soil N:P and BNF was demonstrated clearly in a tropical forest in
southern China, as soil N:P ratios increased from 4 to 21, soil BNF declined (Zheng et
al. 2018).
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In the southeastern Amazon, P:Mo in the soil ratios averaged 950, which were
not close to the ranges in sites where there were strong responses to P or Mo alone.
This potentially explains why there were responses of BNF to Mo and P together at
Tanguro, but not to Mo or P alone. In previous studies, litter P:Mo ratios also
explained BNF responses to Mo and to P additions for both (Wurzburger et al. 2012,
Perakis et al. 2017). In Panama, P:Mo ranged between 2600 to 6300, and when the
P:Mo ratios were higher, there was a response of BNF to Mo but not to P (Wurzburger
et al. 2012). Similarly, in temperate forests in the Pacific Northwest, the high P:Mo
ratios ranging from 14,000 to 61,000 likely explained the strong response of BNF to
Mo but not P (Perakis et al. 2017). In contrast, Vitousek & Hobbie (2000) found litter
P:Mo values of 100 and 670 which could perhaps partially explain the response to P,
but not Mo.
3.6. Conclusion
We found little support for the hyphothesis that Mo and P availability
prominently limit BNF at the Tanguro site, and instead propose that N availability
exerts stronger controls that manifest to the generally low BNF rates we observed. We
currently lack any measurements from similar forests on oxisols with flat topography,
characterized by large inorganic N pools and low C:N stoichiometric ratios, despite
the fact such these forests may represent a large proportion of forests across the
Amazon and Congo. To reach broader generalizations, it would be crucial to know
whether Mo and P limitation are similarly absent, and if BNF rates are consistently
low across the lowland Amazon. BNF is an important parameter in many Earth
System models, and given that nutrient availability is a key constraint on tropical
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forest responses to rising carbon dioxide in the atmosphere, understanding hierarchical
controls on BNF and their geographical patterns will be important to resolve. This is
especially true as it becomes increasingly clear that no “one” nutrient is sufficient to
explain controls on BNF across diverse ecosystems.
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4.1. Summary
Tropical forest fires have become more common due to interactions between
deforestation, land clearing, and drought. Recovery of these forests may be
constrained by nitrogen. Biological nitrogen fixation (BNF) is the main pathway for
new nitrogen (N) to enter most tropical forests, but this process may be constrained by
other elements, such as molybdenum and phosphorus, which are required for BNF.
We studied the role of BNF seven years into the recovery of southeastern Amazon
tropical forests that were burned experimentally either annually or every three years
between 2004 and 2010. We hypothesized that, compared with unburned primary
forests, BNF in burned forests would increase due to the depletion of N in the
aboveground biomass pool post-fire, and that soil concentrations of molybdenum and
phosphorus from ash inputs would increase, reducing their potential constraints on
BNF. Despite the fires depleting about half the aboveground N pool and rapid rates of
recovery in the leaf N pool, we found low rates of both free-living and symbiotic BNF.
Higher concentrations of molybdenum and phosphorus in the surface soils of the
burned forests indicated that these elements were likely not limiting BNF post-fire.
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Our results suggest that despite the N demand for regrowth post-fire, substantial N
stored in soils likely downregulates BNF. Overall, we found surprisingly low BNF
rates (<1 kg N ha-1 yr-1) in this region of the Amazon, which contrasts with the
traditional paradigm that, 1) tropical forests fix large quantities of N, and 2), that BNF
increases after forest disturbance.
4.2. Introduction
Interactions between deforestation, expansion of agriculture, and droughts now
increase the occurrence of fires across large areas of seasonally dry Amazon forest that
historically were relatively unaffected by fires (Uhl and Kauffman 1990, Cochrane
2001). Even low-intensity Amazon forest fires increase tree mortality and create
conditions that increase the likelihood of future fires, particularly during severe
droughts (Cochrane and Schulze 1999, Brando et al. 2014). Despite the decreasing
rates of deforestation in the tropics during the past decade, a greater incidence of fires
now account for about a third of carbon emissions from deforestation (Aragão et al.
2018). Most Earth System Models predict longer dry seasons and more droughts in the
future, which will likely increase fire frequency and severity in the Amazon (Cox et al.
2000, Aragão et al. 2014).
Because of the widespread change in fire regimes, understanding controls on
the recovery of burned forests in the tropics is increasingly important. Worldwide,
secondary tropical forests that regrow after disturbances such as fires are found to
recover rapidly (Poorter et al. 2016) and often serve as a large carbon sink (Pan et al.
2011). Twenty-one percent of the Brazilian Amazon has been cleared (INPE), but
about 20% of this cleared land is in now in some stage of secondary forest succession.
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By 2030, secondary forests are predicted to make up a third of cleared land (Aguiar et
al. 2016). Thus, increasingly large areas of recovering tropical forests in the Amazon
have the potential to serve as a large carbon sink.
Little is known about the mechanisms that control the recovery of Amazon
forests after fires and whether nutrients such as nitrogen (N) and phosphorus (P) will
limit secondary forest recovery. While P ultimately limits net primary productivity in
most tropical forests (e.g. Vitousek 1984; Hedin et al. 2003), recovery and regrowth in
young forests following disturbance are typically constrained by N (Davidson et al.
2007, Wright et al. 2018). Nitrogen is selectively lost during fires owing to its low
temperature of volatilization in comparison with other macronutrients (Neary et al.
1999). Nitrogen can be lost in gaseous forms through both high-temperature flaming
combustion (as NO, NO2, N2O, and N2) and even in low-temperature smoldering
combustion (as NH3, amines, and nitriles) (Andreae and Merlet 2001). During severe
fires in slashed Amazon forest, ecosystem losses of aboveground biomass N ranged
from 51 to 62%, while only 7 to 32% of biomass P was lost through volatilization
(Kauffman et al. 1995). Compared to N and P, which are particularly abundant in leaf
biomass that combusts more readily, the base cations (Ca, Mg, and K) are notably
concentrated in woody biomass, which is mostly conserved as ash and redistributed to
the soil following fires (McGrath et al. 2001). Though intact and relatively
undisturbed tropical forests are not typically N limited, forests could be temporarily N
limited during the critical period of recovery and regrowth that occurs after fires due
to the preferential loss of N relative to P and other elements.
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Tropical forests are thought to rebuild ecosystem N stocks relatively rapidly
post-disturbance through two distinct mechanisms that contribute new N—symbiotic
and free-living biological nitrogen fixation (BNF). First, tropical forests have a high
abundance of leguminous trees (ter Steege et al. 2006a) which can form root nodules
that harbor N-fixing bacterial symbionts. Symbiotic N-fixing plants theoretically have
a competitive advantage in low N, post-fire conditions, and higher abundances of
leguminous plants with associated higher rates of symbiotic BNF can thereby enable
ecosystems to recover from fire-induced N losses (Batterman et al. 2013). Second, the
warm and generally wet conditions of tropical forests and the relatively steady input of
litter, even after fires (Rocha et al. 2014), to the forest floor create the potential for
high rates of heterotrophic free-living BNF associated with litter decomposition.
No studies we are aware of have examined the role of BNF in forest recovery
after forest fires in the tropics. In addition, few studies have directly measured BNF in
secondary forests in the Amazon, despite its vast geographical range. In temperate
forests and grasslands, BNF typically increases following fires (Casals et al. 2005,
Yelenik et al. 2013). Most studies that have measured BNF during tropical forest
recovery following disturbance have been conducted in wet tropical forests after
logging outside of the Amazon (Batterman et al. 2013, Sullivan et al. 2014,
Winbourne et al. 2018a), or have measured BNF indirectly in the Amazon (Gehring et
al. 2005, Davidson et al. 2007, 2018) with mixed results. Secondary forests usually
contain a higher proportion of putatively N-fixing trees, but this does not always lead
to increased N inputs through BNF. It remains unclear how BNF will respond to fire
disturbance in seasonally dry tropical forests. While a greater role of BNF could be
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expected following fires in seasonally dry tropical forests where N-fixers are often
more abundant (Gei et al. 2018), water can be seasonally limiting, thereby reducing
BNF.
Symbiotic and free-living BNF are often constrained by P (Vitousek et al.
2002a) and free-living BNF also by the trace metals molybdenum (Mo) and vanadium
(V). Phosphorus can constrain BNF either because N-fixers have a higher P demand,
or because greater P availability can shift a system towards N limitation, thus inducing
BNF (Vitousek and Howarth 1991). Mo is a major co-factor in the nitrogenase
enzyme, while V can substitute for Mo in ‘alternative’ nitrogenases, a much less
commonly identified class of nitrogenase enzymes in natural systems (Bellenger et al.
2014). Mo and P can constrain free-living BNF (Crews et al. 2000, Barron et al. 2009,
Winbourne et al. 2017), and in highly Mo-depleted environments, V could be
important (Darnajoux et al. 2017). The availability of Mo and P are likely low across
large areas of the lowland Amazon for two reasons. First, large interior regions of the
Amazon are located far from sources of ocean-derived aerosols and long-distance
transport of Saharan dust that are the main new sources of Mo, P, and V inputs to
many other tropical forests with low rates of parent material weathering. The
southeastern Amazon has been shown to receive low inputs of exogenous P in
atmospheric deposition (Mahowald et al. 2005a), and likely Mo. Second, this region of
the Amazon is situated on some of the oldest surfaces in South America (Quesada et
al. 2011), and highly weathered soils are likely to be depleted in these rock-derived
nutrients.
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We hypothesized that Mo and P limitation of BNF may be stronger in the
southeastern Amazon where soils are depleted in rock-derived nutrients and forests are
subject to frequent fires. Earlier studies on BNF in the tropics have been conducted in
regions with younger soils, or with higher atmospheric inputs of Mo and P. We
hypothesized that Mo, P, and V released from aboveground biomass and the litter
layer would be redeposited on the soil surface post-fire, and thus more available for
uptake by N-fixing bacteria; and that both free-living and symbiotic BNF rates would
be higher several years after fires. To test these hypotheses, we compared a suite of
burning manipulations in the southeastern Amazon to evaluate how fire affects the
availability of Mo, P, and V required for BNF, and measured rates of BNF during
post-fire forest recovery. Lastly, given that the dearth of BNF estimates from many
remote regions, such as the southeastern Amazon, limits our understanding of global
patterns, controls, and rates of BNF, we quantified biome-specific BNF rates for this
region.
4.3. Methods
4.3.1. Location
The study was conducted at Fazenda Tanguro, an 800 km2 working farm in
eastern Mato Grosso State, Brazil. Fazenda Tanguro contains 400 km2 of primary
predominantly evergreen tropical forest 30 km north of the southern boundary of the
Amazon forest (13°04’ S, 52°23’ W). The average annual air temperature is 27°C with
<5°C seasonal variation. Annual rainfall is 1700 mm, with an intense dry season
between May and September. Forest tree species composition represents a transition
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between the central Amazon forest and the more seasonal Cerrado (Ivanauskas et al.
2003).
The soil is classified as a red-yellow alic dystrophic latosol (Brazilian soil
classification), a relatively infertile sandy ferralsol (FAO classification), or an oxisol
(Haplustox; USDA classification). These soils located on the crystalline Brazilian
Shield are among the oldest in Amazonia (Quesada et al. 2011), with Tertiary and
Quaternary fluvial deposits over Precambrian gneisses of the Xingu Complex (Projeto
Radambrasil 1981).
4.3.2. Fire treatments
To test tropical forest susceptibility to fire, a prescribed fire experiment was
initiated at Fazenda Tanguro in 2004. Three 0.5 x 1 km (50 ha) plots were established
with three treatments: (1) an unburned control, (2) a plot burned three years apart, or
triennially, in 2004, 2007, and 2010 (Burn 3yr), and a plot burned annually from 2004
to 2010 (except 2008) (Burn 1yr). Experimental fires were ignited at the end of the dry
season when forests of the region are most susceptible to fire. Initial fires were lowintensity and slow-moving (Balch et al. 2008), typical of tropical understory forest
fires (Cochrane and Schulze 1999). For the initial fires, mean flame height was 31
(±1) cm, with a mean initial temperature that ranged from 128°C belowground (2 cm)
to 273°C at the surface to 87°C aboveground (100 cm). The fire in the Burn 3yr
treatment during 2007 was more severe than the Burn 1yr treatment because of
extreme dry conditions due to drought and increased fuel load from accumulated
litterfall (Brando et al. 2014). By 2009, the cumulative tree mortality was 63% in the
Burn 3yr treatment and 50% in the Burn 1yr treatment (Brando et al. 2014). Balch et
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al. (2008) provide a further description of the site, experimental design, and fire
behavior.
4.3.3. Symbiotic BNF
We estimated symbiotic BNF in the wet season of 2017 (between February and
April), seven years after the last fires, when we expected to find higher rates of
symbiotic BNF after time had passed from the immediate post-fire period when
mineral N from ash would likely suppress BNF. In an earlier chronosequence study in
Panama, Batterman et al. (2013) found the highest recruitment of putatively N-fixing
trees and the highest symbiotic BNF rates between 5 and 12 years after logging. Using
a stratified adaptive cluster sampling approach to capture the irregular distribution of
root nodules (Sullivan et al. 2014), we placed four 10 x 50 m survey grids randomly
within each 50 ha fire treatment plot for a total of 12 survey grids. In each survey grid,
we collected a minimum of 55 square soil cores (225 cm2) hammered into the soil 15
cm deep for a minimum of 660 total cores per 50 ha treatment plot. If nodules were
found in a specific core, we then sampled in all the neighboring cores until no more
adjacent cores contained nodules.
Following collection of individual nodules from the survey grids, we
conducted an acetylene reduction assay (ARA) (Hardy 1968) incubated for one hour
in the field (Sullivan et al. 2014) in 125 mL gas tight jars with lids fitted with septa
(Fisher Scientific 501215190) and exposed to a 10% atmosphere of acetylene
generated from calcium carbide. We took three sets of ethylene blanks for each batch
of acetylene. We also tested for abiotic ethylene production, and ethylene lost due to
photodegradation during transport, but found undetectable effects.
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After incubations, we collected 30 ml headspace samples and stored them in
pre-evacuated 22 mL gas-tight vials (Teledyne Tekmar) fitted with thick butyl septa
(Geo-Microbial Technologies, Inc.). We then dried nodules in a 65°C oven overnight
to determine moisture content and dry weight. Gas samples were returned to Cornell
University where we measured ethylene concentrations using a Shimadzu 8-A gas
chromatograph equipped with a flame ionization detector and a Porapak-N 80/100
column at 70°C with two standard curves daily and check standards every ten samples.
Ethylene blanks from the acetylene were subtracted from sample ethylene values. For
nodule samples, ethylene blanks averaged 0.1% of total ethylene production. We
calculated ARA rates in units of micromoles of ethylene produced per gram dry mass
of sample per hour of incubation. To convert nodule ARA rates into BNF rates, we
used a theoretical ratio of 3:1 (mol acetylene reduced:mol N2 fixed) (Hardy et al.
1968).
4.3.4. Free-living BNF
We measured free-living BNF on soil and litter using the ARA method
calibrated with a 15N2 tracer (Barron et al. 2009), conducted six and seven years after
the last fires. In the dry season of October 2016 and the wet season of March 2017, we
collected 30 samples of litter by hand and 30 samples of soil (0-2 cm) using a soil
corer in each treatment, for a total of 180 incubations per season. We collected
samples every 50 m along three transects 250 m apart across all three plots.
Approximately 15 grams of litter or 25 grams of fresh surface soil were sealed in gastight jars described above. Litter samples were incubated overnight for 8-10 hours, and
soil samples were incubated for 14-18 hours to accommodate lower expected rates of
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acetylene reduction. Litter was dried at 65°C and soil was dried at 105°C for two days
for dry weight and moisture measurements. We collected, stored and analyzed gas
samples as described above.
Three replicates of ethylene production from litter were made per sampling day
without exposure to acetylene, as litter is known to produce ethylene (Reed et al.
2007). Ethylene production rates from litter averaged 17% of the total ethylene
concentrations, but varied widely, with a relative standard deviation of 107%.
Ethylene production from soil without exposure to acetylene was insignificant.
Ethylene blanks averaged 12% of the ethylene production in litter incubations but 50%
in soil incubations, due to the low rates measured. We calculated ARA rates in units of
nanomoles of ethylene produced per gram dry mass of sample per hour of incubation.
To convert acetylene reduction rates into BNF rates, we used a site specificratio of 2.3:1 (mol acetylene reduced):(mol N2 fixed) by measuring the incorporation
of 15N-labeled N2 in soil. We used gas-tight 40 mL screw-cap vials with septa
(Wheaton 225310), weighed ~15 g of soil, and replaced a third of the remaining
headspace with 98 atom % 15N2 (Cambridge Isotope Laboratories). After incubating
paired ARA samples with 15N2 incubations, we terminated the 15N2 incubations in an
oven at 65°C, ground the samples, and analyzed changes in soil δ15N at the Cornell
University Stable Isotope Laboratory (COIL) on a continuous flow isotope ratio mass
spectrometer (Finnigan MAT Delta Plus plumbed to a Carlo Erba NC2500 elemental
analyzer). We present results using both the site-specific (2.3:1) and theoretical ratio
(3:1) of (mol acetylene reduced):(mol N2 fixed).
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4.3.5. Inorganic soil N and pH
We composited the same 90 soils per season sampled for free-living BNF for
laboratory analyses of soil moisture (gravimetric moisture), pH, and 2M KCl
extractions to measure exchangeable ammonium (NH4+) and nitrate (NO3-) following
the methods of Neill et al. (1995). KCl extracts were kept frozen and analyzed for
NH4+ and NO3- via colorimetric analyses at the Woods Hole Research Center, using an
Astoria Pacific 303A (cartridge base) and 305D (digital detector). We measured soil
pH using a 1:2 soil to distilled water ratio, stirred and equilibrated for 30 minutes with
a pH meter standardized at pH 7 and 4.
4.3.6. Litterfall collection and area-based BNF estimates
Annual litterfall production was measured to extrapolate free-living BNF rates
in the litter layer from a mass basis to a per-area flux. Litterfall was estimated by
collecting the production of dead organic material ≥ 2 cm diameter in 25 litter traps
(50 × 50 cm) placed 1 m above the ground at 50 m intervals within each plot and
collected every two weeks (Rocha et al. 2014) from 2010 to 2016. We used annual
litterfall production rates to scale free-living BNF rates to annual rates with a decay
constant (k = 1.5) from Sanches et al. (2008) applied to an exponential decay rate
equation, X = X0e-k/t, where X = mass, X0 = original annual litterfall, and k = decay
constant, calculating litterfall and decay for five years. To scale up free-living BNF
rates in the soil, we assumed BNF was occurring in the top 10 cm of soil and applied a
bulk density of 1.09 g cm-3 from Riskin et al. (2013). We calculated annual estimates
assuming a 4.5 month dry season (Brando et al. 2014).
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4.3.7. Forest inventory and wood N pool estimates
To estimate changes in aboveground N and thereby compare the amount of
recovered N that was derived from BNF since the fires, in 2004 we tagged, mapped,
measured diameter at breast height (dbh), and estimated the height of all trees ≥ 40 cm
dbh (n ≅ 2300 individuals across all plots) within each 50 ha treatment plot. Trees and
lianas (20–39.9 cm dbh) were sampled in belt transects (500 × 20 m) at 0, 30, 100,
250, 500, and 750 m from the forest edge (n ≅ 3400 individuals across all plots).
Nested sub-sampling (500 × 4 m) was conducted within these belt transects to
measure trees and lianas (10–19.9 cm) (n ≅ 3070 individuals across all plots). To
sample 5.0–9.9 cm individuals, plots (500 × 2.5 m) were also nested within these belt
transects (n ≅ 1500 individuals across all plots).
We calculated aboveground biomass with a best-fit pantropical model (Chave
et al. 2014) using height, dbh measurements, and previously-measured site-specific
wood density (see Balch et al. 2011). To estimate wood N, we grouped each of ten
most dominant tree taxa (Balch et al. 2008) to the nearest genus or family in a
published wood N inventory (Martin et al. 2014), and estimated a site-specific wood N
of 0.22%, weighting the %N to dominance values of the specific tree taxa to which we
applied to the summed aboveground biomass. The allometric aboveground biomass
calculation (Chave et al. 2014) includes an estimate of leaf biomass, which is typically
less than 5% of aboveground biomass (Delitti et al. 2006).
4.3.8. Leaf area index (LAI) and leaf N pool estimates
We separately calculated a leaf N pool (because leaves contain
disproportionately more N than wood) by using LAI, specific leaf area, and a leaf %N
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calculated from the ten most dominant species from 2004 to 2016. Seasonally, one
LAI-2000 (LI-COR Instruments) was placed in an adjacent open field to measure
incoming radiation with no canopy influence while below-canopy measurements were
simultaneously taken (Balch et al. 2008). LAI was measured at 50 m intervals within
each plot (n = 600) four times per year.
In the wet season of 2017 (March to April), we used a slingshot to sample
canopy leaves; we collected three branches from three individual trees of the ten
dominant species (Balch et al. 2008) in each plot, for a total of 90 individual trees. We
weighed the leaves after drying for two days at 65°C and analyzed the surface area of
the leaves using a LI-COR LI-3100C Area Meter to calculate a specific leaf area.
Dried leaf samples were ground and measured for C, N, and δ15N analysis on a Delta
Plus, ThermoQuest-Finnigan analyzer at Centro de Energia Nuclear na Agricultura
(CENA) at the University of São Paulo, Piracicaba. We calculated the mass of N (kg
ha-1) by combining LAI (m2/m2) with specific leaf area (g/m2) and the %N of the
leaves.
4.3.9. Soil analysis
In January 2016, six years after the last fires, we collected twelve soil cores to
depths of 0-2 cm and 2-10 cm in each treatment plot. We ground the soil in an alumina
ceramic ring and puck shatterbox. Samples were oven-dried at 105°C, ashed at 550°C
for four hours, and digested in concentrated nitric acid (HNO3) using the 3052 EPA
microwave-assisted acid digestion of siliceous and organically based matrices. We
centrifuged, filtered, and diluted digests prior to Mo and V analysis on a Finnigan
Element 2 inductively coupled plasma mass spectrometer (ICP-MS) and P analysis on
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a Spectroblue ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). We digested a certified natural sample (SDO-1, a Devonian Ohio shale
from the USGS), run in parallel with the samples. The remaining subsamples were
used to analyze bulk carbon (C), N, and the soil N isotopic signature (δ15N) at COIL.
Based on analyses of duplicate samples and standards, we estimate that the precision
on the ICP-MS analysis was ∼5% relative standard deviation. While the concentrated
nitric acid digestion is not a total digestion, we used this method to most consistently
compare concentrations of Mo and P at our site to Mo and P concentrations measured
in other BNF studies (Barron et al. 2009, Wurzburger et al. 2012, Jean et al. 2013).
4.3.10. Statistical analyses
We compared soil δ15N, Mo, and V using a two-way ANOVA with depth and
treatment as factors, and foliar C, N, and δ15N between burn treatments using a oneway ANOVA. We analyzed soil C, N, C/N, and P, and foliar C/N and specific leaf
area (g/m2) by ln-transforming the data and also using a two-way ANOVA for soil,
and a one-way ANOVA for foliage. While soil pH was not transformed, NH4+ and
NO3- were analyzed by ln-transforming (+0.1) the data and using a two-way ANOVA
with season as a factor, including an interaction with the burn treatment. Post-hoc
analysis was conducted with a Tukey test. Free-living BNF in soil and litter violated
assumptions of parametric tests, so we used the Kruskal-Wallis test separately for each
season with treatment as the predictor variable. Post-hoc analysis was conducted with
the Dunn’s test. We tested the relationship between BNF and moisture using a Theil–
Sen estimator. We inspected residuals visually by examining QQ plots to check for
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normal distribution and investigate heteroscedasticity. Statistical analyses were
performed using R software v.3.0.3 (R Development Core Team).
4.4. Results
4.4.1 Symbiotic BNF
Symbiotic BNF was low or non-existent across the experimental area (Figure
4.1). We found no presence of symbiotic BNF in the Control and Burn 1yr treatment,
and an average of 0.48 ± 0.45 kg N ha-1 yr-1 in the Burn 3yr treatment (Table 4.1).
This annual rate was calculated based on two of four survey grids within the Burn 3yr
plot that contained root nodules. Using metrics defined by Winbourne et al. (2018b),
the proportion of cores within the four survey grids in the Burn 3yr treatment that
contained nodules, p, was 0.0732, while the variation among nodule weights, v, was
0.731. In one survey grid, we found 0.031 g nodule m-2 and an average ARA rate of
7.61 µmol C2H4 g-1 h-1 and in the second, we found 0.097 g nodule m-2 and an average
ARA rate of 46.0 µmol ethylene g-1 h-1.
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Figure 4.1. Annual average symbiotic nitrogen fixation rates (kg N ha-1 yr-1) across the
unburned (Control), triennially burned (Burn 3yr), and annually burned (Burn 1yr)
forest treatments in the southeastern Amazon, measured seven years after the last fire;
n = 4 survey plots per treatment, black line indicates median and grey shading
indicates interquartile range.
Table 4.1. Mean nitrogen fixation acetylene reduction activity (ARA) in litter and soil
on a mass basis during the dry and wet season, and mean nitrogen fixation fluxes on
an area basis. Data are means  1 standard error; n = 30. Letters indicate significant
differences (p < 0.05).

Control
Burn
3yr
Burn
1yr

Litter ARA
(nmol C2H4 hr-1 g-1)
Dry
Wet

Soil ARA
(nmol C2H4 hr-1 g-1)
Dry
Wet

0.062
(0.045)a
0.014
(0.059)a
0.038
(0.015)a

0.0014
(0.0009)a
0.000019
(0.00002)a
0.00065
(0.0002)a

0.288
(0.210)a
0.064
(0.022)b
0.022
(0.010)c

0.00425
(0.0005)a
0.00528
(0.001)a
0.00358
(0.0006)a

Annual
freeliving
BNF
(kg N ha-1
yr-1)**
0.27 0.33
0.16 0.21
0.120.16

Annual
symbiotic
BNF
(kg N ha-1
yr-1)

Annual
total
BNF
(kg N ha-1
yr-1)

0

0.27 –
0.33
0.64 –
0.69
0.120.16

0.48*
0

*From (Winbourne et al. 2018b) error estimates for symbiotic BNF are: p = 0.0732,
and v=0.731. p is the proportion of soil cores containing nodules, and v is the standard
deviation of nodule biomass divided by the nodule biomass mean found in cores with
nodules
** Using both the site specific (2.3:1) and theoretical ratio (3:1) (mol acetylene
reduced:mol N2 fixed)
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4.4.2. Free-living BNF
Overall, BNF rates in the litter and soil were higher across the wet season, and
BNF rates were generally higher in the Control relative to the Burn 3yr and Burn 1yr
treatments (Figure 4.2). BNF rates in the litter layer on a mass basis were significantly
higher in the Control relative to Burn 3yr (p = 0.05) and the Burn 1yr treatments (p =
0.00016), averaging five times of the rate in the Burn 3yr treatment and thirteen times
the rates in the Burn 1yr treatment (Table 4.1). In the dry season, BNF rates in the
litter layer were approximately four times higher in the Control relative to the Burn
3yr treatment and approximately two times higher than the Burn 1yr treatment, but the
high variation precluded detection of significant differences (p = 0.16). In the wet
season, rates of free-living BNF in surface soils in the Control averaged 50% higher
than rates found in the Burn 3yr and the Burn 1yr treatments (Table 4.1). However,
this difference was only marginally higher in the Burn 1yr treatment (p = 0.052), and
there were no significant differences between the Control and the Burn 3yr treatment
(p = 0.29). In the dry season, the rates of free-living BNF in surface soils in the
Control treatment averaged seven times higher than the Burn 3yr treatment and two
times higher than the Burn 1yr treatment, but again the high variation precluded
detection of significant differences (p = 0.12 for Burn 3yr, p = 0.086 for Burn 1yr)
(Table 4.1).
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Figure 4.2. Free-living nitrogen fixation acetylene reduction activity (ARA) in the
litter layer (A) and surface soil (B) across the unburned (Control), triennially burned
(Burn 3yr), and annually burned (Burn 1yr) forest treatments in the southeastern
Amazon measured six and seven years after the last fires; n = 30 per treatment, black
line indicates median and grey shading indicates interquartile range.
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When we grouped the treatments together by season, free-living BNF rates
were significantly higher in the wet season compared to the dry season in the litter (p
< 0.0001) and soil (p < 0.0001). Rate and moisture were significantly correlated in the
soil (p < 0.0001) and in the litter (p < 0.0001).
Rates of free-living BNF in both litter and soils were highly variable across
sampling locations and between seasons, with a small number of samples that
represented disproportionately high rates. In the wet season litter layer, 1% of the
measurements accounted for 57% of the free-living BNF in litter across all plots, and
4% accounted for 68%. In the dry season litter, 6% of the measurements accounted for
71% of the BNF. For soils in the dry season, 2% of the measurements accounted for
60% of the BNF, but this effect was less pronounced in the wet season, where 3% of
the measurements accounted for 16% of the BNF (Figure 4.2).
Scaled to an annual, area basis, all free-living BNF rates were ≤ 0.33 kg ha-1
yr-1 (Table 4.1).
4.4.3. Inorganic soil N and pH
Soil surface nitrate and ammonium concentrations were higher in the Control
plots than the burned treatments in both the wet and dry seasons, while soil pH was
higher in the burned treatments (Figure 4.3). In the dry season, ammonium
concentrations in the Burn 3yr and Burn 1yr treatments were both significantly lower
than the Control (p = 0.0061 for Burn 3yr, p = 0.0004, for Burn 1yr), with
concentrations about two times higher in the Control than the burned treatments
(Figure 4.3, Appendix C Supplementary Table 3). In the wet season, ammonium
concentrations were significantly lower in the Burn 1yr plot than in the Control (p =
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0.0008), while the Burn 3yr and Control did not differ (p = 0.18), with concentrations
about 1.5 times lower. Wet and dry season concentrations of ammonium were
significantly different within all treatments (Control p < 0.0001 for Control, p =
0.0002 for Burn 3yr, p < 0.0001 for Burn 1yr) (Appendix C Supplementary Table 3).

Figure 4.3. Nitrate (NO3-) (A), Ammonium (NH4+) (B), and pH (C) of surface soils (02 cm) across the wet and dry seasons and the unburned (Control), triennially (Burn
3yr), and annually burned (Burn 1yr) forest treatments in the southeastern Amazon; n
= 30 per treatment, black line indicates median and grey shading indicates
interquartile range.
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Consistent with ammonium, nitrate concentrations in both the wet and dry
season were significantly lower in the Burn 3yr and Burn 1yr treatments relative to the
Control (p = 0.0002, p = 0.0168, respectively in the wet, and p < 0.0001, p < 0.0001 in
the dry, respectively), with concentrations over two times higher in the Control than
the burned treatments (Figure 4.3). Dry season concentrations of ammonium and
nitrate were higher across all plots relative to the wet season (p < 0.0001 for all
treatments). Ammonium dominated over nitrate across the wet and dry seasons in all
treatments (Figure 4.3).
The prescribed fires raised surface soil pH in both burned treatments relative
to the Control in both the dry and wet seasons (Figure 5). The soil pH of the Control
(pH = 4.0) was significantly lower than in the Burn 3yr (pH = 4.5, p < 0.0001) and
Burn 1yr treatments (pH = 4.4, p < 0.0001) (Figure 5). In the wet season, soil pH of
the Control (pH = 4.1) was also significantly lower than the Burn 3yr (pH = 4.5, p <
0.0001) and Burn 1yr (pH = 4.4, p < 0.0001) treatments (Figure 4.3). Within each
treatment, soil pH was generally higher during the wet season, but only significantly
different in the Control (p = 0.023 for Control, p = 0.52 for Burn 3yr, p = 0.39 for
Burn 1yr) (Appendix C Supplementary Table 3).
4.4.4. Aboveground N stocks
The fires depleted aboveground N stocks, leaving 49% of total aboveground N
in the Burn 3yr treatment, and 57% of total aboveground N in the Burn 1yr treatment.
Wood biomass N was at a minimum in 2016, averaging 200 kg N ha-1 in the Burn 3yr
and 230 kg N ha-1 in the Burn 1yr treatments, or 55% and 62% of the Control. In
contrast, wood N biomass ranged from 370 to 430 kg ha-1 in the Control (Figure 4.4).
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Leaf N biomass stocks were at the minimum three years after the last fire (2013) when
leaf N pools in the Burn 3yr (39 kg N ha-1) and Burn 1yr (45 kg N ha-1) treatments
were compared with the Control (120-150 kg N ha-1) (Figure 4.4), composing 30 and
34% of the Control. Six years after the last fire, leaf N biomass in the Burn 3yr and
Burn 1yr treatments recovered to 74 and 67 kg N ha-1, equivalent to 53 and 48% of the
Control (Figure 4.4). The leaf area indices (LAI) recovered rapidly in Burn 3yr and
Burn 1yr treatments, from 53% and 52% of the Control in 2011 to 83% and 74% of
the Control LAI in 2016 (Appendix C Supplementary Figure 1). Specific leaf area was
lower in the Burn 1yr treatment relative to the Control (p = 0.0016) but not
significantly lower in the Burn 3yr treatment (p = 0.12) (Table 4.2).
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Figure 4.4. Annual wood (A) and leaf (B) N pools across the unburned (Control),
triennially burned (Burn 3yr), and annually burned (Burn 1yr) forest treatments in the
southeastern Amazon, with the last fires in 2010.
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Table 4.2. Soil and foliar nitrogen and carbon across the experimental burn treatments.
Data are means  1 standard error; n = 12 for soils and n = 30 for foliage. Lower-case
letters indicate significant groupings in surface soils (0-2 cm) and foliage, capital
letters indicate significant groups in deeper soils (2-10 cm), and daggers (†, ‡) indicate
if there are differences between soil depths between each group (p < 0.05).
Soil

Foliage

Treatment

Depth

%N*

δ N

%C*

C/N*

%N

δ15N

%C

C/N*

g/m2*

Control

0-2
cm

0.28
(0.03)

4.19
(0.20)

4.77
(0.65)

16.63
(0.53)

2.11
(0.05)

3.16
(0.16)

50.19
(0.48)

24.12
(0.58)

145.9
(9.7)

a, †

a, †

a, †

b, †

a

a

a

b

a

0.17
(0.01)

5.30
(0.19)

2.63
(0.22)

15.28
(0.20)

A, ‡

A, ‡

A, ‡

A, ‡

0.27
(0.04)

3.88
(0.19)

4.75
(0.84)

17.04
(0.66)

2.07
(0.07)

3.33
(0.26)

50.19
(0.47)

24.96
(0.79)

110.9
(4.9)

a, †

a, †

a, †

b, †

a

a

a

ab

b

0.14
(0.02)

5.34
(0.26)

2.12
(0.28)

15.17
(0.34)

AB, ‡

A, ‡

AB, ‡

A, ‡

0.24
(0.02)

4.15
(0.11)

4.55
(0.43)

19.01
(0.59)

1.94
(0.06)

3.07
(0.23)

50.02
(0.53)

26.26
(0.72)

126.3
(5.0)

a, †

a, †

a, †

a, †

a

a

a

a

ab

0.11
(0.01)

5.73
(0.17)

1.76
(0.15)

15.52
(0.31)

B, ‡

A, ‡

B, ‡

A, ‡

2-10
cm
Burn 3yr

0-2
cm
2-10
cm

Burn 1yr

0-2
cm
2-10
cm

15

*Indicates if group was ln-transformed prior to statistical tests
4.4.5. Foliar N and δ15N
The fire treatments did not affect foliar %N or the δ15N in the burned
treatments relative to the Control. The %N in leaves was similar in the Control and
Burn 3yr and Burn 1yr treatments (p = 0.11, ANOVA) (Table 4.2, Appendix C
Supplementary Table 2). Foliar δ15N did not differ across treatments (p = 0.70,
ANOVA) (Table 4.2). The C/N ratios were marginally lower in the Burn 1yr treatment
compared to the Control (p = 0.08), but no differences were observed between the
Control and the Burn 3yr treatment (p = 0.73).
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4.4.6. Soil nutrients and characteristics
In the burned treatments, Mo and P generally increased by 50% in the top
surface soil (0-2 cm), while V decreased by a third. The surface soil Mo concentration
was significantly higher in the Burn 3yr treatment compared to the Control (p =
0.0027) but not in the Burn 1yr treatment (p = 0.33). The soil P concentration was
significantly higher in the Burn 1yr treatment (p = 0.034) but not the Burn 3yr
treatment (p = 0.71). The soil V concentrations were significantly lower in the Burn
3yr (p = 0.0015) and Burn 1yr treatments (p = 0.0012) relative to the Control. The soil
P concentrations were higher in the surface soils (0-2 cm) compared to the deeper soils
(2-10 cm) in both the Burn 3yr and Burn 1yr treatments (p = 0.002, p = 0.0001,
respectively), but not in the Control (p = 0.12). The same pattern was found for Mo,
where surface Mo concentrations were higher in the surface (0-2 cm) than the deeper
soils (2-10 cm) for both the Burn 3yr and Burn 1yr treatments (p = 0.028, p = 0.0004)
but not the Control (p = 0.10) (Figure 4.5, Appendix C Supplementary Table 2).
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Figure 4.5. Total molybdenum (Mo) (A), phosphorus (P) (B), and vanadium (V) (C)
soil concentrations (µg g-1 dry weight soil) across the unburned (Control), triennially
burned (Burn 3yr), and annually burned (Burn 1yr) forest treatments in the
southeastern Amazon; data are means  1 standard error; n = 12. Lower-case letters
indicate significant groupings in surface soils (0-2 cm), capital letters indicate
significant groupings in deeper soils (2-10 cm), and no letters indicate no significant
differences (p < 0.05).
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The fire treatments did not affect surface soil %C or %N. There were no
differences in the surface soils between the Control and the Burn 3yr and Burn 1yr
treatments in %C (p = 0.99, p = 0.89, respectively), %N (p = 0.054, p = 0.79,
respectively), or soil δ15N (p = 0.98, p = 0.48, respectively) (Table 4.2). However, the
C/N ratio was significantly higher in the Burn 1yr treatment (p = 0.0024) compared to
the Control (Table 4.2).
4.5. Discussion
4.5.1. Low rates of biological nitrogen fixation post-fire
Contrary to our hypothesis that both symbiotic and free-living BNF would
ramp up post-fire to resupply the lost aboveground N, we did not find evidence of
higher rates of BNF post-fire in the seasonally dry Amazon tropical forests. Though
we found higher rates of symbiotic BNF in the forests burned every three years, or
triennially-burned, the rates (0.48 kg N ha-1 yr-1) were still low compared to rates
found in other tropical forests. Surprisingly, rates of free-living BNF were generally
higher in the unburned forest, likely because the litter and soil stay moist for a longer
time, compared to the burned forests which dry out as a result of lower canopy
coverage and more exposure to direct sunlight. This is consistent with the wellestablished observation that moisture is a key factor in supporting microbial activity
and thus BNF (e.g. Koch and Oya 1974; Cusack et al. 2009). On an area basis, the
higher free-living litter BNF fluxes in unburned forest plots correlated with higher
litter mass (Table 4.1), suggesting that substrate availability may be an important
control on free-living BNF in this system. Despite the low BNF rates in the burned
treatments, recovery of the aboveground biomass N was apparent, as stocks of leaf N
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in the burned forests increased from 30% to 50% of the unburned forest within three
years (Figure 4). Although we did not observe recovery of the woody N pool after six
years, this is likely a result of much longer recovery times for these pools—previous
observations have suggested that it takes ~66 years to recover to 90% of the original
mature forest cover (Poorter et al. 2016).
Our results contrasted with other studies that have found greater BNF rates in
recovering secondary forests. In wet tropical forests in Panama and Costa Rica, for
example, symbiotic BNF rates were higher in younger, recovering forests relative to
mature forests (Batterman et al. 2013, Sullivan et al. 2014, Taylor et al. 2019). In
contrast, across a land-use gradient in the Atlantic Forest of Brazil, Winbourne et al.
(2018a) did not find significant differences in symbiotic BNF rates between
recovering forests and mature forests, concluding that the aboveground N may have
fully recovered within 20 years, equivalent to the age of the youngest forests sampled.
Similarly, in a tropical dry forest chronosequence in Costa Rica, Gei (2014) concluded
that BNF did not change throughout succession. The response of free-living BNF
across a disturbance gradient has received less study than that of symbiotic BNF, but
observations have demonstrated an increase after a disturbances in Costa Rica, where
free-living BNF rates were generally higher in secondary forest compared with mature
forest (Sullivan et al. 2014, Taylor et al. 2019). In contrast, Winbourne et al. (2018a)
did not find a relationship between forest age and free-living BNF in the Atlantic
Forest of Brazil. However, at a site most similar to ours in the Amazon, elevated
inputs from symbiotic BNF during forest recovery were not detectable using foliar
δ15N as a proxy (Davidson et al. 2007), consistent with our findings.
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Free-living and symbiotic BNF rates at our site in the southeastern Amazon
were surprisingly low compared to other tropical forests. BNF rates (0.16-0.69 kg N
ha-1 yr-1 across all treatments) were at least eight-fold lower than average estimates for
tropical forests as a whole (5.7 kg N ha-1 y-1) (Sullivan et al. 2014). Symbiotic BNF
rates were, to our knowledge, substantially lower than all other previous estimates in
wet and dry tropical forests (e.g. Batterman et al. 2013; Gei 2014; Winbourne et al.
2018a). Our estimates, however, fall closer to symbiotic BNF values estimated by
Sylvester-Bradley et al. (1980) found for the central Amazon (2.5 kg N ha-1 yr-1) and
total BNF that Sullivan et al. (2014) measured in mature forest in Costa Rica (1.2 kg N
ha-1 yr-1). Free-living BNF in the soil and litter measured here (≤ 0.33 kg N ha-1 yr-1)
were also substantially lower than reported values for rates in soil in another study in a
lowland wet tropical forest in Costa Rica (3 kg N ha-1 yr-1 ; Reed et al. 2007) and the
Venezuelan Amazon (7 kg N ha-1 yr-1; Jordan et al. 1983), and rates in litter, ranging
from <1 to 8 kg N ha-1 yr-1 (Jordan et al. 1983, Russell and Vitousek 1997, Ley and
D’Antonio 1998).
The low rates of symbiotic BNF that we measured in the southeastern Amazon
could in part be explained by the lower abundance of N-fixing trees compared to other
tropical forests, and by the lower occurrence of nodules. In this southeastern Amazon
forest, the proportion of soil cores containing nodules, p, ranged from 0 to 0.07, which
is on the lower end compared to values found in Costa Rica where p ranged from 0.05
to 0.2 (Taylor et al. 2019), while the nodule fixation rates per gram of nodule
measured here were well within the range found in Panama (Batterman et al. 2013).
The percent stem density of the N-fixing family, Fabaceae, averaged 6% across all
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treatments and percent basal area averaged 5% across all treatments, which was on the
lower end compared to the basal area percentage range of 2.6 to 37% found in other
secondary and mature forests across central America where symbiotic BNF rates were
higher (Batterman et al. 2013, Sullivan et al. 2014, Winbourne et al. 2018a, Taylor et
al. 2019). Fabaceae abundance in this region of the southeastern Amazon was also
lower than in forests where symbiotic BNF has not yet been quantified, where stem
percentages ranged from 3 to 13% (Ashton and CTFS Working Group 2004).
The fires consumed approximately half of the original aboveground N and
likely lowered the N:P stoichiometry in this forest, but less total N was lost compared
to clear-cut forests, which subsequently could not induce temporal N limitation and
thus increased BNF. The fires consumed 51% of total aboveground N in the triennially
burned forest, and 43% of total aboveground N in the annually burned forest relative
to the unburned forest. The triennially burned forest lost more N than the annually
burned forest due to increased fuel loads that accumulated during the non-burned
years (Brando et al. 2014). The annually burned forest also had more grass invasion
(Silvério et al. 2013) which reduced tree coverage and could perhaps explain the lower
symbiotic BNF rate (0 kg N ha-1 yr-1) compared to the triennially burned forest (0.48
kg N ha-1 yr-1). Regardless of the differences between the burned forests, the decreased
nitrate and ammonium in the burned plots (Figure 4.3) suggests a higher N demand in
the burned treatments to support recovery, indicating that N availability is lower in the
burned forests compared to the unburned forest.
The lower rates of BNF across the treatments could also be explained by
suppression owing to high levels soil N richness here in the southeastern Amazon.
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Many studies have demonstrated that BNF declines rapidly with N fertilization (e.g.
Crews et al. 2000; Barron et al. 2008; Cusack et al. 2009; Winbourne et al. 2017).
Crucially, substantial deep soil inorganic N pools have been found in these forests at
Fazenda Tanguro. Jankowski et al. (2018) measured inorganic N accumulation of up
to 230 kg N-NO3- + NH4+ ha-1 in the top 4 m of the soil profile, indicating a significant
buildup of N in these soils that may provide an ongoing pool for biomass recovery,
and precluding the need for high rates of energetically-expensive BNF. Large
inorganic N pools have also been found in central Amazon (Schroth et al. 1999),
making these forests across the Amazon relatively unique compared to other tropical
forests where BNF has been quantified. The surface inorganic N concentrations in the
unburned forest were also relatively high at our site in the southeastern Amazon,
averaging a total of 37 µg and 7.5 µg NO3- + NH4+ g-1 (dry season and wet season,
respectively). Concentrations were similarly high in the central Amazon (23 µg NO3- +
NH4+ g-1; Davidson et al. 2007). However, in forests with higher rates of BNF, nitrate
and ammonium concentrations have been found to be both on the low end, ranging
from 2 to 4 µg NO3- + NH4+ g-1 in mature forests in Costa Rica and the Atlantic Forest
of Brazil (Sullivan et al. 2014, Winbourne et al. 2018a), or on the high end, such as
found in another mature forest in Costa Rica (23 µg NO3- + NH4+ g-1; Taylor et al.
2019). Regardless of the surface concentrations, the large pools of inorganic N stored
in deep soils in the southeastern and central Amazon indicate a buildup of available N
over time, likely suppressing the need for BNF, even after a disturbance.
Other N cycle indicators, such as foliar %N, foliar δ15N, and static soil N pools
also indicate that N is relatively abundant in these forest soils. Martinelli et al. (1999)

113

found that tree species with higher N concentrations in their leaves tended to have
higher δ15N values, and the values measured in the southeastern Amazon fit that
pattern relative to other tropical forest sites. The higher foliar %N and δ15N across all
treatments, ranging from 1.9 and 2.1 %N and 2.1 to 3.2‰ (Table 4.2), more closely
resembled those of mature tropical forests (1.9 %N, and 3.7 ± 3.5‰, respectively;
Martinelli et al. 1999) rather than those of younger forests (1.4 %N, and -0.5‰,
respectively; Davidson et al. 2007). An enriched foliar δ15N in mature forests has been
thought to be indicative of a leaky N cycle, in which isotopically light N is lost from
the ecosystem owing to fractionation during nitrification and denitrification, leaving
isotopically enriched N behind (Amundson et al. 2003). In addition, although a static
soil pool of N cannot indicate availability (Vitousek and Sanford 1986), Davidson et
al. (2007) concluded that the top 10 cm of mineral soil contains enough organic-N
stocks (≥ 1000 kg N ha-1) to supply the regrowing forest even if only a small fraction
is gradually mineralized to a bioavailable form a site most similar to ours in the central
Amazon. Although Winbourne et al. (2018a) found higher rates of BNF, they made
the same conclusion, estimating that the top 10 cm of mineral soil contained
approximately 1900 kg N ha-1 to support a majority of the forest recovery. In these
southeastern Amazon forests, soils contained approximately 2100 kg N ha-1 in the top
10 cm, further supporting the conclusion that large stocks of soil N could support
regrowing biomass after fire.
Patterns of BNF can be difficult to constrain due to BNF hotspots, defined as
disproportionately high rates relative to the surrounding area (McClain et al. 2003) in
space and time. First, characteristic of other biogeochemical and microbial processes,
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we found hotspots of free-living BNF in the soil and litter across all plots. These may
affect how this study and other studies have scaled up estimates, and future work is
needed in the field to constrain error estimates and improve scaling accuracy. Freeliving BNF hotspots are not unique our site and could account for a missing source of
N inputs that we were unable to capture with our sampling strategy. Second, because
our study only measured BNF at the 6 and 7 year mark post-fire, we do not have a
complete temporal picture of BNF across time during forest recovery. Third, while
most BNF occurs on the forest floor, there may have been free-living BNF in the
canopy (Reed et al. 2008), and BNF associated with ants (Pinto-Tomás et al. 2009),
bryophytes, lichens, and decaying wood (Matzek and Vitousek 2003) unaccounted for.
Lastly, because symbiotic BNF is notoriously difficult to scale up, our survey may not
have sampled enough cores to accurately represent the forest (Winbourne et al.
2018b).
4.5.2. Increases of soil molybdenum, phosphorus, and pH, and decreases in
vanadium post-fire
Molybdenum (Mo) and P concentrations were relatively low across in the
southeastern Amazon, which makes the lack of response in BNF to increased Mo and
P post-fire more surprising. Due to non-existent parent material weathering and low
atmospheric inputs in these southeastern Amazon forests, average Mo and P
concentrations were low in the unburned surface soils, averaging 0.15 and 16 µg g-1,
respectively, and substantially depleted with respect to their average crustal abundance
worldwide (Taylor and McLennan 1995). The scarcity of tropical soil Mo values
generally make it difficult to assess these concentrations in a broader context, but we
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note that the mineral soil Mo concentrations at this site are lower than concentrations
found at other tropical sites (Reed et al. 2013, Winbourne et al. 2017), and that total P
concentrations in these soils were also low compared to other tropical sites (e.g.
Wurzburger et al. 2012; Sullivan et al. 2014). The P concentrations found in this study
were consistent with ranges found here previously examining P dynamics (Riskin et
al. 2013). While V is relatively abundant in these soils, very little is known about the
soil V distributions in tropical soils. Even at higher soil Mo and P concentrations, Mo
and P limitation have been demonstrated for free-living BNF (Wurzburger et al. 2012,
Reed et al. 2013, Winbourne et al. 2017).
Despite generally low concentrations of both rock-derived nutrients compared
to other tropical forests, Mo and P limitation are likely not the main reasons for low
rates of BNF in the southeastern Amazon. The increased concentrations of soil Mo
and P should have facilitated higher rates of BNF if BNF was limited by Mo or P. Our
results of increased Mo post-fire add to growing evidence of increased rock-derived
nutrients in surface soils following fire, as found by Kauffman et al. (1995) and
Garcia-Montiel et al. (2000). Interestingly, given that accumulation from ash is the
likely mechanism behind this observation, we found that V concentrations decreased
post-fire, even though V has a relatively high temperature of volatilization compared
with the other elements (Wang and Tomita 2003). Instead, this effect may be
explained as a result of interactions between V and sulfur (S), since S is more easily
lost during combustion (Kauffman et al. 1995).
Further, we also hypothesized that the increased soil pH in the burned plots
also could theoretically reduce pH effects on Mo and P availability, making them
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more available for microbial activity. The forest soils in the southeastern Amazon are
highly acidic at pH 4, which affects Mo and P formation of chemical complexes and
sorption to soils (Haynes 1982, Reddy and Gloss 1993). We found that burning did
increase pH, consistent with previous observations in tropical forests and woodlands
where burning tends to raise the soil pH as ash is deposited on the soil surface and
more cations are released, which raises the base saturation and thus the soil pH
(Kauffman et al. 1992, Nardoto and Bustamante 2003). Regardless, despite the
increase in soil pH, as well as the increase in Mo and P concentrations, we still did not
see an increase in free-living BNF seven years following the last fires.
4.5.3. Biological nitrogen fixation and nitrogen cycling in the southeastern
Amazon
In the tropics, high rates of BNF are often associated with large ecosystem N
losses, which support ongoing N demand BNF (Hedin et al. 2009). But compared to
other tropical sites, measurements at our site in the southeastern Amazon indicate that
hydrologic and gaseous N losses are generally very low. Previous work at this site
found low N losses through leaching, and to the atmosphere through denitrification to
nitrous oxide (N2O) and dinitrogen (N2) (Figure 4.6). Riskin et al. (2017) estimated N
leaching losses from mature forest sites at Fazenda Tanguro to average 0.07 ± 0.02 kg
NO3--N ha-1 yr-1 and 0.25 ± 0.10 kg NH4+-N ha-1 yr-1, while gaseous N losses were
estimated to be 0.75 kg N2O-N ha-1 yr-1 (O’Connell 2015). Dinitrogen emissions are
likely low because the soils are well-drained and because of the long dry season
(Figueira et al. 2016), but nitric oxide (NO) emissions may be a more important loss,
since NO emissions were found to exceed N2O emissions in the nearby Cerrado region

117

on similar soils with a slightly drier climate (Varella et al. 2004, Figueira et al. 2016).
Dissolved organic N (DON) can account for the majority of nitrogen losses from some
tropical forests (Perakis and Hedin 2002), but while DON has not yet been measured,
at a similar site in central Rondônia, Brazil, DON made up 54–65% of total N exports
in forest streams (Neill et al. 2001). The gaseous and hydrologic losses of N in this
region contrast with the high N losses found at other tropical sites: for example, losses
of nitrate totaling 4-6 kg NO3--N ha-1 yr-1 in Costa Rica (Newbold et al. 1995) and
denitrification losses ranging from 2-9 kg N ha-1 yr-1 across many other sites (Houlton
et al. 2006). In addition, N deposition is likely low in this region, about < 1 kg N ha-1
yr-1 according to estimates found by Germer et al. (2009). In summary, the relatively
low losses of N from this region indicate that aside from disturbance, relatively little
excess N from BNF is required.
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Figure 4.6. Diagram of the pools of N (outlined in black boxes) in 2016, six years after
the last fires, and fluxes (grey arrows) in 2016 and 2017, six and seven years after the
last fires across the unburned (Control), triennially burned (Burn 3yr), and annually
burned (Burn 1yr) forest treatments in the southeastern Amazon. Components include
leaf, wood, nitrate (N-NO3-), and ammonium (N-NH4+). Fluxes include inputs through
free-living and symbiotic BNF, and average excess annual leaf demand compared to
the unburned forest. On the left, soil stocks, inputs, and outputs measured at Tanguro
are also presented for the unburned forest. All values are presented as kg N ha-1 for
pools and kg N ha-1 yr-1 for fluxes. See discussion on estimated dinitrogen (N2), nitric
oxide (NO), and dissolved organic N (DON) fluxes, and ammonia (NH3) deposition.
§ O’Connell 2015
† Riskin and others 2017
* Jankowski and others 2018

We conclude that this region of the southeastern Amazon is characterized by a
relatively ‘closed’ N cycle with low inputs from BNF and low hydrologic and gaseous
losses (Figure 4.6). Recent studies that have noted the heterogeneity of tropical forests
(Townsend et al. 2008) where some forests do not follow the conventional N-rich
paradigm of tropical N biogeochemistry (Soper et al. 2017). Within the Amazon, our
results were consistent with the conclusion of Nardoto et al. (2014) that most
Fabaceae species that are capable of nodulating do not fix N in Amazonia. They
suggest that soil N stocks may have built up over the millennia, so while inputs and
outputs are currently low, the mass of N stored in the soils remains high. Nardoto et al.

119

(2014) further suggest that Fabaceae proliferated in South America 50 Mya, and
likely historically fixed N which led to an accrual of N stocks, which currently
suppresses BNF. Perhaps the tectonic stability in this region and across the lower
Amazon as a whole can reconcile why, for example, Panama, which has a relatively
similar soil N percentage (Batterman et al. 2013), and Costa Rica, with high soil
nitrate and ammonium concentrations (Taylor et al. 2019), are still characterized by
high BNF rates.
The aboveground N recovery and relatively abundant soil inorganic N we
observed highlight the potential resilience and lack of severe nutrient limitation
following fire disturbance in some tropical forests. The relatively rapid recovery of
nutrient cycling is consistent with findings by a recent meta-analysis looking at
patterns of biogeochemical recuperation (Sullivan et al. 2019). However, this study
raises new questions: are low BNF rates more common in some tropical forests than
previously thought? What drives some systems to exhibit a more ‘closed’ N cycle,
while others exhibit leakier cycling? What controls patterns of BNF that can reconcile
the variation in rates measured across the tropics? Further studies will shed light on
patterns of BNF, and the possible role of tectonic history as suggested by Nardoto et
al. (2014) in explaining broader biogeochemical processes across ecosystems.
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CHAPTER 5 . TREES CAPABLE OF SUPPORTING SYMBIOTIC NITROGEN
FIXATION RECRUIT AND GROW FASTER AFTER FOREST FIRES IN THE
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5.1. Summary
Recovering secondary tropical forests are an important part of terrestrial land
carbon sink. Plant species in the Fabaceae family that are capable of supporting
symbiotic nitrogen fixation, or potential N fixers, are abundant in tropical forests, and
may play an important role early in forest recovery. However, the early demographic
trends of recruitment, mortality, and growth of potential N-fixing species have not yet
been investigated after tropical forest fires. We used a census from a large-scale fire
experiment in the southeastern Amazon (2004-2016) to investigate the successional
patterns of non-fixers and potential N fixers post-fire and test the hypothesis that
potential N-fixing species are more competitive than non-fixers early in succession.
We found that post-fire, potential N fixer abundance and basal area percentage
increased relative to the mature control forest, particularly in the smaller size classes.
This pattern was driven by a higher recruitment rate of potential N fixers in the burned
forests and faster growth rates of potential N fixers relative to non-fixers, as well as
lower mortality of N fixers in the burned relative to the mature forest. Most of the
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demographic processes were driven by one potential N-fixing species, Tachigali
vulgaris, which is common in the Cerrado and southern Amazon biomes. However,
nodule surveys and indirect isotopic evidence suggest that T. vulgaris was not fixing N
in our forest. Future studies examining the demographic processes of potential Nfixing species should determine if the species are actively fixing N before using the
functional trait of N fixation. Potential N fixers could have a competitive advantage
over non-fixers early in succession from a higher water-use efficiency and higher leaf
N, rather than symbiotic N fixation alone.
5.2. Introduction
Secondary tropical forests are fast-growing, accumulate large amounts of
carbon, and play an important role in regulating climate (Pan et al. 2011, Poorter et al.
2016). More than half the world’s tropical forests are in secondary recovery (FAO
2015), and rates of forest recovery of may be linked to nitrogen (N) supply (Davidson
et al. 2007, Wright et al. 2018). Tropical forests are thought to recover N stocks
relatively rapidly in part because they are characterized by a high abundance of
leguminous trees in the Fabaceae family, some of which can form symbiotic
relationships with bacteria to fix atmospheric N (potential N fixers). Rates of
symbiotic N fixation in wet tropical forests have been measured to be up to 50-150 kg
N ha-1 yr-1 (Binkley and Giardina 1997), much higher than other biomes (Cleveland et
al. 1999). In recovering wet tropical forests, higher abundances of potential N-fixing
trees and higher rates of symbiotic N fixation relative to mature, intact forests indicate
the important role that N-fixers may have in bringing in new N to the ecosystem
during regrowth (Batterman et al. 2013, Sullivan et al. 2014). However, less is known
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about the role of potential N fixers and associated symbiotic N fixation early in
succession in seasonally dry tropical forests.
Tropical forest fires are occurring more often, particularly in the southern
Amazon where interactions of deforestation, drought, and agriculture are increasing
forest vulnerability to fires (Uhl and Kauffman 1990, Cochrane 2001). In seasonally
dry tropical forests, potential N fixers are often found in even higher abundances than
in wet tropical forests, perhaps due to their reduced leaflet size and thereby drought
tolerance, as well as their ability to fix N (Gei et al. 2018). Aside from symbiotic N
fixation, N fixers as a functional group may still have a competitive advantage over
non-fixers, since plants in the Fabaceae family typically exhibit higher water use
efficiencies and higher foliar N, which could lead to higher drought tolerance, seed N,
and plant defenses (Adams et al. 2016). Frequent disturbance by fire may favor N
fixers over non-fixers because of higher growth rates under N-limited conditions
resulting from N losses via fire (Sheffer et al. 2015). For example, in savanna biomes,
fire has been found to increase both N-fixing species richness and the abundance of N
fixers relative to non-fixers (Högberg 1986, Da Silva and Batalha 2008, Cramer et al.
2010, Silva et al. 2013). However, there are limited data on successional trends of
potential N-fixing trees in seasonally dry tropical forests, and no studies to our
knowledge that examine how fire affects the growth, recruitment, and mortality of
species capable of fixing N in comparison to non-fixers. Higher growth and
recruitment, or lower mortality of potential N fixers could enhance their abundances
later in succession and impact the trajectory of forest development.
The abundance of potential N-fixers early in succession can also impact the
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growth of the neighboring non-fixers, either stimulating growth through provision of
limiting N (Batterman et al. 2013) or depressing growth through competition for light,
water and other resources (Taylor et al. 2019). The impact of potential N-fixers on the
growth of neighbors was mixed in other wet tropical forests in Panama, perhaps
because the potential N fixers were not all actively fixing N. Many N-fixing species
are facultative, and only fix N when N is in low abundance (Barron et al. 2011)
because symbiotic N fixation is an energetically-expensive process (Gutschick 1981).
In the present study, we tested the relationship between the abundance of N fixers and
the growth of neighboring non-fixers in a seasonally-dry tropical forest. Because the
abundance of potential N fixers does not always reflect ecosystem N fixation rates
(Hedin et al. 2009), we also sought to resolve the links between N fixer abundance and
associated N fixation status.
Across Amazonia, indirect isotopic data from mature forests suggests that most
N fixers usually do not fix N even though they have a capability to do so (Nardoto et
al. 2014). Here we ask, after fire disturbance in a seasonally dry tropical forest in the
southeastern Amazon, do trees capable fixing N grow faster, die more frequently, or
recruit faster than trees without the capability of fixing N? And are there effects of
potential N-fixing trees on the growth rates of neighboring plants, or the forest as a
whole? We further examine the extent to which potential N-fixing species are actually
fixing N, especially following fires. For example, do N losses during fires constrain
soil N supply enough to stimulate facultative N fixers to fix N? Results will help us
predict the successional trends across different tropical forests, and examine which
patterns are generalizable across tropical forests. These results may improve our
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ability to predict how secondary tropical forests will play a role in the global carbon
sink, particularly in seasonally dry tropical forests like those in the southeastern
Amazon that face disturbance by fire.
5.3. Methods
5.3.1. Study Area
The forest inventory used here was collected from a fire experiment at Fazenda
Tanguro, an 800 km2 working ranch in eastern Mato Grosso State, Brazil. Fazenda
Tanguro contains 400 km2 of predominantly primary evergreen tropical forest. It is 30
km north of the southern boundary of the Amazon forest (13°04’ S, 52°23’ W). The
average annual air temperature is 27°C with < 5°C seasonal variation. Annual rainfall
is 1700 mm (Appendix D Supplementary Table 1), with an intense dry season between
May and September. Forest tree species composition represents a transition between
the central Amazon forest and the more seasonal savannah of the Cerrado (Ivanauskas
et al. 2003).
5.3.2. Fire treatments
To test tropical forest susceptibility to fire, a prescribed fire experiment was
initiated at Fazenda Tanguro in 2004. Three 0.5 x 1 km (50 ha) plots were established
with three treatments: (1) an unburned control, (2) a plot burned three times three
years apart, in 2004, 2007, and 2010 (Burn 3yr), and a plot burned annually from 2004
to 2010 (except 2008) (Burn 1yr). Experimental fires were ignited at the end of the dry
season when forests of the region are most susceptible to fire. Initial fires were of lowintensity and slow-moving (Balch et al. 2008) typical of tropical understory forest fires
(Cochrane and Schulze 1999). For the initial fires, mean flame height was 31 (±1) cm,
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with a mean initial temperature that ranged from 128°C belowground (2 cm) to 273°C
at the surface to 87°C aboveground (100 cm). The fire in the Burn 3yr treatment
during 2007 was more severe than the Burn 1yr treatment because of extreme dry
conditions due to drought and increased fuel load from accumulated litterfall (Brando
and others 2014). By 2009, the cumulative tree mortality (≥ 5 cm) was 63% in the
Burn 3yr treatment and 50% in the Burn 1yr treatment (Brando et al. 2014). Balch and
others (2008) provide a further description of the site, experimental design, and fire
behavior.
5.3.3. Tree inventory
To compare potential N fixers to non-fixers in growth, recruitment, and
mortality, in 2004 (pre-treatment) we identified, tagged, mapped species, and
estimated the height of all overstory trees (≥ 40 cm dbh) within each 50 ha treatment
plot. Intermediate sized trees and lianas (20–39.9 cm dbh) were tagged in belt
transects (500 × 20 m) at 0, 30, 100, 250, 500, and 750 m from the forest edge (5.5 ha
sampled per treatment). Nested sub-sampling (500 × 4 m) was conducted within these
belt transects to measure smaller trees and lianas (10–19.9 cm) (1.2 ha sampled per
treatment). To sample saplings (5.0–9.9 cm), plots (500 × 2.5 m) were also nested
within these belt transects (Appendix D Supplementary Figure 1). Individuals (≥ 5 cm)
were tagged and inventoried in 2004, 2006, and 2008. Those individuals and new
recruits were monitored and measured for their diameter at breast height (1.3 m; dbh)
of in 2008, 2010, 2011, 2012, 2014, and 2016. In addition, recruits were monitored in
2007. Stems were measured to the nearest 0.1 cm for dbh, and were recorded as dead
if there was no visible aboveground live tissue, or if only basal sprouts were alive.
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5.3.4. Potential N-fixing taxa classification
Because not all leguminous plants can form a symbiotic relationship with
rhizobia, we used a three-tiered approach to assign tree species as either capable or
incapable of supporting symbiotic N fixation, “potential N fixers” or “non-fixers”,
respectively. First, species listed in the appendix of Sprent (2009) are confirmed as
capable of symbiotic N fixation. Second, we compared our species list with Tedersoo
et al. (2018), who list genera in the Fabaceae family that are capable of forming the
symbiosis. Third, we searched individual papers for all the Fabaceae species in
ourinventory to find presence of nodulation capability (Moreira, Fatima Maria de
Souza, da Silva and de Faria 1992, Haddad et al. 2004, Batterman et al. 2013, Nasto et
al. 2014, Silva et al. 2015) (Table 5.1). Note that hereafter we designate as “potential
N-fixers” species that are capable of supporting N fixation even if they are not actively
fixing N.
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Table 5.1. Fabaceae and confirmed nitrogen (N)-fixing species at Fazenda Tanguro,
Mato Grosso, Brazil, in the southeastern Amazon
Genus

Species

Derris

floribunda
(Bth.) Ducke
schomburgkii
(Benth.) Benth.

Enterolobium

% of
Fabaceae

N fixer
classification
(Sprent 2009)

N fixer
classification by
citation

1

no

NA

11

yes

(Moreira, Fatima
Maria de Souza,
da Silva and de
Faria 1992)
(Moreira, Fatima
Maria de Souza,
da Silva and de
Faria 1992)
(Nasto et al.
2014)
(Batterman et al.
2013)
(Moreira, Fatima
Maria de Souza,
da Silva and de
Faria 1992)
(Silva et al.
2015)
(Haddad et al.
2004)

likely
Rhizobia

(Moreira, Fatima
Maria de Souza,
da Silva and de
Faria 1992)
(Moreira, Fatima
Maria de Souza,
da Silva and de
Faria 1992)

Rhizobia

Hymenaea

courbaril L.

5

no

Inga

alba (SW.)
Willd.
thibaudiana

1

yes

1

yes

Inga

heterophylla
Willd.

9

yes

Ormosia

paraensis
Ducke.
vulgaris
(paniculatum
Vog.)
purpurea
(Rich.) Am.
Var.Leptophylla
(kleinh) Am.
quinata (Aubl)
Sndw.

10

yes

61

yes

2

yes

0.1

yes

Inga

Tachigali
(Sclerolobium)
Diplotropis

Machaerium

N fixer
classification
(Tedersoo et
al. 2018)
Rhizobia

None

Rhizobia
Rhizobia
Rhizobia

Rhizobia
likely
Rhizobia

Rhizobia

5.3.5. Calculations
To compare potential N fixers to non-fixers, we calculated relative potential N
fixer abundance (stem percentage) over time, proportion of recruits as potential N
fixers, recruitment rates of potential N fixers and non-fixers, and mortality rates of
potential N fixers and non-fixers across all treatments. We calculated the relative
potential N fixer abundance as the percentage of individual trees that were potential N
fixers surviving for each inventory year, or time, t. The number of stems was
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calculated from the total number of surviving individuals in the database at time t.
𝑆𝑓𝑖𝑥𝑒𝑟, (%) =

𝑁 𝑓𝑖𝑥𝑒𝑟,𝑡
𝑥 100
𝑁𝑡𝑜𝑡𝑎𝑙,𝑡

The basal area (m2 ha-1) of potential N fixers and non-fixers was calculated by using
the individual diameters of trees and aggregating all individuals per plot (m2), for each
size class, and dividing by the area sampled (ha). The basal area percentage of
potential N fixers was calculated by dividing by the total forest basal area at each time
t.
𝑑𝑏ℎ
𝜋( 2 )2
𝐵𝐴 (𝑚 ) =
10000
2

The proportion of total recruits as potential N fixers for each year t was calculated by
examining the proportion of new recruits as potential N fixers at time t added into the
inventory after 2006.
𝑅𝑓𝑖𝑥𝑒𝑟, (%) =

𝑅 𝑓𝑖𝑥𝑒𝑟,𝑡
𝑥 100
𝑅𝑡𝑜𝑡𝑎𝑙,𝑡

Recruitment rate was calculated as an annual or biennial event following Menge &
Chazdon (2016). The recruitment rate, presented as a percentage of the number of
individuals Np,f,t, from the previous census and with Rp,f,t+1 representing the number of
individuals ≥5 cm of N fixer or non-fixer, f, in each plot, p, that appeared from t to t +
1. Here, we designate one plot as one transect within each treatment (Appendix D
Supplementary Figure 1).
𝑟𝑝,𝑓,𝑡+1 (%) =

𝑅𝑝,𝑓,𝑡+1
𝑥 100
𝑁𝑝,𝑓,𝑡

The growth rate (cm yr-1) was calculated following Taylor et al. (2017),
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𝐺𝑖,𝑐+1 =

𝑑𝑏ℎ𝑖,𝑡+1 𝑑𝑏ℎ𝑖,𝑡
𝑡

where Gi,t is the growth rate of individual, i, at time t, and dbhic is the dbh of
individual i at time t, and t is number of years between surveys.
Mortality (% yr-1) was calculated following Balch et al. (2011) and Sheil & May
(1996),
1

𝐷 𝑡
𝑚𝑓 = 1 − (1 − ) 𝑥 100
𝑁
where N is the initial number of live stems, D is the number of dead stems at the end
of the measurement interval, t is the number of years between censuses, and the
mortality is calculated for f, either potential N fixers or non-fixers.
5.3.6. Nodule sampling and NDFA
To confirm that the potential N-fixing species formed nodules and were
actively fixing N, we conducted nodule surveys around the base of 42 potential Nfixing trees. During the 2017 wet season, we excavated soil within a 2 m diameter
around the base of 16 potential N-fixing trees to search for nodules in the field, but we
did not find nodules. In the 2018 wet season, we randomly sampled 12 cores (5.7 cm
diameter and 10 cm deep) following (Barron et al. 2011, Wurzburger and Hedin
2016), around a total of 26 trees of potential N-fixers (Appendix D Supplementary
Table 3). We brought soils back into the laboratory to sieve and examine for nodules.
When we did find nodules, nodules were confirmed as active by conducting the
acetylene reduction assay (Barron et al. 2011) and measuring ethylene production
(Chapter 4). Gas samples were collected and returned to Cornell University where
ethylene concentrations were measured using a Shimadzu 8-A gas chromatograph
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equipped with a flame ionization detector (330°C) and a Porapak-N 80/100 column at
70°C.
We also quantified foliar N and δ15N for 21 trees of potential N fixers to
quantify the proportion of N derived from the atmosphere (NDFA), an indirect
indicator of N fixation (Nardoto et al. 2014) (Appendix D Supplementary Table 4).
Leaf samples were collected from a subset of the potential N-fixing species at Fazenda
Tanguro in 2018 using a slingshot. We collected three individual branches at the top of
the canopy from each individual tree. For reference non-fixers, we sampled three
individual trees of each species of the ten most dominant species (Balch et al. 2008)
across the three plots, for a total of 90 individual trees. Leaves were collected,
weighed for dry weight after storage in an oven two days at 65°C, and analyzed for
surface area using a LI-COR LI-3100C Area Meter. Dried leaf samples were ground
and measured for N and δ15N on a Delta Plus, ThermoQuest-Finnigan analyzer at the
University of São Paulo, Piracicaba.
5.3.7. Statistical analyses
We compared the potential N fixer basal area percentage, percentage of
potential N fixer recruits from 2008 to 2016, recruitment rates, and mortality rates
using linear mixed-effects models with the transect, treated as a plot, added as a
random effect for individuals ≤ 40 cm. We use random effects to account for the
variability that occurs among transects within a forest plot. The percentage values
were analyzed by log-transforming (+1) values. For potential N fixer basal area
percent and percent of N fixer recruits, treatment and size class were analyzed as
factors, including their interaction. Recruitment rate was also analyzed with treatment
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and size class as factors, and a third factor indicating potential N fixer or non-fixer
functional type. Mortality rate was analyzed with treatment and functional type as
factors, including their interaction. To test whether potential N fixer abundance
affected the growth of a forest as a whole, we analyzed the relationship between N
fixer basal area percent and the change in total basal area and non-fixer basal area (net
and percent change) using a linear mixed-effects model the regressions. Foliar %N,
δ15N, and NDFA were analyzed using a one-way ANOVA with the potential N-fixing
species as the factor. To test for species differences in formation of nodules, we
treated nodule presence or absence as a categorical variable in a generalized linear
model with binomial distribution and a maximum likelihood estimation. Post-hoc
analyses were conducted with a Tukey test. We inspected residuals visually by
examining QQ plots to check for normal distribution and investigate
heteroscedasticity. Statistical analyses were performed using R software v.3.0.3 (R
Development Core Team).
5.4. Results
5.4.1. Potential N-fixing species
Of the ~97 species at these sites in the southeastern Amazon, ten were
classified as leguminous plants in the Fabaceae family; eight of these were classified
as potential N fixers according to Sprent, (2009) and Tedersoo et al., (2018) and seven
of these ten were classified as potential N fixers according to the other literature
sources we compiled (Table 5.1).
Tachigali vulgaris (formerly identified as Sclerobium paniculatum Vog.)
accounted for 61% of all the Fabaceae individuals and 78% of the stems of potential
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N-fixing individuals in the inventory. Fifty-eight percent of the T. vulgaris were
recruited into the forest (≥ 5 cm) between 2014 and 2016, driving many of the
demographic patterns post fire.
5.4.2. Potential N fixers recruited faster post-fire
Potential N fixer abundance (i.e. relative to total number of species) increased
in the burned treatments from 2004 to 2016, driven by increases in the smaller size
classes. In the Burn 3yr treatment, potential N fixers increased from 2% in 2004 to
10% in 2016, and in the Burn 1yr treatment, potential N fixers increased from 2% in
2004 to 8% in 2016. In contrast, potential N fixer abundance in the Control treatment
decreased from 3% in 2004 to 1% in 2016 (Figure 5.1). In the 5-9.9 cm class in the
Burn 3yr treatment, potential N fixer abundance increased from 0% in 2004 to 17% in
2016, and in the Burn 1yr treatment, potential N fixer abundance increased from 1% in
2004 to 17% in 2016. In the 10-19.9 cm class, potential N fixer abundance increased
from 2% in 2004 to 20% in 2016 in the Burn 3yr treatment, and from 1% in 2004 to
15% in 2016 in the Burn 1yr treatment (Figure 5.2).

144

Figure 5.1. Potential nitrogen (N) fixer abundance (% of all trees) across the unburned
(Control), triennially burned (Burn 3yr), and annually burned (Burn 1yr) forest
treatments in the southeastern Amazon for all individuals in the tree inventory (nonfixer abundance would be 100% minus these values). The fires occurred between 2004
and 2010, except 2008 in the annually burned forest.
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Figure 5.2. Potential nitrogen (N) fixer abundance (% of all trees) for all individuals in
for the size classes 5-9.9 cm (A), 10-19.9 cm (D), 20-39.9 cm (G), and ≥ 40 cm (J)
(non-fixer abundance would be 100% minus these values), potential N fixer basal area
(%) 5-9.9 cm (B), 10-19.9 cm (E), 20-39.9 cm (H), and ≥ 40 cm (K), and mortality
rate (% yr-1) for the size classes 5-9.9 cm (C), 10-19.9 cm (F), 20-39.9 cm (I), and ≥
40 cm (L) across the unburned (Control), triennially burned (Burn 3yr), and annually
burned (Burn 1yr) forest treatments in the southeastern Amazon. The fires occurred
between 2004 and 2010, except 2008 in the annually burned forest.
The increase in potential N fixer abundance in the burned treatments relative to
the Control was driven both by a higher proportion of potential N fixers among
recruits in the burned treatments and by higher total recruitment in the burned
treatments. When aggregating across all transects, the proportion of potential N fixers
as new recruits was about five times higher in the 5-9.9 cm class in the Burn 3yr
treatment (p = 0.035) and seven times higher in the Burn 1yr treatment (p = 0.0018)
relative to the Control. In the 10-19.9 cm class, the proportion of potential N fixers of
the new recruits was approximately 20 times higher in the Burn 3yr treatment (p =
0.015) and in the Burn 1yr treatment (p = 0.0035) relative to the Control (Table 5.2).
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Table 5.2. Mean proportion of potential N fixers as new recruits from 2006 to 2016 (n
= 8), and mean potential N fixer basal area from 2004 to 2016 (n = 48) for all size
classes across the unburned (Control), triennially burned (Burn 3yr), and annually
burned (Burn 1yr) forest treatments in the southeastern Amazon. Data are means  1
standard error. Letters indicate significant differences (p < 0.05).
Treatment
Control
Burn 3yr
Burn 1yr

Potential N fixer recruits (%)

Potential N fixer basal area (%)

5-9.9 cm

10-19.9 cm

20-39.9 cm

5-9.9 cm

10-19.9 cm

20-39.9 cm

5.34
(2.13)b
25.01
(8.77)a
36.99
(7.15)a

0.62
(0.42)b
14.05
(3.22)a
11.94
(4.16)a

2.15
(1.36)b
25.63
(13.11)a
20.22
(5.81)a

1.28
(0.36)b
12.70
(5.18)a
8.34
(2.27)a

0.64
(0.35)b
16.43
(4.49)a
6.25
(2.04)a

1.91
(0.74)a
3.35
(2.57)a
1.82
(0.54)a

The recruitment rate was also higher for potential N fixers than non-fixers in
the burned treatments. In the Control treatment, the recruitment rate of potential N
fixers was not significantly different compared to non-fixers (5-9.9 cm, p = 0.66; 1019.9 cm, p = 0.10; 20-39.9 cm, p = 0.35). In contrast, in the smallest size class (5-9.9
cm), the recruitment rate of potential N fixers was 9.1 times higher than non-fixers in
the Burn 1yr treatment (p = 0.0004), with no differences in the Burn 3yr treatment (p =
0.85), likely due to the high variation in recruitment rates between transects for the
potential N fixers. In the 10-19.9 cm size class, the recruitment rate of potential N
fixers was 2.7 times higher than non-fixers in the Burn 3yr treatment (p = 0.0028) and
19 times higher for the Burn 1yr treatment (p = 0.028) (Table 5.3).
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Table 5.3. Mean annual recruitment rate of potential N fixers and non-fixers from
2004 to 2016 for the size classes between 5 and 39.9 cm across the unburned
(Control), triennially burned (Burn 3yr), and annually burned (Burn 1yr) forest
treatments in the southeastern Amazon. Recruitment rate was calculated for each
transect (plot) for each functional type for each time step only if there were individuals
in transect at time t. Data are means  1 standard error. Letters indicate significant
differences between N fixers and non-fixers within their respective size classes and
treatments (p < 0.05).
Treatment

Functional Type

n

5-9.9 cm

n

Control

Potential N fixer

9

10

Non-fixer

31

Potential N fixer

6

Non-fixer

28

Potential N fixer

8

Non-fixer

32

34.26
(13.8)a
67.21
(42.0)a
359.05
(348.2)a
156.22
(76.9)a
178.33
(61.1)a
19.60
(11.1)b

Burn 3yr

Burn 1yr

45
14
42
8
46

10-19.9
cm
12.83
(8.4)a
19.71
(4.9)a
140.97
(50.3)a
52.38
(30.6)b
238.96
(168.1)a
12.47
(5.0)b

n
12
46
9
40
14
43

20-39.9
cm
0.90
(0.6)a
2.23
(0.5)a
12.47
(8.6)a
3.79
(2.5)a
31.86
(10.5)b
108.09
(106.4)a

5.4.3. Potential N fixers increased in basal area post-fire
After 2008, potential N fixers increased in total basal area (m2 ha-1) and basal
area percentage (%) relative to non-fixers in both burned treatments. In the Control
treatment, the total basal area and basal area % decreased for potential N fixers from
0.76 m2 ha-1 in 2008 to 0.26 m2 ha-1 in 2016, or 2.9% in 2008 to 0.76% in 2016. In
contrast, in the Burn 3yr treatment, the total basal area increased for potential N fixers
from 0.18 m2 ha-1 in 2008 to 1.18 m2 ha-1 in 2016, or 1% in 2008 to 9.8% in 2016.
Patterns were similar for the Burn 1yr treatment, as the potential N fixer basal area
increased from 0.32 m2 ha-1 in 2008 to 1.52 m2 ha-1 in 2016, or from 1.4% in 2008 to
9% in 2016 (Appendix D Supplementary Figure 3).
Across transects, the basal area % of potential N fixers was significantly higher
in the Burn 3yr treatment (p = 0.0004) and the Burn 1yr treatment (p = 0.0008)
relative to the Control, but not between the burned treatments (p = 0.99). In the 5-9.9
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cm size class, the basal area % was about 10 times higher in the Burn 3yr treatment (p
= 0.0971) and 7 times higher in the Burn 1yr treatment (p = 0.0076) relative to the
Control. In the 10-19.9 cm class, the basal area % was about 26 times higher in the
Burn 3yr treatment (p < 0.0001) and 10 times higher than the Burn 1yr treatment (p =
0.0074) relative to the Control. There were no significant differences between
treatments in the larger (20-39.9 cm) size class (Table 5.2).
A majority of the changes in potential N fixer basal area were driven by those
in the smaller size classes because of high recruitment in the burned treatments. For
example, in 2014 the 5-19.9 cm classes composed 69% and 57% of the total potential
N fixer basal area in the Burn 3yr and Burn 1yr treatments, which increased in 2016 to
86% and 79% of the potential N fixer basal area in the Burn 3yr and Burn 1yr
treatments. In contrast, the 5-9.9 cm class and the 10-19.9 cm class accounted for only
22% of the total basal area in 2014 and 44% of the total potential N fixer basal area in
2016 in the Control treatment (Figure 5.2).
5.4.4. Growth rates of potential N fixers were faster than non-fixers
Potential N fixers grew faster (diameter) than non-fixers overall, but this
difference was observed only for the burned treatments. For example, between 2012
and 2014, potential N fixers did not grow significantly faster than non-fixers in the
Control (p = 0.12), but grew 4.2 times faster in the Burn 3yr treatment (p = 0.0004),
and 3.8 times faster in the Burn 1yr treatment (p = 0.0001); this pattern also persisted
from 2014-2016. Diameter growth rates, represented by ∆dbh (cm yr-1), ranged
between 0.32 to 0.48 cm yr-1 for non-fixers and between 0.73 to 2.76 cm yr-1 for
potential N fixers (Table 5.4).
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Table 5.4. Mean growth rate change in diameter at breast height ∆dbh (cm yr-1) of
potential N fixers and non-fixers from 2012 to 2016, mean annual mortality rate (%
yr-1) calculated for 5-39.9 cm stems of potential N fixers and non-fixers from 2004 to
2016, and mean diameter of surviving trees ≥ 40 cm dbh (cm) across the unburned
(Control), triennially burned (Burn 3yr), and annually burned (Burn 1yr) forest
treatments in the southeastern Amazon. Data are means  1 standard error. Lower-case
letters indicate significant differences between potential N fixers and non-fixers within
treatments (p < 0.05).
Treatment

Functional
Type

Control

Potential N
fixer
Non-fixer

Burn 3yr

Burn 1yr

Potential N
fixer
Non-fixer
Potential N
fixer
Non-fixer

Mean growth rate ∆dbh (cm
yr-1)
N
2012- n
20142014
2016
4
0.73
4
0.48
(0.11)a
(0.17)a
194 0.39
197 0.32
(0.02)a
(0.02)b
3
2.76
3
1.68
(0.93)a
(0.56)a
95
0.66
88
0.52
(0.07)b
(0.07)b
4
2.74
4
1.60
(0.52)a
(0.27)a
127 0.73
121 0.56
(0.06)b
(0.05)b

Annual mortality
rate (% yr-1)
n
2004-2016
32
121
24
107
29
117

33.5
(6.8)a
4.6
(0.4)b
45.7
(9.7)a
23.0
(2.6)a
28.5
(7.5)a
15.3
(1.9)a

Individuals ≥40
cm dbh (cm)
n
Mean dbh
(cm)
19 61.29
(2.97)a
1057 51.86
(0.37)b
14 64.93
(5.39)a
584 51.33
(0.53)b
25 57.36
(2.73)a
665 49.36
(0.43)b

5.4.5. Mortality was higher for potential N fixers than for non-fixers in the
Control treatments, but not in the burned treatments
Mortality rates across all the size classes were generally higher for potential N
fixers than for non-fixers, particularly in the years following the fires (Figure 5.2,
Appendix D Supplementary Figure 4). When examining mortality rates across the
transects and size classes, mortality was about 7.3 times higher for potential N fixers
than non-fixers in the Control (p = 0.0096), but not statistically different in the Burn
3yr (p = 0.71) and Burn 1yr (p = 0.54) treatments (Table 5.4).
5.4.6. Potential N fixers were larger than non-fixers in older forests
Of the surviving trees greater than 40 cm, potential N fixers generally were
larger than non-fixers across all treatments. N fixers ranged from 1.2 to 1.3 times
larger than non-fixers, or about 10 cm on average greater in diameter (dbh). This
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difference was significant between potential N fixers and non-fixers across all
treatments (Control, p = 0.0005; Burn 3yr, p = 0.0001; and Burn 1yr, p = 0.0006)
(Table 5.4).
5.4.7. Potential N fixer basal area (%) did not strongly affect changes in non-fixer
basal area and total forest basal area (m2 ha-1)
To test whether or not potential N fixers stimulate or depress the growth of
non-fixers, and whether or not the whole forest grows faster when there are more N
fixers, we present the effects of potential N fixer abundance on the net change in total
forest and non-fixer basal area, as well as the % change. There was a slightly positive
trend for total forest basal area change (m2 ha-1) (p = 0.025) with increasing N fixer
basal area %. For percent change for total forest basal area, the effect of N fixer basal
area % was not highly significant (p = 0.072). There was not a strong relationship
between N fixer basal area % and non-fixer basal area change with (p = 0.084). This
was also consistent for the effect of N fixer basal area % on the percent change for
non-fixer basal area (p = 0.28) (Figure 5.3).

151

Figure 5.3. Effect of potential N fixer basal area (%) across all size classes on the
change in total forest basal area (m2 ha-1) (A), non-fixer basal area (m2 ha-1) (B), total
forest basal area (%) (C), and non-fixer basal area (%) (D). The dotted grey lines
represent the regression.

5.4.8. Nodule sampling and NDFA
Most of the potential N-fixing trees were not nodulating at Fazenda Tanguro,
and the foliar δ15N was not significantly different between potential N-fixing species
and reference non-fixers, also indicating a lack of symbiotic N fixation. Only two of
11 sampled Inga thibaudiana individuals yielded nodules in sampled soil cores and
excavated soil. Enterolobium schomburgkii (Benth.) Benth. (n = 9), Inga heterophylla
Willd (n = 10), and Tachigali vulgaris (n = 12) did not yield nodules within the soil
cores or excavated soil. Thus, we were unable to detect a significant difference
between species (p = 1.0 between all species) (Table 5.6).
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The foliar %N was significantly higher for the potential N-fixing Enterolobium
schomburgkii (Benth.) Benth. in comparison to all the reference species (p < 0.0001),
as well as Inga heterophylla Willd. (p < 0.0001), and Inga thibaudiana (p = 0.0002),
but not Tachigali vulgaris (p = 0.91). However, the foliar δ15N was not significantly
different for all the potential N fixers relative to the reference (p > 0.97 for all
species). In addition, there were no significant differences in NDFA for all the
potential N fixers relative to the reference (p > 0.99 for all species) (Table 5.6).
Table 5.5. Proportion of tree species capable of supporting symbiotic N fixation (Nfixing) with nodules and foliar properties of N-fixing trees at Fazenda Tanguro in the
southeastern Amazon. Lower-case letters indicate significant differences between
species (p < 0.05). References values were calculated from the top ten dominant
species of confirmed non-fixers.
n

δ15N ‰

%N

NDFA

9

Proportion
with
nodules
0

7

10

0

5

Inga thibaudiana

11

0.2

3

Tachigali vulgaris

12

0

6

3.107
(0.615)a
3.218
(0.479)a
3.030
(0.860)a
3.238
(0.124)a
3.187
(0.124)a

3.500
(0.126)a
3.378
(0.131)a
2.890
(0.349)ab
2.158
(0.075)bc
2.041
(0.034)c

2.517
(19.319)a
-0.911
(15.021)a
4.878
(26.940)a
-1.581
(3.904)a
0.000
(3.886)a

Species

n

Enterolobium schomburgkii
(Benth.) Benth.
Inga heterophylla Willd.

Reference

90

5.5. Discussion
5.5.1. Patterns of potential N fixer growth, recruitment, and mortality in the
southeastern Amazon are similar to other tropical forests after succession
We hypothesized that species capable of supporting symbiotic N fixation, or
potential N fixers, would increase in relative abundance following experimental fires
in the southeastern Amazon. During the first six years after the last experimental forest
fires, we found that potential N fixers had higher growth and recruitment rates than
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non-fixers, a pattern that was not observed in the mature control forest. In addition, we
also found that potential N fixers post-fire had a lower mortality rate compared
potential N fixers in the in the control forest. As a consequence, both the relative
abundance and the basal area of potential N fixers increased relative to non-fixers in
the burned forests. However, the success of the potential N fixers was not
accompanied by an increase in symbiotic N fixation, as only one potential N-fixing
species (Inga thibaudiana) yielded nodules in our soil surveys. Our results were
similar to patterns in the Brazilian Atlantic forest, where potential N fixers increased
in stem percentage after clear-cutting, but there was no associated increase in
symbiotic N fixation (Winbourne et al. 2018a). However, our results contrasted with
studies in wet tropical forests of Panama and Costa Rica, where higher nodulation and
N fixation rates were associated increase in stem and basal area of N-fixers (Batterman
et al. 2013, Sullivan et al. 2014).
In the southeastern Amazon, recruitment rates were significantly higher for the
potential N fixers than the non-fixers, which contrasted with results from a wet
tropical forest in Costa Rica (Menge and Chazdon 2016). Menge and Chazdon (2016)
found that recruitment was the only demographic process where potential N fixers
were not more competitive than non-fixers, likely due to the larger seed size of
leguminous plants, which results in a lower abundance of seeds produced and lower
disperal distances. However, the youngest forests in their analysis were 11 years,
while our oldest forests were 6 years. The differences in recruitment rates could either
be driven by the difference in time scales, or differences in rainfall, which drive
successional differences between wet and dry tropical forests (Gei et al. 2018). Our
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mortality results were consistent with (Lai et al. 2018) who found that in wet tropical
forests in Panama, potential N fixers exhibited higher rates of mortality than nonfixers, but less so earlier in succession. Consistent with other studies in Costa Rica and
Panama, in the younger forests, potential N fixers in the southeastern Amazon grew
faster than non-fixers (Batterman et al. 2013, Menge and Chazdon 2016, Lai et al.
2018). These results converge on the widespread knowledge that many potential Nfixing species are pioneer species, and are more competitive in younger forests,
particularly in seasonally dry tropical forests (Gei et al. 2018).
In the southeastern Amazon, N fixers were about 1.2 to 1.3 times larger than
non-fixers. Similar to a secondary forest in Costa Rica (Menge and Chazdon 2016), as
forests aged, potential N fixers were generally larger than non-fixers. In the ≥ 40 cm
size class, Enterolobium schomburgkii dominated, making up about 68% and Ormosia
paraensis Ducke. made up about 32% of potential N fixers by stem abundance. There
was only one T. vulgaris individual that survived ≥40 cm. In contrast, patterns in
Costa Rica were driven mainly by Pentaclethra macroloba. Despite the different
dominant N-fixing species in Costa Rica, Panama, and in the southeastern Amazon,
many of the demographic patterns are similar for N fixers, which could be due the
evolutionary advantages that N fixers have over non-fixers early or late in succession.
The potential N fixer basal area at Tanguro in the southeastern Amazon
averaged 0.26 m2 ha-1 (0.75 % basal area) in the control forest, 1.18 m2 ha-1 (11% basal
area) in the triennially-burned forest, and 1.52 m2 ha-1 (15% basal area) in the
annually-burned forest (compared to 33.7 m2 ha-1 of non-fixers); this abundance ranks
between 16th and 30th percentile of legume (Fabacaeae) basal area in comparison to
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other neotropical forests (Gei et al. 2018). While the forests in the southeastern
Amazon exhibit a relatively lower basal area of potential N fixers compared to many
other dry tropical forests, the success of these N-fixers early in succession is consistent
with many other seasonally-dry tropical forests (Gei et al. 2018).
5.5.2. N fixation is not likely the trait driving the success of potential N fixers
post-fire
Potential N fixers have also been hypothesized to promote the growth of nonfixers, especially early in succession by bring new N into younger forests Panama
(Batterman et al. 2013). In contrast, N fixers have also been hypothesized to inhibit the
growth of their non-fixing neighbors in Costa Rica (Taylor et al. 2017). In older
forests in Panama, analogous results were inconclusive (Lai et al. 2018). We tested
this hypothesis at our site, and did not find a strong relationship between N fixer basal
area (%) and non-fixer growth (change in basal area). The trends towards a positive
relationship between potential N fixer basal area and change in total and non-fixer
basal area seemed to be driven by the high mortality rates in plots with little to no N
fixers, even several years after the last fires. Lai et al., (2018) similarly concluded that
they did not see a relationship because they did not evaluate which species were
actually fixing N. We found similar results as Lai et al., (2018), but we would
conclude that this is perhaps due to the fact that the species capable of fixing N are not
nodulating and fixing N.
Six years after the last experiemental fire, N fixers made up 3% of the basal
area in the smallest size class (5-9.9 cm) in the control forest, while in the burned
forests, N-fixers comprised 13% in the triennially-burned forest and 19% in the
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annually burned forest. Based on an extensive survey of nodules in this forest (Chapter
4), this level of N fixer abundance would correspond to a rate of 0.48 kg N ha-1 yr-1 in
symbiotic N fixation rate (compared with 0 kg N ha-1 yr-1 in the control forest); this is
a lower value than found in other tropical forests, where a global estimate of tropical
N fixation estimated an average rate of 5.7 kg N ha-1 yr-1 (Sullivan et al. 2014), and
much lower the maximum rates found in other forests >100 kg N ha-1 yr-1 (SylvesterBradley et al. 1980, Binkley and Giardina 1997). These results, along with our
targeted nodule survey approach indicate that the success of N fixers, particularly T.
vulgaris, in recruitment and growth are likely unrelated to symbiotic N fixation. From
the nodule surveys, it appears that only one N-fixing species, Inga thibaudiana, was
actually nodulating (and presumably fixing N) post-fire. At this site, most of the Nfixing trees do not appear to be fixing N, consistent with conclusions from a larger
synthesis in the Amazon forest by Nardoto et al. (2014). As Gei et al., (2018) suggest,
perhaps it is another trait, such as higher foliar N associated with N fixers, or higher
water use efficiency that contribute to the success of the legumes post-fire. For
example, a severe drought in 2015 may have driven some of the success of the Nfixing species (Appendix D Supplementary Table 2).
The strong presence of potential N fixers in this region in the southeastern
Amazon could be more related to fire and interactions with water stress and tolerance.
Legume abundance has been found to be negatively correlated with water availability,
since species that can fix N also typically have bipinnate leaves (Gei et al. 2018). The
smaller leaflet size allows for better temperature regulation and water conservation,
and higher foliar N could contribute to higher rates of photosynthesis that allows for
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higher water-efficiency (Adams et al. 2016, Gei et al. 2018).
The N fixation trait has commonly been used to predict the competitiveness of
tree species and their impact on the broader forest community, but N fixation should
be further investigated by examining for nodules in the field. As Barron et al. (2011)
suggest, the presence of N-fixers does not imply that they are actively fixing N. Future
studies that examine the role of N-fixers should quantify the trait of symbiotic N
fixation and N dynamics to further connect the success of a particular trait with its
function.
5.5.3. High recruitment of N fixers driven by one species, Tachigali vulgaris
After fire disturbances in the southeastern Amazon, Tachigali vulgaris
(Sclerolobium paniculatum Vogel) clearly was the most successful potential N-fixing
tree, recruiting and growing rapidly. In previous studies, T. vulgaris has been found to
proliferate in the southern Amazon and Cerrado biomes (Felfili et al. 1999, Pires and
Marcati 2005, Zhang et al. 2009, Melo and Durigan 2010, Freitas et al. 2012),
particularly after fires, but its success was not attributed to the N fixation trait, even
though T. vulgaris can produce nodules and fix N (Haddad et al. 2004). In studies
conducted near our site in the Brazilian state of Mato Grosso, T. vulgaris’ fast growth
rates in secondary forests were attributed to the fact that this species is a native pioneer
that responds positively to soil amendments, in particular to the addition of
phosphorus (Martinotto et al. 2012, de Farias et al. 2016). In a nearby site in the
Cerrado biome after fires, T. vulgaris also was the species that contributed most to the
increase in forest basal area of individuals >10 cm in diameter (Reis et al. 2015, 2017).
T. vulgaris is also thought to play an important role in the recovery of forest basal area
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and carbon after fires (de Oliveira et al. 2017). Similar to our site, T. vulgaris played
an important role in the forest recovery, but not necessarily by fixing N. We did not
find the presence of nodules associated with T. vulgaris in a broader nodule survey, as
well as targeted approaches even though T. vulgaris has a relatively shallow root
system (Jackson et al. 1999, Scholz et al. 2007) that would make the presence of
nodules easier to detect. The success of T. vulgaris likely has to do with other
properties aside from N fixation, such as its ability to establish and persist well in a
wide range of nutrient conditions (Castro et al. 1990, Carvalho 2005) with high
nutrient efficiency (Morandi et al. 2015), particularly through rhizobial associations
(de Castro et al. 1998). The drought tolerance and nodulation status of T. vulgaris
should be further investigated to explain its success early in succession.
5.6. Conclusion
We found that potential N fixers are relatively competitive compared to nonfixers early in succession post-fire, and that this pattern is generally consistent with
other seasonally dry tropical forests. However, N fixer success in the southeastern
Amazon does not appear associated with increased rates of symbiotic N fixation.
Future work should investigate the relationship between the abundance of N fixers
with the forest-level inputs of N through symbiotic N fixation, since the success of N
fixers may be driven by increased water use efficiency, or associated with the benefits
of higher foliar N that may be unrelated to the ability to nodulate and fix N.
Understanding when N-fixing species do fix N, and resolving the relationship between
the presence of species and their function will help us better predict the role of the
future tropical carbon sink.
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APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER 2.

Figure S1. Locations of previous Mo addition experiments to free-living N fixation
mapped with annual natural Mo deposition (µg m-2 yr-1). Blue circles indicate a freeliving BNF response to Mo, while red circles indicate no response of free-living BNF
to Mo.
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Isotopic Mo sample analysis
Molybdenum concentration and isotope data for the dust and sediment samples
were measured at the W.M. Keck Foundation Laboratory for Environmental
Biogeochemistry, School of Earth & Space Exploration, Arizona State University
(ASU). The dust and sediment samples were oven-dried at 105°C, sieved at 2 mm and
powdered, and ashed at 550°C overnight to remove organic matter. Samples were
digested in HNO3, HF, and HCl depending on sample solubility in a closed Savillex
reactor on a hot plate. Samples were diluted in 2% HNO3 and Mo and Al
concentrations were determined by quadrupole ICP-MS (ThermoFisher Scientific
iCAP Q, with CCT option). All samples were run in conjunction with SDO-1, a
Devonian Ohio shale available from the USGS, and SCo-1, a grey shale low in Mo
concentration available from the USGS.
To measure the Mo isotopic composition, the double spike procedure was used
to allow for correction of both laboratory and instrument mass fractionation.
Following digestion and Mo concentration measurements, samples were spiked with
97

Mo and 100Mo, dried down and eluted in 6M HCL for column chemistry. Samples

were purified with standard anion (Biorad AG1X-8 anion exchange resin, 100-200
mesh) and cation exchange (Biorad AG50WX-8 cation exchange resin, 200-400 mesh)
columns. If samples sat more for a day, HF was added to stabilize the sample. Total
sample concentrations were rechecked by quadruple ICP-MS.
Molybdenum isotopic concentrations were determined by MC-ICP-MS
(Thermo Neptune using an Elemental Scientific, Inc. Apex-Q with a 50 or 100 µL/min
nebulizer and 100 cycles of 4.2 seconds. Measured ion beams included 91Zr, 92Mo,
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94

Mo, 95Mo, 96Mo, 97Mo, 98Mo, 99Ru and 100Mo). Sample δ98Mo was recalculated as

per mil deviations from the international standard NIST 3134:
98/95

δ𝑀𝑜

98

= [ 98/95

𝑀𝑜𝑠𝑎𝑚𝑝𝑙𝑒
− 1] ∗ 1000
𝑀𝑜𝑁𝐼𝑆𝑇 3134

Standards were run every two samples or more frequently. The reproducibility are as
follows: SDO-1 (USGS Devonian Ohio Shale; δ98Mo = 0.81 ± 0.07‰, (2 sd, n = 7),
NIST Mo (NIST 3134, Lot #891307; δ98Mo = 0.00 ± 0.07‰ (2 sd, n = 8), UMd Mo
(Johnson Matthey Chemical, Lot #013186S) δ98Mo = -0.14 ± 0.06‰ (2 sd, n = 9) and
KyotoMo (Johnson Matthey Chemical, Specpure Stock #38719, Lot #012793) δ98Mo
= -0.36 ± 0.08‰ (2 sd, n = 9). These values compare well with the inter-laboratory
calibrated values of (Goldberg et al. 2013).
Results
Using Mo isotopes, we can discriminate Mo sources between dust and sea-salt
spray. Mo isotopes are useful tracers because Mo has seven isotopes which are
relatively equal in abundance, with a percent mass spread of ~10%. In addition, Mo
chemistry is affected by large changes in redox state and coordination, leading to
significant variations in the isotopic composition of Mo in nature (Baring et al 2001).
We measured the isotopic composition of sediment and dust samples from the Bodélé
Depression and found values that fall close to soils and rocks, which contrast strongly
from the published signature of seawater (Figure 2). The Bodélé Depression dust
samples average an a δ98Mo value of 0.047 ± 0.014 ‰ while the sediment samples
average a δ98Mo value of δ98 0.056 ± 0.034 ‰. Because of the long residence time of
Mo, Mo isotopes are likely homogeneously distributed in the ocean (Nakagawa et al
2012). Seawater Mo has a heavy isotopic signature, averaging δ98Mo = 2.34 ± 0.10‰
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(Nakagawa et al. 2012) because in oxic conditions, Mo absorbs to iron- and
manganese-(oxyhydr)oxides which preferentially scavenge light Mo (δ98Mo ~ -0.7‰)
(Siebert et al. 2003).
The Bodélé Depression dust samples were much more homogenous than the
sediment samples, indicating that dust could be a potentially useful tracers. We
assume that dust isotopic composition tends to be uniform, reflecting how the
mobilized fraction of the soil has been highly weathered through repeated cycles of
mobilization, deposition, and mixing (Prospero 1999), which explains why the dust
samples exhibited a smaller range than the sediment samples (Figure 2, Table 1).
Abouchami et al. 2013 also found that the dust and sediment samples were also not
identical. With the Pb isotopes, the sediments exhibited a more restricted range from
δ206Pb/204Pb = 18.9 to 19.2 ‰, while the dust samples were as low as 18.2‰. The Sr
isotopic composition followed a similar pattern as well. The wind-borne dust exhibited
slightly lighter values than the original sediment, indicating possible fractionation in
the mobilization process.
The isotopic values in the sediment and dust samples from the Bodélé
Depression were slightly heavier than average values found in bedrock, which fall
closer to zero (Figure 2). In addition to Mo-organic matter interactions (King et al.
2016), Mo from dust and sea-salt aerosols could help explain the discrepancy between
heavier river Mo isotopic composition and lighter bedrock Mo isotopic composition,
assuming that the dust Mo isotopic composition has been consistent over time. In
marine sediments, Mo concentrations and isotopic compositions are used to quantify
redox conditions throughout Earth’s history (Arnold et al. 2004, Poulson et al. 2006,

170

Siebert et al. 2006, Pearce et al. 2008), such as Great Oxidation Event (Anbar et al.
2007). These paleoredox studies have relied on the assumption that the riverine input
of Mo has remained constant and reflects the isotopic composition of continental
rocks, but because this is not supported by river concentrations (Archer and Vance
2008, Pearce et al. 2010, Neubert et al. 2011). The discrepancy could be due to the
lack of incorporating weathering processes on Mo isotopic fractionation and
atmospheric transport (King et al. 2016).
We aimed to constrain in this study by measuring the isotopic signature of
Bodéle Depression dust to serve as a potential end-member for mixing models (King
et al. 2014, 2016, Siebert et al. 2015). The lighter Mo isotopic signature of dust is
promising in contrast to sea-water composition, and could help discern and quantify
sources of dust compared to sea-salt. The heavy isotopic signature of marine-derived
Mo (δ98Mo = 2.34) was demonstrated in Iceland, where Siebert et al. 2015 found a
heavier Mo isotope composition in soils (δ98Mo= 0.31‰ and 0.38‰) relative to the
bedrock (δ98Mo = 0.18‰ and 0.09‰), which they attributed to the influence of seasalt Mo. They confirmed the influence of sea-salt spray with supplemental evidence
from the soil porewater Na/Cl ratios that matched seawater ratio, and estimated a Mo
concentration in rain of 1.9–9.1 pg ml-1, or 0.02–0.09 g ha-1 yr-1 Mo from sea-salt.

171

Table S1. Bodélé Depression Dust and Sediment Mo concentrations and isotopic
composition
Sample

Latitude

Longitude

Mo (µg g1)

d98Mo
‰

2 sd
‰

n

17° 56.113’
N
13° 29.492’
N
13° 29.492’
N
14° 07.704’
N
14° 15.175’
N

19°
06.743’E
2° 10.189’
E
2° 10.189’
E
15° 18.753’
E
13° 06.878’
E

1.1

0.43

0.06

3

1.2

0.09

0.03

3

1.2

0.07

0.04

3

1.3

0.32

0.05

3

1.0

0.20

0.06

3

Bodéle soil 43.5
(Chad)
Bodéle soil 44 (Chad)

16° 06.12'N

18° 33.00 E

0.9

-0.39

0.07

3

16 °08.139'N

1.1

0.74

0.01

2

Bodéle soil 44B
(Chad)
Bodéle soil 44C
(Chad)
Bodéle soil 44D
(Chad)
Bodéle soil 51 (Chad)

16 °08.139'N

2.4

1.70

0.08

2

0.7

-0.50

0.03

2

0.7

0.57

0.10

2

3.6

-1.00

0.03

3

Bodéle soil 54A
(Chad)
Bodéle soil 54B
(Chad)

16 °09.190'N

18
°35.930'E
18
°35.930'E
18
°36.397'E
18
°36.397'E
19
°02.149'E
18
°35.464'E
18
°35.464'E

0.7

-0.46

0.02

2

1.3

-0.52

0.09

4

Dust
#1 Faya Largeau
(Chad)
#1 Harmattan
(Niamey, Niger)
#1 Radome (Niamey,
Niger)
#2 Mao (rafters, Chad)
#2 Nguimi (police
station, Chad)
Bodéle Sediment

16 °12.273'N
16 °12.273'N
17 °13.777'N

16 °09.190'N
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Figure S2. Summary of existing Mo isotope data from natural samples. Brown circles
are data from this study, while blue represents seawater Mo values (Siebert et al. 2015,
King et al. 2016), and grey represents rock (Siebert et al. 2003, 2015, Voegelin et al.
2012, 2014, Greber et al. 2014, 2015, King et al. 2016), soil (Siebert et al. 2015, King
et al. 2016), and river (Archer and Vance 2008, Neubert et al. 2011) Mo values.
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APPENDIX B. SUPPLEMENTARY INFORMATION FOR CHAPTER 3.

Figure S1. Plot setup of the randomized block field addition experiment. The October
addition plots represent fertilizations that began during the dry season of October
2016, and the February addition plots represent fertilizations that began during the wet
season of February 2017. The plots were laid 100 m away from the forest edge, and 50
m away from the nearest trail.
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Figure S2. Pourbaix diagram, or EH-pH diagram of possible stable (equilibrium)
phases of an aqueous electrochemical system of Mo (left) and P (right), generated
from Geochemist’s Workbench from soil properties (soil pH) and soil porewater
concentrations of Na, Mg, Al, Si, K, and Ca from surface soils at Fazenda Tanguro.
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Table S1. Field-based resin-extractable available molybdenum (Mo), phosphorus (P),
and total Mo and P one day and one month after applications in the wet season
(February additions) in the southeastern Amazon. Means are presented ± standard
error. Letters signify statistically significant differences (p < 0.05) (Tukey post-hoc
test).
One Day

One Month

Mo (ng g-1)
Control
Lime
Mo
P
Mo + P
Mo + P +
Lime

P (µg g-1)

Mo (ng g-1)

P (µg g-1)

Resin*

Total

Resin

Total

Resin*

Total

Resin

Total

2.25
(0.90)bc
0.76
(0.18)c
12.9
(3.10)ab
1.16
(0.45)c
27.0
(10.9)a
32.9
(12.1)a

88.7
(14.4)b
81.4
(13.7)b
167.0
(30.9)ab
108.0
(19.9)ab
253.0
(67.0)ab
282.0
(62.4)a

1.12
(0.44)a
1.01
(0.26)a
1.09
(0.17)a
2.10
(0.53)a
2.29
(0.41)a
2.04
(0.21)a

88.00
(18.5)b
108.0
(8.31)ab
111.0
(6.78)ab
164.0
(27.1)a
166.0
(16.1)a
138.0
(11.0)ab

0.39
(0.19)b
0.88
(0.46)b
14.2
(3.71)a
0.50
(0.21)b
21.3
(5.75)a
18.5
(5.44)a

89.0
(14.8)b
94.5
(8.44)b
155.0
(24.2)b
109.0
(11.2)b
285.0
(52.7)a
181.0
(25.2)ab

0.82
(0.16)b
1.14
(0.12)b
1.25
(0.22)ab
1.70
(0.14)ab
1.58
(0.37)ab
2.62
(0.59)a

80.5
(8.17)b
93.9
(3.12)ab
89.0
(5.19)b
116.0
(7.45)a
117.0
(14.1)a
120.0
(8.11)a

*Indicates if group was ln-transformed (+0.01) prior to statistical tests
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Table S2. Field-based free-living BNF by acetylene reduction (nmol C2H4 g-1 hr-1) in
surface soils in response to fertilizations before applications, one day after, ten days
after, and four months after applications that began during the dry season in October;
and before additions, one day after, one week after, one month after, and eleven
months after applications that began during the wet season in February in the
southeastern Amazon.
Plots

October addition

Season

Dry Season

Dates

10/17/20
16
Preaddition
0.0010
(0.0008)
0.0026
(0.0013)
0.0040
(0.0017)
0.0033
(0.0013)
0.0021
(0.0014)
0.0025
(0.0014)

Control
Lime
Mo
P
Mo + P
Mo + P
+ Lime

February additions
Wet Season

10/20/20
16
One day

10/31/20
16
Ten day

2/13/201
7
3 month

0.0028
(0.0016)
0.0060
(0.0021)
0.0043
(0.0017)
0.0049
(0.0020)
0.0478
(0.0390)
0.0106
(0.0029)

0.0017
(0.0006)
0.0040
(0.0017)
0.0026
(0.0011)
0.0469
(0.0444)
0.0053
(0.0043)
0.0022
(0.0006)

0.0226
(0.0128)
0.0039
(0.0009)
0.0021
(0.0006)
0.0043
(0.0014)
0.0155
(0.0098)
0.0043
(0.0011)

2/07/201
7
Preaddition
0.0043
(0.0011)
0.0066
(0.0009)
0.0060
(0.0011)
0.0047
(0.0008)
0.0051
(0.0006)
0.0044
(0.0007)
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2/15/201
7
One day
0.0058
(0.0012)
0.0068
(0.0012)
0.0065
(0.0007)
0.0077
(0.0013)
0.0074
(0.0006)
0.0081
(0.0010)

2/21/201
7
One
week
0.0031
(0.0005)
0.0027
(0.0003)
0.0035
(0.0005)
0.0038
(0.0007)
0.0038
(0.0008)
0.0038
(0.0009)

3/20/201
7
One
month
0.0023
(0.0006)
0.0035
(0.0010)
0.0035
(0.0008)
0.0038
(0.0004)
0.0047
(0.0010)
0.0124
(0.0057)

1/30/201
8
Eleven
months
0.0192
(0.0105)
0.0119
(0.0015)
0.0094
(0.0009)
0.0735
(0.0598)
0.0100
(0.0016)
0.0126
(0.0026)

Table S3. Field-based free-living BNF by acetylene reduction (nmol C2H4 g-1 hr-1) in
the litter layer in response to fertilizations before applications, one day after, ten days
after, and four months after applications that began during the dry season in October;
and before additions, one day after, one week after, one month after, and eleven
months after applications that began during the wet season in February in the
southeastern Amazon.
October addition

February additions

Dry Season

Control
Lime
Mo
P
Mo + P
Mo + P +
Lime

10/18/201
6
Preaddition
0.0095
(0.0044)
0.0120
(0.0086)
0.0178
(0.0127)
0.0321
(0.0132)
0.0231
(0.0138)
0.0313
(0.0098)

Wet Season
10/21/201
6
One day

11/1/201
6
Ten day

2/14/201
7
3 month

0.0628
(0.0115)
0.0811
(0.0229)
0.0858
(0.0205)
0.0626
(0.0144)
0.0810
(0.0237)
0.0744
(0.0287)

0.0095
(0.0095)
0.0000
(0.0000)
0.0337
(0.0337)
0.0053
(0.0048)
0.0004
(0.0004)
0.0006
(0.0006)

0.1479
(0.0531)
0.3880
(0.1123)
0.2078
(0.0923)
0.5311
(0.1718)
0.1175
(0.0502)
0.6244
(0.2016)
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2/8/2017
Preaddition
0.1116
(0.0785)
0.2237
(0.1044)
0.0687
(0.0319)
0.1282
(0.0519)
0.1335
(0.0920)
0.3343
(0.2461)

2/16/201
7
One day
0.0769
(0.0373)
0.0717
(0.0496)
0.0650
(0.0385)
0.0876
(0.0548)
0.1718
(0.0899)
0.0893
(0.0556)

2/22/201
7
One
week
0.0117
(0.0079)
0.0187
(0.0094)
0.0798
(0.0512)
0.0733
(0.0394)
0.0968
(0.0644)
0.1469
(0.1008)

3/21/201
7
One
month
0.0511
(0.0278)
0.0483
(0.0282)
0.0921
(0.0612)
0.0805
(0.0359)
0.0440
(0.0375)
0.3602
(0.2416)

1/31/201
8
Eleven
months
0.2003
(0.0512)
0.5090
(0.0990)
0.4196
(0.1951)
0.1540
(0.0256)
0.2378
(0.0640)
0.4094
(0.1272)

Table S4. Linear mixed-effects models for BNF.

April Litter

October Additions Litter

April Additions Soil

October Additions Soil

Group

Model
Timepo
int x
Plot +
Block x
Timepo
int +
Block x
Plot x
Timepo
int

Timepo
int x
Plot +
Block x
Timepo
int +
Block x
Plot x
Timepo
int

Timepo
int x
Plot +
Block x
Timepo
int +
Block x
Plot x
Timepo
int

Timepo
int x
Plot +
Block x
Timepo
int +
Block x
Plot x
Timepo
int

Sum
Sq

Mean
Sq

Num
DF

DenDF

factor(Ti
mepoint)
Plot

10.446

5.2228

2

12.011

13.572

2.7145

5

59.096

factor(Ti
mepoint):
Plot

39.141

3.9141

10

59.091

factor(Ti
mepoint)
Plot

24.286
1
6.5578

8.0954

3

15.715

1.3116

5

75.995

factor(Ti
mepoint):
Plot

7.731

0.5154

15

75.979

factor(Ti
mepoint)
Plot

105.00
8
5.656

52.504

2

11.983

1.131

5

59.403

factor(Ti
mepoint):
Plot

17.324

1.732

10

59.393

F
valu
e
1.97
69
1.02
74
1.48
15

11.5
088
1.86
46
0.73
27

45.1
843
0.97
35
1.49
09

Pr(>F
)

Groups

Vari
ance

Block:Pl
ot:Timep
oint
Block:Ti
mepoint
Residual

0.43
78

0.6616

0.83
71
2.64
2

0.9149

Block:Pl
ot:Timep
oint

0.18
9

0.4347

Block:Ti
mepoint
Residual

0.15
52
0.70
34

0.394

0.181
1
0.409
9
0.169
2

47.575

3

15.904

2.888

15.858
4
0.5776

5

73.922

factor(Ti
mepoint):
Plot

20.425

1.3617

15

73.213

7.48
06
0.27
24
0.64
23

2.62E
-06
0.441
4
0.165
5

0.002
415
0.926
816
0.830
145

0.8387

***

0.89
96

0.9485

0.35
56
1.16
2

0.5963

1.47
4

1.214

1.11
2
2.12

1.055

1.078

**

Block:Pl
ot:Timep
oint
Block:Ti
mepoint
Residual
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1.6254

0.000
304
0.110
487
0.744
17

Block:Pl
ot:Timep
oint
Block:Ti
mepoint
Residual
factor(Ti
mepoint)
Plot

Std.De
v.

1.456

Hotspots
Hotspots have been described as areas that have high activity relative to the
surrounding matrix. Since there is no operating statistical definition, Reed et al. (2010)
defined hotspots as deviating 3 standard errors from the median, which resulted in
20% of samples being defined as a hotspot. When we used this definition, 17.4% of
our samples were deemed as hotspots, and when we counted hotspots as samples that
were 3 times the mean, then 5.4% of our samples were hotspots.
Table S5. Frequency of hotspots per treatment.
Substrate

Treatment

Hotspot

Litter

Control

No hotspot

Litter

Control

Hotspot

Litter

Lime

No hotspot

Litter

Lime

Hotspot

Litter

Mo

No hotspot

Litter

Mo

Hotspot

Litter

P

No hotspot

Litter

P

Hotspot

Litter

Mo+P

No hotspot

88

Litter

Mo+P

Hotspot

10

Litter

Mo+P+Lime

No hotspot

78

Litter

Mo+P+Lime

Hotspot

13

Soil

Control

No hotspot

Soil

Control

Hotspot

Soil

Lime

No hotspot

Soil

Lime

Hotspot

Soil

Mo

No hotspot

Soil

Mo

Hotspot

Soil

P

No hotspot

Soil

P

Hotspot

Soil

Mo+P

No hotspot

Soil

Mo+P

Hotspot

Soil

Mo+P+Lime

No hotspot

Soil

Mo+P+Lime

Hotspot
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Frequency
82
2
88
6
88
6
89
6

114
5
132
3
132
3
128
6
129
5
129
5

Table S6. Response ratios of ARA to additions in soil.
October

April

Dry Season

Control
Lime
Mo
P
Mo + P
Mo + P +
Lime

PreAddition
0.40
(0.27)
1.76
(0.85)
1.59
(0.56)
2.02
(0.84)
0.87
(0.41)
0.88
(0.39)

Wet Season
One Day

Ten Day

3 Month

0.61
(0.24)
6.79
(4.32)
11.71
(9.97)
2.02
(1.16)
34.72
(17.25)
31.62
(20.82)

5.02
(3.31)
13.03
(10.77)
2.97
(1.69)
23.18
(21.04)
16.73
(15.08)
2.69
(1.00)

1.00
(0.17)
0.52
(0.14)
0.56
(0.19)
0.60
(0.19)
1.43
(0.32)
0.65
(0.18)
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PreAddition
1.00
(0.18)
1.71
(0.26)
1.59
(0.35)
1.31
(0.28)
1.42
(0.24)
1.26
(0.29)

1 Day

1 Week

1 Month

1.00
(0.07)
1.35
(0.18)
1.43
(0.20)
1.89
(0.40)
1.74
(0.27)
1.79
(0.32)

1.00
(0.15)
1.03
(0.16)
1.36
(0.21)
1.65
(0.44)
1.46
(0.28)
2.03
(0.95)

1.00
(0.20)
1.75
(0.55)
2.02
(0.69)
2.01
(0.43)
2.38
(0.61)
9.82
(5.59)

11
Month
1.08
(0.19)
0.93
(0.15)
0.74
(0.10)
4.12
(3.10)
0.79
(0.11)
1.07
(0.29)

Table S7. Response ratios of ARA to additions in litter.
October

April

Dry Season

Control
Lime
Mo
P
Mo + P
Mo + P +
Lime

PreAddition
1.01
(0.46)
1.36
(0.93)
1.89
(1.27)
3.44
(1.34)
3.03
(1.92)
3.13
(0.98)

Wet Season
One
Day
1.00
(0.18)
1.50
(0.55)
1.50
(0.39)
1.14
(0.31)
1.43
(0.39)
1.12
(0.32)

Ten
Day
0.20
(0.20)
0.00
(0.00)
0.71
(0.71)
0.36
(0.36)
0.58
(0.58)
5.33
(4.79)

3 Month
1.00
(0.20)
285.28
(216.57)
156.05
(105.07)
122.92
(81.34)
19.09
(11.93)
419.36
(293.39)
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PreAddition
0.75
(0.26)
2.01
(0.83)
1.16
(0.71)
2.31
(1.21)
0.73
(0.31)
1.31
(0.70)

1 Day

1 Week

1.00
(0.30)
0.63
(0.42)
0.52
(0.29)
3.10
(1.90)
1.95
(0.96)
0.37
(0.23)

0.50
(0.33)
6.08
(4.91)
5.58
(2.55)
4.48
(2.12)
11.43
(6.44)
26.16
(15.19)

1
Month
1.00
(0.31)
0.78
(0.53)
1.37
(0.79)
2.76
(1.88)
0.36
(0.28)
2.76
(1.83)

11
Month
0.27
(0.07)
0.69
(0.13)
0.57
(0.27)
0.21
(0.03)
0.32
(0.09)
0.56
(0.17)

Table S8. Linear mixed-effects models analyzing response ratios.
Group

Model

October
Soil
Response
Ratio

Timepoint x Plot
+
Block x
Timepoint +
Block x Plot x
Timepoint

Sum Sq
factor(Ti
mepoint)
Plot
factor(Ti
mepoint):
Plot

2.6453

Mean
Sq
1.3227

Num
DF
2

10.3766

2.0753

5

26.9488

2.6949

10

Den
DF
12.0
16
59.0
72
59.0
68

F
value
0.51
76
0.81
21
1.05
46

Pr(
>F)
0.6
087
0.5
458
0.4
111

Groups

Block:Plot:
Timepoint
Block:Tim
epoint
Residual
April Soil
Response
Ratio

October
Litter
Response
Ratio

Timepoint x Plot
+
Block x
Timepoint +
Block x Plot x
Timepoint

Timepoint x Plot
+
Block x
Timepoint +
Block x Plot x
Timepoint

factor(Ti
mepoint)

0.5553

0.18511

3

16.1
2

0.38
47

Plot

4.6421

0.92842

5

76.1
34

1.92
94

factor(Ti
mepoint):
Plot

5.4379

0.36253

15

76.1
18

0.75
34

factor(Ti
mepoint)
Plot
factor(Ti
mepoint):
Plot

April
Litter
Response
Ratio

Timepoint x Plot
+
Block x
Timepoint +
Block x Plot x
Timepoint

13.9145

6.9573

2

12.0
05

6.37
42

7.6549

1.531

5

59.4
47

1.40
27

15.6383

1.5638

10

59.4
36

1.43
28

factor(Ti
mepoint)
Plot

7.4646

2.4882

3

2.3765

0.4753

5

factor(Ti
mepoint):
Plot

26.2455

1.7497

15
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15.9
75
72.6
7
71.3
41

1.44
34
0.27
57
1.01
5

0.7
654
7
0.0
991
8
0.7
229
8

Varia
nce

Std.D
ev.

0.586
3
0.356
6
2.555
4

0.765
7
0.597
2
1.598
6

Block:Plot:
Timepoint
Block:Tim
epoint
Residual

0.145
6
0.354
9
0.481
2

0.381
6
0.595
8
0.693
7

Block:Plot:
Timepoint
Block:Tim
epoint
Residual

0.773
3
1.755
7
1.091
5

0.879
4
1.325

Block:Plot:
Timepoint
Block:Tim
epoint
Residual

0.659
2
0.299
8
1.723
9

0.811
9
0.547
5
1.313

.

0.0
129
9
0.2
364
4
0.1
885
4

1.044
7

0.2
673
0.9
25
0.4
504

Carbon additions
Introduction
Proximally, free-living BNF can be controlled by carbon (C) availability,
moisture, and oxygen. The process of free-living BNF is energically expensive in an
oxic environment, costing about 28-400 g glucose per gram of N fixed (Gutschick
1981). The nitrogenase enzyme is sensitive to oxygen (Hill 1988), and protecting
nitrogenase from oxygen is probably the major reason why BNF is energetically
costly. Thus heterotrophic BNF, which dominates in the tropics and heavily relies on
plant litter C to fuel BNF (Vitousek et al. 2002a, Dynarski and Houlton 2018) may be
controlled by largely by C availability. Temporally, free-living BNF may also be
affected by moisture and oxygen, as oxygen affects the nitrogenase enzyme and thus
can suppress BNF (Hill 1988), and rates are strongly affected by moisture (Hofmockel
and Schlesinger 2007, Reed et al. 2007), as rates generally increase with increasing
water availability because 1) microbial decomposition of organic matter can be water
limited; and 2) oxygen is less of a problem as more of the pore spaces in a soil become
filled with water, as this slows oxygen diffusion.
Because previous studies have demonstrated responses of free-living BNF to
labile C additions (Hofmockel and Schlesinger 2007, Pérez et al. 2017) and have
suggested C to play an important role in free-living BNF in the tropics, we tested C
effects on free-living BNF in combination with Mo and P in the laboratory, effects of
C additions in the field, and differences in response to C additions compared to
oxygen-free conditions, because adding labile C can induce respiration and reduce the
oxygen atmosphere much more rapidly than without labile C (Jia et al. 2014).
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Methods
Bottle addition with carbon addition
To conduct the same experiment in a controlled laboratory study similar to
previous Mo and P fertilization experiments, we conducted a bottle addition
experiment with carbon (C) additions. At the same rates as the field experiment
described in Chapter 3, we conducted a separate lab experiment with ten replicates of
soil and litter each for the following treatments: control, lime (~0.2 g), Mo, P, Mo + P,
Mo + P + lime, as well as C, Mo + C, P + C, and Mo + P + C, for a total of 220
incubations. Additions were added and incubated for 12 hours before ARA
incubations were initiated, the time expected for microbes to respond to Mo in
previous studies (Bellenger et al. 2011). Treatments were added in 5 mL solutions
(control = distilled water, Mo = 0.83 µg Mo mL-1; high Mo = 1.65 µg Mo mL-1; +P =
80.3 µg P mL-1, +C = 0.012 g C mL-1) to about 15 grams of litter or 25 grams of fresh
surface soil as Mo (Na2MoO4·2H2O) and P (trace metal grade NaH2PO4), and table
sugar (fructose). Carbon was added at a rate of ~4.5 g C for every kg of soil, which
was lower than another C bottle N fixation study (Pérez et al. 2017), equivalent to 6.3
g C kg-1 soil. While much more labile, for context, the C concentration added here was
equivalent to one tenth of the amount of carbon added to the top 10 cm soil added by
the annual litterfall (Rocha et al. 2014).
Lab experiment on water, carbon, and anaerobic controls
To confirm that the bottle additions conducted with nutrient additions were a
direct result of the C added rather than a shift to anoxia, and to test the effect of
moisture on BNF, we conducted a separate lab experiment. Ten replicates of each

187

were added in 5 mL solution volumes. For the water and C additions, 5 mL solutions
were added to each incubation. Carbon was added at the same rate as described above.
For the N2 flush, jars were capped and flushed with N2 at 90 psi for a minute, and
incubated for three hours prior to adding acetylene to start the ARA. Soils were treated
as controls, or with water additions, glucose additions, and an N2 flush while litter was
treated as either control or water additions with ten replicates each. After the acetylene
reduction assay was terminated, litter was dried at 65°C for two days for dry weight
measurements. Soil samples were weighed for field and dry moisture after drying in
the oven for two nights at 105°C.
Carbon field addition
To test if C additions in the field would reflect the results in the lab, we
conducted a short-term field carbon addition experiment by adding labile C to see if
we could induce free-living BNF. A field addition with C additions was conducted
next to the February (wet season) addition plots in February 2018 for a total of five C
addition plots (Appendix B Figure S1). Fructose was added to the plots at the same
rates as Garcia-Montiel et al., (2003), or one fourth the rates as in the bottle rates
added here, 1.1 g C kg-1 soil and one sixth the ratio of 6.3 g C kg-1 (Pérez et al. 2017).
For logistical regions (dissolving the C in DI in amounts that could be carried to the
forest sites), we used lower rates than we did in the lab experiment. Fructose was
added and dissolved to distilled water, and sprayed over the litter layer using a
broadcast sprayer, while distilled water was sprayed onto the control plots. ARA rates
in the soil and litter were tracked the day of the applications four hours after the
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applications and one day after because respiration responses to labile C occur
instantaneously (Jones and Murphy 2007).
Statistical analyses
The field experiment with carbon additions was analyzed using a LLM with
random effects for the block and plot with interactions with the time point and
treatment as factors for an ln-transformed rate (ln for soils and ln(+0.001) for litter).
Results
Lab experiment
In the lab experiment, the C additions (C alone, C + Mo, C + P, C + P + Mo)
significantly increased the BNF rates (Figure S3). All the C treatments were
significantly higher than treatments without C (F10,98=30.95, p < 0.0001, ANOVA).
There were no significant differences in the litter when C was accounted for
(F10=1.17, p = 0.320, ANOVA) and when C was not accounted for (F6=0.87, p =
0.522, ANOVA).

Figure S3. Free-living BNF by acetylene reduction in a lab-based addition experiment
(nmol C2H4 g-1 hr-1) in surface soil (A) and the litter layer (B) (n = 10). The control
represents distilled water added alone. The boxes represent the mean and the error bars
represent ± standard error.
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In a separate lab experiment during the wet season testing moisture, C, and
oxygen content, the manipulations significantly increased the BNF rates in the soil
(F3,36=42.19, p < 0.0001, ANOVA) (Figure S4). The C additions to the soil and the
anaerobic N2 flush both significantly increased BNF rates (p < 0.001, ANOVA, lntransformed). The rates from the N2 flush were significantly higher than the carbon
additions (p < 0.001, Tukey post-hoc, ANOVA), while the water addition did not
affect the rate (p > 0.05, Tukey post-hoc, ANOVA). The water addition also did not
affect litter BNF rates during the wet season (F1,18=3.798, p = 0.0671, ANOVA).

Figure S4. Lab-based free-living BNF by acetylene reduction (nmol C2H4 g-1 hr-1) in
surface soil with a carbon, moisture, and an oxygen treatment (A) and litter layer with
a water treatment (B). The boxes represent the mean and the error bars represent ±
standard error. Letters signify statistically significant differences (p < 0.05) (Tukey
post-hoc test).
Carbon field additions. Carbon additions in the field did not exhibit anywhere near
as strong of responses in the field as in the lab, but the C additions did very slightly
increase BNF in the soil (Figure S5). In the field experiment, the C additions increased
BNF slightly in the surface soil (p = 0.10, Tukey post-hoc, LMM) one day after the
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applications, but not days after (p = 0.35, Tukey post-hoc, LMM). The C additions did
not affect BNF in the litter either one day after the applications (p = 0.5059, Tukey
post-hoc, LMM), or two days after (p = 1.0, Tukey post-hoc, LMM).

Figure S5. Field-based free-living BNF by acetylene reduction (nmol C2H4 g-1 hr-1) in
surface soil (A) and litter layer (B) in carbon additions in the field before additions,
one day after, and two days after additions in the southeastern Amazon. The boxes
represent the mean and the error bars represent ± standard error.
Discussion
The strong response of the soil to the carbon in the lab experiments, and to a
much lesser extent in the field experiment, indicate that it is not for a lack of an Nfixing community to fix N that explains the low free-living BNF rates in this region.
We found strong responses to labile C additions in the laboratory, while not in the
field. While the C addition rates were lower in the field than in the lab (one fourth the
application rates), the rates alone were not enough to explain the marked responses to
C in the lab. The higher rates of BNF after flushing to anoxic environment with N2
compared to the C additions alone in the lab indicate that anoxia may have played a
more important role than C substrates alone in controlling BNF. While we are unable
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to make conclusive results to whether or not anoxia alone that increased BNF in the
soil because we did not test anoxia and labile C together, previous work has
demonstrated that there are additive effects when anoxia and labile C are combined
(Brouzes et al. 1969).
In previous studies, results have pointed out the results of labile C as a
limitation on BNF, but did not discuss the potential co-variate of anoxia induced by
respiration of labile C. While our results of strong responses of BNF to C are
consistent with other studies, we suggest that future studies test both anoxia and labile
C together and alone when testing for C limitation on free-living BNF.
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111.25 (14.77)A,

13.07 (1.99)A
47.64 (5.65)A, ‡
52.78 (8.26)B
144.83 (13.39) B,‡
113.07 (18.47)A,
75.98 (7.66)A
73.49 (6.78)AB
57.82 (5.03)B
20.21 (2.75)A, ‡
18.82 (1.78)A
14.55 (1.50)A
2.90 (0.34)A, ‡
5.60 (0.46)A
111.78 (16.85)A

0-2 cm
261.36 (51.24)a, †
181.02 (7.65)ab, †
8.79 (1.41)b
103.60 (17.26)a, †
65.87 (3.26)ab
169.44 (9.99) b, †
363.44 (112.37)a, †
61.18 (3.14)a
66.00 (1.65)b
64.22 (2.16)b
47.34 (14.58)a, †
16.59 (0.49)a
17.40 (1.07)a
7.70 (1.62)a, †
14.04 (5.13)a, †
154.31 (8.73)b , †

Depth

P (µg/g)*

Mo (ng/g)

Na (µg/g)*

Mg (µg/g)*

Al (mg/g)*

K (µg/g)

Ca (µg/g)*

Ti (µg/g)

V (µg/g)

Cr (µg/g)

Mn (µg/g)*

Fe (mg/g)*

Zn (µg/g)

Sr (µg/g)*

Ba (µg/g)

S (µg/g)*

‡

‡

139.67 (14.77)A,

‡

2-10 cm

Burn 1yr

Treatment
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*Indicates if group was ln-transformed prior to statistical tests
151.53 (11.39)b

8.18 (0.98)a

4.92 (0.70)a, †

16.47 (1.25)a

19.16 (1.48)a

50.73 (9.81)a, †

60.35 (4.61)b

66.37 (4.56)b

66.76 (6.20)a

270.51 (40.88)a, †

182.86 (12.61) b, †

55.58 (7.54)b

92.88 (10.89)a, †

9.79 (1.19)b

231.03 (18.33)a, †

179.77 (19.85)ab, †

0-2 cm

Burn 3yr

144.03 (9.60)A,‡

3.97 (0.18)A

2.63 (0.26)A

13.90 (0.68)A

18.10 (1.54)A

13.81 (1.00)A

75.78 (3.61)A

81.82 (3.68)A

54.40 (5.43)B

136.81 (33.72)A

175.90 (9.55) A, ‡

77.17 (5.34)A

50.20 (3.11)A, ‡

11.42 (2.04)A, ‡

186.34 (24.18)A

119.00 (6.98)A

2-10 cm

285.62 (44.03)a, †

4.31 (0.33)b

2.79 (0.33)b

15.73 (1.32)a

19.70 (1.86)a

20.36 (1.98)b

81.92 (5.24)a

88.14 (3.99)a

52.56 (6.22)a

185.15 (38.25)a

230.52 (11.08) a,†

81.89 (9.04)a

77.24 (8.31)a, †

21.67 (6.44)a, †

145.72 (19.09)b

156.02 (14.05)b

0-2 cm

Control

94.87 (5.44)A, ‡

5.10 (0.71)A, ‡

2.99 (0.26)A, ‡

14.83 (1.15)A

16.03 (0.58)A

18.93 (2.48)A, ‡

58.66 (3.12)B

62.78 (2.73)B

62.78 (4.82)AB

110.31 (18.83)A, ‡

138.99 (6.08) B, ‡

52.30 (4.73)B

47.09 (3.56)A, ‡

4.69 (0.89)A

125.51 (16.08)A, ‡

124.10 (15.35)A, ‡

2-10 cm

APPENDIX C. SUPPLEMENTARY INFORMATION FOR CHAPTER 4.

Table S1. Soil element concentrations using a concentrated nitric acid digestion. Data
are means  1 standard error; n = 12. Lower-case letters indicate significant groupings
in surface soils (0-2 cm), capital letters indicate significant groupings in deeper soils
(2-10 cm), and daggers (†, ‡) indicate if there are differences between soil depths
between each group (p < 0.05). No daggers indicate no significant differences between
depths.

Figure S1. Annual average leaf area index (LAI) across the unburned (Control),
triennially burned (Burn 3yr), and annually burned (Burn 1yr) forest treatments in the
southeastern Amazon, with the last fires in 2010.
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Table S2. Foliage information for dominant trees. Data are means  1 standard error, n
= 3.
Treatment

Control

Importance
Value Index
(IVI)*
5.36

Burn 3yr

8.25

Burn 1yr

9.57

Control

5.85

Burn 3yr

7.19

Burn 1yr

9.51

Control

10.32

Burn 3yr

4.69

Burn 1yr

4.46

Control

5.38

Burn 3yr

6.84

Burn 1yr

6.25

Control

7.22

Burn 3yr

6.37

Burn 1yr

4.07

Control

2.89

Burn 3yr

4.69

Burn 1yr

5.61

Burseraceae
Trattinnickia
burserafolia Mart.

Control

5.10

Burn 3yr

5.18

Burseraceae
Trattinnickia
burserafolia Mart.
Elaeocarpaceae
Sloanea eichleri
Schum.

Burn 1yr

2.16

Control

3.29

Burn 3yr

4.09

Burn 1yr

4.55

Rubiaceae
Amaioua
guianensis Aubl.

Lauraceae Ocotea
acutangula Mez.

Apocynaceae
Aspidosperma
excelsum Benth.

Lauraceae Ocotea
guianensis Aubl.

Anacardiaceae
Tapirira
guianensis Aubl.

Sapotaceae
Micropholis
egensis (A. DC.)
Pierre

δ15N

%N

%C

C/N

g/m2

3.63
(0.11)
4.20
(0.14)
3.07
(0.05)
2.32
(0.05)
2.18
(0.22)
2.42
(0.11)
3.20
(0.08)
4.11
(0.12)
3.29
(0.07)
1.76
(0.21)
0.75
(0.39)
0.84
(0.48)
3.42
(0.12)
3.72
(0.24)
4.29
(0.18)
3.91
(0.35)
4.13
(0.10)
3.75
(0.06)
3.90
(0.28)
4.41
(0.52)
4.07
(0.51)

2.29
(0.06)
2.28
(0.12)
2.18
(0.08)
2.55
(0.02)
2.63
(0.07)
2.34
(0.17)
2.19
(0.08)
2.13
(0.04)
2.12
(0.04)
2.24
(0.04)
2.16
(0.03)
1.80
(0.05)
1.97
(0.07)
2.24
(0.11)
1.89
(0.05)
2.09
(0.06)
1.97
(0.09)
1.72
(0.14)
2.07
(0.13)
1.90
(0.13)
1.87
(0.07)

51.00
(0.33)
52.43
(0.20)
51.19
(0.30)
53.89
(0.28)
52.85
(0.36)
52.41
(0.19)
52.26
(0.54)
53.62
(0.50)
54.77
(0.85)
49.19
(0.21)
49.80
(0.44)
48.30
(0.23)
48.98
(0.37)
48.32
(0.09)
49.73
(0.50)
49.02
(0.71)
50.09
(0.56)
50.65
(0.16)
46.35
(0.58)
47.76
(0.22)
46.66
(0.12)

22.34
(0.67)
23.40
(1.40)
23.63
(0.82)
21.18
(0.21)
20.16
(0.41)
23.17
(1.92)
24.08
(1.12)
25.31
(0.76)
25.90
(0.11)
22.00
(0.37)
23.14
(0.43)
26.93
(0.61)
24.99
(0.90)
21.96
(1.16)
26.47
(0.87)
23.61
(0.69)
25.69
(0.94)
30.84
(2.78)
22.88
(1.43)
25.99
(2.07)
25.12
(0.73)

142.6
(29.7)
98.2
(4.03)
88.9
(6.48)
152.5
(52.5)
106.2
(11.0)
121.9
(13.8)
99.2
(9.05)
145.3
(15.4)
128.1
(6.84)
184.0
(47.8)
124.5
(12.6)
135.5
(4.51)
162.8
(53.9)
105.1
(24.8)
123.2
(3.48)
133.6
(19.2)
83.4
(4.44)
115.3
(17.6)
137.33
(36.0)
124.7
(9.26)
172.3
(6.09)

2.48
(0.08)
2.14
(0.42)
1.73
(0.26)

1.84
(0.06)
1.60
(0.08)
1.79
(0.07)

49.08
(0.68)
46.59
(0.78)
47.03
(0.38)

26.94
(1.24)
29.43
(1.17)
26.67
(1.24)

170.4
(14.5)
93.5
(11.9)
97.7
(10.4)
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Treatment

Burseraceae
Trattinnickia
rhoifolia Willd.

Sapotaceae
Pouteria
ramiflora (Mart.)
Radlk

Control

Importance
Value Index
(IVI)*
5.33

Burn 3yr

4.11

Burn 1yr

1.94

Control

2.50

Burn 3yr

4.61

Burn 1yr

3.74

δ15N

%N

%C

C/N

g/m2

3.97
(0.08)
4.24
(0.15)
3.75
(0.18)
3.04
(0.08)
3.37
(0.35)
3.52
(0.09)

2.01
(0.02)
1.75
(0.14)
1.83
(0.06)
1.85
(0.06)
2.03
(0.02)
1.91
(0.13)

48.48
(0.38)
48.90
(0.39)
47.38
(0.30)
53.67
(0.38)
51.53
(0.84)
52.10
(0.54)

24.10
(0.35)
29.12
(2.55)
25.98
(0.86)
29.11
(0.79)
25.37
(0.20)
27.91
(1.52)

149.2
(14.9)
115.2
(15.6)
148.6
(15.4)
127.7
(9.79)
113.3
(19.8)
131.3
(8.73)

*IVI values from Balch and others (2008)
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Table S3. Surface soil (0-2 cm) nitrate (NO3-), ammonium (NH4+), and pH averages of
soils during the wet and dry seasons in the unburned (Control), triennially burned
(Burn 3yr), and annually burned (Burn 1yr) forest treatments in the southeastern
Amazon; n = 30. Data are mean  1 standard error. Lower-case letters indicate
significant groupings in treatments within the season, and daggers (†, ‡) indicate if
there are differences between seasons within the treatment (p < 0.05).
Treatment
NO3- (µg g-1)*
NH4+ (µg g-1)*
pH
Dry
Wet
Dry
Wet
Dry
Wet
Control
14.6
1.35
23.0
6.17
4.0
4.1
a, †
a,
a,
a, ‡
b,
(1.60)
(0.15)
(5.46)
(0.73)
(0.05)
(0.03)b, ‡
Burn 3yr

Burn 1yr

‡

†

6.35
(1.09)b, †

0.59
(0.16)b,

10.9
(1.85)b,

4.09
(0.30)ab,

4.5
(0.06)a,

4.5
(0.04)a, †

6.12
(1.09)b, †

0.96
(0.24)b,

8.58
(1.13)b,

4.01
4.4
b, ‡
(0.81)
(0.06)a,

4.4
(0.04)a, †

‡

‡

†

†

†

‡

†

†

*indicates if group was ln-transformed (+0.1) prior to statistical tests
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Figure S2. Total soil nitrogen (kg N ha-1 cm-1) sampled in three soil pits dug to 10 m
and in surface soils; n = 12.
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APPENDIX D. SUPPLEMENTARY INFORMATION FOR CHAPTER 5.
Figure S1. Sampling design for plant stems (>5cm dbh). Experimental block (150 ha) is located
on Fazenda Tanguro, adjacent to a pasture edge. Inset map shows study site located in Mato
Grosso, Brazil, in the Amazon Basin.
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Table S1. Annual precipitation at Fazenda Tanguro, Mato Grosso, Brazil, in the
Amazon Basin measured by rain gauges on site.
Year
Precipitation (mm)
2008
1236
2009
1332
2010
1610
2011
1865
2012
1565
2013
2309
2014
1539
2015
863
2016
1552
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Figure S2. Potential N fixer basal area (%) across the unburned (Control), triennially
burned (Burn 3yr), and annually burned (Burn 1yr) forest treatments in the
southeastern Amazon for all individuals in the tree inventory. The fires occurred
between 2004 and 2010, except 2008 in the annually burned forest.
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Figure S3. Non-fixer and potential N fixer basal area (m2 ha-1) across the unburned
(Control), triennially burned (Burn 3yr), and annually burned (Burn 1yr) forest
treatments in the southeastern Amazon for all individuals in the tree inventory. The
fires occurred between 2004 and 2010, except 2008 in the annually burned forest
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Figure S4. Mortality rate calculated for all size classes together for potential N fixers
and non-fixers across the unburned (Control), triennially burned (Burn 3yr), and
annually burned (Burn 1yr) forest treatments in the southeastern Amazon for all
individuals in the tree inventory. The fires occurred between 2004 and 2010, except
2008 in the annually burned forest.
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Figure S5. Frequency distribution of foliar nitrogen natural abundance for 112 trees
sampled across burn treatments at Tanguro.

206

Nodulation and foliar 𝛿15N
We further attempted to quantify nodulation by individual trees using two
approaches: first, we cored 12 soil cores around known N fixers. Then we excavated
around the roots of the trees to further examine if nodulation was not captured by the
12 soil cores.
We also attempted the more indirect technique of using natural abundance of N
isotopes to infer fixation (Gehring and Vlek 2004, Nardoto et al. 2014).
δ 15 𝐍 =

(𝒂𝒕𝒐𝒎% 𝟏𝟓𝑵)𝒔𝒂𝒎𝒑𝒍𝒆 − (𝒂𝒕𝒐𝒎% 𝟏𝟓𝑵)𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 )
𝒙 𝟏𝟎𝟎𝟎
(𝒂𝒕𝒐𝒎% 𝟏𝟓𝑵)𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 )

%Ndfa was calculated according to (Shearer and Kohl 1988)
%𝑵𝒅𝒇𝒂 =

δ 15 𝑁𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − δ 15 𝑁𝑓𝑖𝑥𝑖𝑛𝑔
δ 15 𝑁𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − δ 15 𝑁𝑓𝑖𝑥𝑒𝑑 𝑁
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Table S2. Nodule survey for potential N fixers at Fazenda Tanguro, Mato Grosso,
Brazil.
Species

dbh

Enterolobium schomburgkii (Benth.)
Benth.
Enterolobium schomburgkii (Benth.)
Benth.
Enterolobium schomburgkii (Benth.)
Benth.
Inga heterophylla Willd.

Nodulation

Method

16.8

-

12 cores

121

-

12 cores

3.5

-

12 cores

5

-

12 cores

Inga heterophylla Willd.

27

-

12 cores

Inga heterophylla Willd.

4.8

-

12 cores

Inga heterophylla Willd.

14.6

-

12 cores

Inga heterophylla Willd.

11

-

12 cores

Inga heterophylla Willd.

7

-

12 cores

Inga heterophylla Willd.

32

-

12 cores

Inga heterophylla Willd.

19

-

12 cores

Inga heterophylla Willd.

25

-

12 cores

Inga heterophylla Willd.

21

-

12 cores

Inga thibaudiana

2.1

-

12 cores

Inga thibaudiana

7.8

-

12 cores

Inga thibaudiana

9.5

-

12 cores

Inga thibaudiana

20

+

12 cores

Inga thibaudiana

27

-

12 cores

Inga thibaudiana

18

-

12 cores

Inga thibaudiana

10

-

12 cores

Inga thibaudiana

23

+

12 cores

Tachigali vulgaris

7.9

-

12 cores

Tachigali vulgaris

61.8

-

12 cores

Tachigali vulgaris

88

-

12 cores

Tachigali vulgaris

59.4

-

12 cores

Tachigali vulgaris

48.6

-

12 cores

8.91719
7
7

-

18

-

excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone

Enterolobium schomburgkii (Benth.)
Benth.
Enterolobium schomburgkii (Benth.)
Benth.
Enterolobium schomburgkii (Benth.)
Benth.
Enterolobium schomburgkii (Benth.)
Benth.
Enterolobium schomburgkii (Benth.)
Benth.
Enterolobium schomburgkii (Benth.)
Benth.
Inga thibaudiana

-

NA

-

NA

-

NA

+
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Species
Inga thibaudiana

dbh

Inga thibaudiana

NA

8

Nodulation
-

Tachigali vulgaris

9.55414

-

Tachigali vulgaris

-

Tachigali vulgaris

21.0191
1
8

Tachigali vulgaris

7

-

-

Tachigali vulgaris

NA

-

Tachigali vulgaris

NA

-

Tachigali vulgaris

NA

-
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Method
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone
excavating around
rooting zone

Table S3. NDFA and foliar %N for potential N fixers at Fazenda Tanguro, Mato
Grosso, Brazil.
𝛿 15N

%N

NDFA

Tachigali vulgaris

3.80

2.06

-19.3

Tachigali vulgaris

3.09

2.07

3.1

Tachigali vulgaris

2.96

2.52

7.2

Tachigali vulgaris

3.05

2.11

4.4

Tachigali vulgaris

3.20

2.17

-0.4

Tachigali vulgaris

3.33

2.02

-4.5

Enterolobium schomburgkii (Benth.) Benth.

5.69

3.69

-78.6

Enterolobium schomburgkii (Benth.) Benth.

4.44

3.55

-39.3

Enterolobium schomburgkii (Benth.) Benth.

2.59

3.20

18.8

Enterolobium schomburgkii (Benth.) Benth.

1.30

3.04

59.2

Enterolobium schomburgkii (Benth.) Benth.

3.94

3.32

-23.6

Enterolobium schomburgkii (Benth.) Benth.

1.52

4.01

52.4

Enterolobium schomburgkii (Benth.) Benth.

2.27

3.69

28.8

Inga thibaudiana

4.19

2.45

-31.4

Inga thibaudiana

3.55

3.58

-11.5

Inga thibaudiana

1.35

2.64

57.5

Inga heterophylla Willd.

3.52

3.48

-10.5

Inga heterophylla Willd.

4.60

3.23

-44.2

Inga heterophylla Willd.

3.56

3.61

-11.6

Inga heterophylla Willd.

1.75

2.94

45.2

Inga heterophylla Willd.

2.66

3.63

16.5

3.2

2.04

Species

Non-fixer average
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Mean NDFA

-1.58

16.04

4.88

-0.91

