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Biological nitrogen fixation limits plant growth and carbon exchange at local-to-global scales. Long-term
nuirient manipulation experiments in forests and short-term manipulation experiments in microcosms
suggest that the micronutrient molybdenum, a component of the nitrogen-fixing enzyme nitrogenase, limits
nitrogen fixation by asymbiotic bacteria in tropical soils in Panama. This image was taken by Lars Hedin in the
dense tropical rainforest of the Barro Colorado Nature monument, Panama and shows a tree of the species
Ceiba pentandra in the family Bombacaceae.
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Molybdenum limitation of asymbiotic nitrogen
fixation in tropical forest soils

Alexander R. Barron', Nina Wurzburger', Jean Phillipe Bellenger?, S. Joseph Wright3,

Anne M. L. Kraepiel* and Lars O. Hedin'*

Nitrogen fixation, the biological conversion of di-nitrogen to
plant-available ammonium, is the primary natural input of
nitrogen to ecosystems’, and influences plant growth and
carbon exchange at local to global scales®®. The role of this
process in tropical forests is of particular concern, as these
ecosystems harbour abundant nitrogen-fixing organisms'* and
represent one third of terrestrial primary production*’8. Here
we show that the micronutrient molybdenum, a cofactor
in the nitrogen-fixing enzyme nitrogenase, limits nitrogen
fixation by free-living heterotrophic bacteria in soils of lowland
Panamanian forests. We measured the fixation response
to long-term nutrient manipulations in intact forests, and
to short-term manipulations in soil microcosms. Nitrogen
fixation increased sharply in treatments of molybdenum
alone, in micronutrient treatments that included molybdenum
by design and in treatments with commercial phosphorus
fertilizer, in which molybdenum was a 'hidden’ contaminant.
Fixation did not respond to additions of phosphorus that were
not contaminated by molybdenum. Our findings show that
molybdenum alone can limit asymbiotic nitrogen fixation in
tropical forests and raise new questions about the role of
molybdenum and phosphorus in the tropical nitrogen cycle.
We suggest that molybdenum limitation may be common in
highly weathered acidic soils, and may constrain the ability
of some forests to acquire new nitrogen in response to
CO, fertilization®.

Despite the importance of tropical forests in global
biogeochemical cycles*”?, little is known about factors that control
nitrogen fixation in these systems. The observation that highly
weathered tropical soils are poor in rock-derived nutrients has
led to the expectation®'®!! that nitrogen fixation might be limited
by macronutrients in general, and phosphorus (P) in particular.
However, rock-derived micronutrients such as molybdenum (Mo)
may be an underappreciated factor in such environments. Mo is a
key component of the most common nitrogenase enzyme and has
been shown to limit nitrogen fixation in agricultural legumes'*>!?,
heterotrophic nitrogen fixation in some Pacific Northwest soils',
and has been proposed as a limit on nitrogen fixation under elevated
CO,; (ref. 9). Mo is in particularly short supply in many acidic
tropical soils, where weathering and leaching can act to remove
trace elements over time. The main inorganic form of Mo in oxic
soils is molybdate (MoO3~), which can interact with iron oxides and
organic matter to drastically reduce Mo bioavailability'®, especially
under acidic conditions. The potential for Mo effects is implied
by the existence of a high-affinity Mo uptake system in free-living
nitrogen fixers!®, and from field additions of micronutrient

cocktails, which, besides P additions, increase nitrogenase activity
in some Hawaiian soils!'. Yet, there have been no direct tests of Mo
as a limiting factor for nitrogen fixation in tropical soils, nor of why
nitrogen fixers may respond positively to both micronutrients and
P added separately.

We studied nitrogen fixation by free-living heterotrophic
bacteria (hereafter nitrogen fixers) in weathered tropical soils to
examine whether Mo and other nutrients limit fixation rates. Our
addition experiments were conducted in floristically diverse (300+
tree species), mature, lowland rainforests on the Gigante peninsula
in the Barro Colorado Nature Monument, Panama. Soils are highly
weathered acidic oxisols'”'®, typical of a broad range of tropical
forests worldwide'®. Our measures showed that heterotrophic
fixation almost exclusively occurred in the uppermost organic-rich
litter soil layer (O; horizon), which was characterized by low total
contents of nitrogen and Mo relative to carbon (Table 1).

We used two approaches to evaluate potential Mo limitation.
First, we examined the nitrogenase activity of field-moist samples
of the O; horizon collected in replicated large forest plots
(1,600 m?) subjected to long-term (7 years) additions of nitrogen
(+125kgNha'yr™! as urea), P (+50kgPha~'yr' as triple-
superphosphate) or micronutrients (Mo, S, Cu, B, Fe, Mn, Ca and
Mg; +0.01 kgMo ha™' yr'). Second, we directly manipulated Mo
and P levels in the O; horizon of unamended soils and documented
responses in nitrogenase activity 12 h after addition. In all cases, we
estimated nitrogenase activity using a standard assay for acetylene
reduction activity (ARA) calibrated against >N, uptake measured
at our sites’®?!. Variations in foliar chemistry, including lignin, have
been suggested to influence nitrogen fixation?, although the exact
effect is difficult to quantify, as factors such as nitrogen availability
often do not vary independently. In all of our sites, litter originated
from a heterogeneous combination of native plant species that
ranged widely in leaf chemistry (including lignin) independent
of treatment®.

Long-term fertilization with nitrogen, P and micronutrients
caused clear shifts in the abundance of nitrogen, P and Mo in soil
O; horizons, with increased Mo levels in both the micronutrient
and P treatments (Table 1, p < 0.001; ¢-test; n =8, 16). These
treatments significantly affected nitrogenase activity (Fig. la;
p < 0.0002, analysis of variance (ANOVA); 4 plots per treatment;
10 measures per plot), with two-to-threefold increases above
background levels occurring in plots that received micronutrient
or P treatments (p < 0.013 and p < 0.007, respectively; post-hoc
t-test; d.f. = 78). In addition, fertilization with nitrogen caused a
~75% decrease in nitrogenase activity (p < 0.001; post-hoc t-test;
d.f. = 78), indicating that nitrogen fixation is suppressed when

"Department of Ecology and Evolutionary Biology, Princeton University, Guyot Hall, Princeton, New Jersey 08544, USA, 2Department of Geosciences,
Princeton University, Guyot Hall, Princeton, New Jersey 08544, USA, 3Smithsonian Tropical Research Institute, Apartado 2072, Balboa, Republic of
Panama, 4Department of Chemistry, Princeton University, Guyot Hall, Princeton, New Jersey 08544, USA. *e-mail: Ihedin@princeton.edu.
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Table 1| Total carbon and nutrient contents, and molar ratios for soils.

Treatment %C %N P Mo C:N:P:(Mo x 106)

(p.p.m.) (p.p.b.) [s.e.m. C:P, N:P, Mo:P, n ]
Control (LT) 40.99 (£1.87) 144 (£0.07) 397 (£28) 53 (£7) 2,698:81:1:43 [+117, £2, £5, 8]
+Nitrogen (LT) 44.82 (£2.77) 1.66 (£0.11) 497 (£47) 55 (£9) 2,425:76:1:39 [£199, 45, 9, 8]
+Phosphorus (LT) 35.20 (£2.36) 1.35 (+0.08) 907 (£76) N8 (£12) 1,116:36:1:44 [£133, +3, +4, 16]
+Micronutrient (LT) 38.51 (+2.56) 1.32 (£0.09) 469 (£43) 215 (£28) 2,242:65:1:283 [+241, 46, £22, 8]
Control (for Mo addition) 52.25 (+0.54) 1.69 (£0.05) 559 (£19) 69 (£39) 2,431:67:1:36 [+68, +3, £18, 10]
+Low level Mo 57.02 (+4.78) 1.86 (£0.17) 507 (£24) 94 (+5) 2,976:74:1:60 [£321, £12, £2,10]
+High level Mo 51.05 (+0.57) 1.56 (£0.04) 527 (£21) 660 (+42) 2,545:66:1:406 [+130, £3, £22,10]
+Micronutrient control (LT) 5117 (£0.63) 1.53 (£0.05) 490 (+40) 456 (£92) 2,896:72:1:283 [4287, &5, £42,10]

Total nutrient content for O; horizon (litter layer) samples in this experiment. LT: litter from long-term fertilization plots. Values are means (£s.e.m.); sample sizes are listed in the final column.

sufficient soil nitrogen is available. In addition to these treatment
effects, significant variability could be explained by between-event
differences in fixation rates (p < 0.001; ANOVA; d.f. =2). These
clear responses suggest that limitation by nutrients is stronger
than the natural variation in soils and litter chemistry within the
forest plots.

Although both Mo and P have been suggested as potential
limiting factors on nitrogen fixation>'"*, we recognized that
a parsimonious explanation for our finding is that Mo was
present in both long-term fertilizer treatments. Not only was Mo
applied as part of the micronutrient treatment, but Mo typically
occurs as a trace contaminant in phosphate fertilizers!'**. In
addition to directly testing for the role of Mo, we evaluate below
whether the small ‘unintended’ amounts of Mo present in the P
fertilizer could explain the observed fixation response to long-term
+P fertilization.

We manipulated Mo at levels equivalent to roughly 1/2
month versus 1/2 year (‘low Mo’ versus ‘high Mo’) of the field
micronutrient fertilizer application. We used a diverse mix of litter
from a common source (control plot O; horizon). Replicates were
subjected to low versus high Mo in distilled water (+42 versus
+504 ug Mo kg™! soil or +-0.4 versus +4.7 gMo ha™") and a control
addition of distilled water alone (0.5 kg H,O kg™ litter, equivalent
to <0.5 mm rainfall). To compare responses between short- versus
long-term micronutrient additions, we also treated litter from O;
horizons in the long-term micronutrient fertilization plots with
distilled water alone.

These direct additions confirmed that the addition of Mo
alone can trigger the observed increase in nitrogenase activity in
response to micronutrients (Fig. 1b, p < 0.03; d.f. =2; n = 23;
ANOVA, left three bars). Nitrogenase activity increased as a
function of increasing Mo concentrations (p < 0.02; n = 79;
S = 62,578; Spearman’s rank correlation), although side-by-side
comparison of low-level Mo versus control was not significant using
a statistically less powerful post-hoc t-test (p < 0.36; n =23). In
addition, nitrogenase activity in the high-Mo treatment could not
be distinguished from the response observed in the micronutrient-
enriched litter treated only with water (p = 0.420; n = 23, 10;
t-test). As soil concentrations of Mo were roughly similar in
both treatments (micronutrient versus high Mo: x = 456 versus
564 g Mo g™ soil; s.e.m. = 92 versus 35), we conclude that short-
term responses to Mo (as measured in the high-Mo treatment) did
not differ greatly from the long-term value (as measured in the
micronutrient plots). This result supports earlier observations of
rapid nitrogenase response to Mo addition'*.

Because P was applied to field plots at loadings three orders
of magnitude above trace elements, we examined whether
contaminant Mo in the phosphate fertilizer could represent a
significant Mo source to nitrogen fixers. First, Mo was present in the

P fertilizer (14.1 mg Mo kg™'; s.e.m. = 0.8) at levels consistent with
typical triple-superphosphate fertilizers (2.4-18.5mgMokg™")
(ref. 24). Second, Mo was significantly higher in +P soils when
compared with controls (Table 1; 118 versus 55ugMokg™;
p < 0.001; n=16, 8 Wilcoxon test). Third, we estimate that one
year of P fertilizer delivered an amount of Mo five times larger
than the increase that we measured in the O; horizon of the +P
treatment. The unaccounted for Mo was probably lost by leaching
or plant uptake.

As a final test of whether contaminant Mo could explain the
fixation response in long-term +P fertilizer plots, we subjected
unamended soils to solutions of distilled water (control), analytical-
grade ‘clean’ P (uncontaminated by Mo) at low, medium and
high levels (+2.83, +28.3 and +283 mgP kg™! soil, respectively)
or Mo (+667ugMokg'soil). Whereas the +Mo addition
triggered a nearly fivefold increase in nitrogenase activity (Fig. 1c;
p < 0.001; Tukey—Kramer post-hoc test), each of the three levels
of +P addition failed to induce any significant response above
background levels (Fig. 1c; p > 0.17; Tukey—Kramer post-hoc
test). We conclude that fixation rates were limited by Mo but
not P, and that Mo probably constituted a ‘hidden treatment’
sufficient to create the appearance of P-limitation in the +P
fertilizer plots. As commercial fertilizer is widely used in nutrient
manipulations, previous studies might have misinterpreted such
apparent P effects.

When considered in combination (Fig.2), our different
experiments offer consistent evidence that Mo availability alone
can limit heterotrophic nitrogen fixation in these tropical soils,
and illustrate the dynamic nature of interactions between Mo,
nitrogen and nitrogen fixation. Direct additions of either low
or high levels of Mo increased nitrogenase activity (squares
and triangles in Fig. 2), as did additions of Mo as part of the
long-term micronutrient (diamond) and +P treatments (circle).
In contrast, long-term addition of nitrogen caused the suppression
of nitrogenase activity at native levels of Mo (+N). Although the
relative response in fixation increased with the extent of soil Mo
enrichment (p < 0.0001; r* = 0.80; n = 12), seasonality also affected
experimental responses. For example, compared with experiments
conducted in the wet season (++Mo square), the relative increase
in nitrogenase activity was greatest during the late dry season
(++Mo triangle)—a time when ambient fixation rates were at
their lowest.

Mo limitation of free-living nitrogen fixers may be widespread in
ecosystems with acidic soils that are poor in rock-derived nutrients,
and in which Mo complexation to iron oxides or soil organic matter
is common'*. Although such conditions are prevalent in many
lowland tropical regions, low Mo can also be found in extra-tropical
locations including highly leached soils in the Pacific Northwest'* or
reclaimed agricultural soils in Australia'.
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Figure 1| Nitrogenase acetylene reduction activity (ARA) in response to
long-term nutrient fertilization and direct additions of molybdenum and
phosphorus. a, ARA in field-moist samples collected from O; (litter)
horizons following long-term fertilization to large forest plots (n=4
replicate plots; 10 samples per plot). b, ARA response to addition of Mo
solutions to microcosms of soil collected from a control plot. The first three
bars represent control (+water alone) and two different Mo treatments
(n=23 each). The fourth bar represents samples from the long-term
micronutrient fertilization plots treated as the control (+water alone;
n=10). ¢, ARA response to additions of water alone (control; n=15),

Mo solution (n=10) or analytical-grade phosphorus solutions at three
different concentrations (n =5 each) to soil microcosms. All graphs show
geometric means (&s.e.m.) and the letters signify statistically different
treatments at p=0.05 or less (Tukey-Kramer post-hoc test). See the
Methods section for further information.

It is less clear how our findings extend to symbiotic fixers
such as epiphytic lichens, which are largely detached from the
soil environment, or leguminous plants, which rely on roots and
mycorrhizal fungi to acquire soil minerals. Although symbiotic
fixers vary from abundant to rare across tropical forests, free-living
heterotrophic fixation remains a geographically widespread mech-
anism of sustained di-nitrogen input to the plant-soil system*. In

6
B Direct Mo addition
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§ |
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Figure 2 | Relative nitrogenase acetylene reduction activity (ARA) in soil
samples as a function of soil Mo enrichment, across all nutrient
manipulations. Circles represent field-moist samples collected in the O;
horizon of large, long-term fertilization forest plots (n =4 plots; 4 samples
per plot; early wet season): control, nitrogen (+N fert.), superphosphate
(4P fert.) and micronutrient (+Micro. fert.). Values differ slightly from

Fig. 1a, as soil Mo was analysed on a subset of all samples. Squares
represent additions of water alone (control), low (4+Mo) and high (++Mo)
Mo solutions to soil microcosms from a control plot in early wet season
(Fig. 1b). The diamond represents addition of water to soils from the
long-term micronutrient plot (4+Micro. (+H;0)). Triangles represent
additions of a Mo solution (++Mo) and analytical-grade phosphorus
solutions at low, medium and high levels (+Clean P) to control soils in late
dry season (Fig. 1c). Values are means (geometric for ARA, arithmetic for
Mo; £s.e.m.). The line represents a linear regression (p < 0.007;

r2 =0.81), excluding the +N fertilization.

the forests studied here, for example, nodulation and fixation rates
among putatively nitrogen-fixing legumes (which make up ~6%
of basal area) are exceedingly low, except in locations subject to
recent and major disturbance®. In our own estimation, and barring
recent disturbance, heterotrophic fixation therefore seems to be a
significant vector for sustained nitrogen input to these old-growth
forests. Although direct measures are scarce*, rates of symbiotic and
free-living fixation probably vary within and across tropical forests,
making the issue of controls on fixation a truly critical one.

We show here for the first time that the trace element Mo
can alone have a central role for asymbiotic nitrogen fixation in
lowland tropical forests that grow on weathered acidic soils. These
findings suggest that our general view of tropical nitrogen fixation
ought to be broadened, beyond the traditional>**'®!! emphasis
on the macronutrients P and nitrogen as master variables. In
addition, because most coupled carbon—climate models predict
substantially increased nitrogen requirements as forests respond to
CO, fertilization”’, Mo may represent a current or potential future
limit to the ability of at least some nitrogen fixers to supply the extra
nitrogen needed for plant growth>®. Most broadly, our findings
raise new questions about the potential, yet largely unexplored, role
that trace metals may have in terrestrial ecosystems. While we have
only recently come to appreciate the apparent importance of Fe
limitation of nitrogen fixation in the world’s oceans®*®, we know
even less about trace metals in terrestrial ecosystems.

Methods

Study site. The Gigante Fertilization Experiment is located in a floristically diverse
(300+ species) old-growth forest on the Gigante peninsula in Barro Colorado

NATURE GEOSCIENCE |ADVANCE ONLINE PUBLICATION| www.nature.com/naturegeoscience 3



LETTERS NATURE GEOSCIENCE poi:10.1038/NGEO366

Nature Monument, Panama. Precipitation averages 2,600 mm annually?’. The 7. Field, C. B., Behrenfeld, M. J., Randerson, J. T. & Falkowski, P. Primary
experiment consists of thirty-six 40 by 40 m plots exposed to one of nine production of the biosphere: Integrating terrestrial and oceanic components.
fertilization treatments (control, N/P/K in factorial design, or micronutrients) Science 281, 237-240 (1998).
four times annually during the May—December wet season since 1998. The 8. Clark, D. A. Detecting tropical forests’ responses to global climatic and
treatments examined in this letter are nitrogen (urea, 125kgNha™' yr™'), P atmospheric change: Current challenges and a way forward. Biotropica 39,
(triple-superphosphate, 50 kg Pha™! yr™') and micronutrients (Standard Trace 4-19 (2007).
Element Mixture at 25kgha™" yr™!, including Mo at 0.01kgha™ yr™', aswellas S, 9. Hungate, B. A. et al. CO; elicits long-term decline in nitrogen fixation. Science
Cu, B, Fe, Mn and Zn along with CaMg(COs),). 304, 1291-1291 (2004).

10. Wang, Y. P., Houlton, B. Z. & Field, C. B. A model of biogeochemical cycles of
Nitrogen fixation. We collected field-moist O; horizon litter from randomly carbon, nitrogen, and phosphorus including symbiotic nitrogen fixation and
located 100 cm? areas. Moisture contents did not differ between treatments phosphatase production. Glob. Biogeochem. Cycles 21,
(p > 0.53, Kruskal-Wallis, d.f. = 3, n=95). Samples were placed in clean 480 ml doi:10.1029/2006GB002797 (2007).
glass canning jars, fitted with butyl rubber septa, and incubated outdoors at 11. Crews, T. E., Farrington, H. & Vitousek, P. M. Changes in asymbiotic,
ambient temperature; 10% of the headspace was replaced with C,H,. Mixed heterotrophic nitrogen fixation on leaf litter of Metrosideros polymorpha with
headspace samples were collected at 5 and 10h, stored in gas-tight vials and long-term ecosystem development in Hawaii. Ecosystems 3, 386—395 (2000).
measured for C;H, within 48 h on a gas chromatograph equipped with a flame 12. Gupta, U. C. Molybdenum in Agriculture (Cambridge Univ. Press, 1997).
ionization detector and a Poropak N column. We dried and stored samples for 13. Williams, J. H. The effect of molybdenum reclaimed Welsh upland pastures.
moisture content and nutrient analysis. Our tests indicated neither differences in Plant Soil 4, 327-340 (1956).
ARA under light versus dark conditions, nor ethylene production in the absence 14. Silvester, W. B. Molybdenum limitation of asymbiotic nitrogen-fixation in
of C,H,. We conducted a total of 160 ARA incubations across 16 fertilizer plots forests of Pacific Northwest America. Soil Biol. Biochem. 21, 283-289 (1989).
subjected to 4 treatments (December 2003 (late wet season, n =2 samples/plot), 15. Pasricha, N. S., Nayyar, V. K. & Singh, R. in Molybdenum in Agriculture
July and November 2004 (early and late wet season, n = 4)). Fixation rates were (ed. Gupta, U. C.) 245-270 (Cambridge Univ. Press, 1997).
log transformed before statistical analysis, and rates indistinguishable from zero 16. Bellenger, J. P., Wichard, T., Kutska, A. B. & Kraepiel, A. M. L. Uptake of
were assigned the best-case detection limit of 0.05 nmolg™' h™'. We used an molybdenum and vanadium by a nitrogen-fixing soil bacterium using
ANOVA to contrast the different nutrient treatments, including a second term that siderophores. Nature Geosci. 1, 243-246 (2008).
captured seasonal differences between individual sample events. We calculated 17. Cavalier, J. Fine root biomass and soil properties in a semi-deciduous and a
C,H,:N, conversion ratios by subdividing litter into three replicates: two in C,H, lower montane rain forest in Panama. Plant Soil 142, 187-201 (1992).
and a third in a 59at.% "N, atmosphere?'. We determined '*N composition 18. Baillie, L., Elsenbeer, H., Barthold, F., Grimm, R. & Stallard, R. F.
by isotope-ratio mass spectroscopy; spiked samples were significantly enriched Semi-Detailed Soil Survey of Barro Colorado Island, Panama (Smithsonian
with respect to reference samples (paired Wilcoxon test, p < 0.0001, n =18) and Tropical Research Institute, 2007).
the geometric mean conversion ratio was 7.9 (n =18, 95% confidence interval: 19. FAO-UNESCO. Soil Map of the World (Food and Agriculture Organization of
3.1-20.3). This ratio was used to provide an estimate of nitrogen fixation assuming the United Nations, 1990).
24 h fixation and a litter density of 950 gm™2 (ref. 30). Our estimates of fixation 20. Hardy, R. W. F., Holsten, R. D., Jackson, E. K. & Burns, R. C.
may be conservative as studies typically use a conversion ratio half this value Acetylene—ethylene assay for N, fixation—Ilaboratory and field evaluation.
(3.9) (ref. 11). Plant Phys. 43, 1185-1207 (1968).

21. Anderson, M. D., Ruess, R. W, Uliassi, D. D. & Mitchell, J. S. Estimating N,
Mo and P Additions. In July 2005, we collected O; horizon samples from fixation in two species of Alnus in interior Alaska using acetylene reduction
12 random locations in the untreated control forest, and the +micronutrient and '°N, uptake. Ecoscience 11, 102-112 (2004).
long-term fertilization plots. We used spray bottles to treat 40 g samples (wet 22. Vitousek, P. M. & Hobbie, S. Heterotrophic nitrogen fixation in decomposing
weight) of control litter in one of three ways (n =23 each): +14 ml distilled water litter: Patterns and regulation. Ecology 81, 23662376 (2000).
(control), or +42 versus +504 ig Mo kg™ as Na,MoO, in 14 ml of water (low 23. Coley, P. D. Herbivory and defensive characteristics of tree species in a

versus high Mo). In addition, samples from the micronutrient plots were treated

lowland tropical forest. Ecol. Monogr. 53, 209-233 (1983).

with 14 ml of distilled water (n=10). We allowed samples to equilibrate for 12hat  24.
field conditions before commencing ARA measures (as described above). Our own
work, and that of others', has shown that the physiological response of microbial

Charter, R. A., Tabatabai, M. A. & Schafer, J. W. Arsenic, molybdenum,
selenium, and tungsten contents of fertilizers and phosphate rocks. Commun.
Soil Sci. Plant Anal. 26, 3051-3062 (1995).

populations to Mo addition occurs over hours. In May 2008 (late dry season), we 25. Gustafsson, J. P. Modelling molybdate and tungstate adsorption to
collected O; horizon samples from control plots. Following the above methods ferrihydrite. Chem. Geol. 200, 105-115 (2003).
for ARA incubations, we applied one of five treatments: 414 ml distilled water 26. Barron, A. R. Patterns and Controls of Nitrogen Fixation in a Lowland

(control; n=15), +667 ug Mo kg~! as Na,MoO, in 14 ml of water (+Mo; n = 10),
and +2.83, +28.3, and 4283 mg P kg™ as NaH,POy, in 14 ml of water (+low P,

Tropical Forest, Panama. PhD in Ecology and Evolutionary Biology, Princeton
Univ. (2007).

+medium P and +high P, n =5, respectively). 27. Hungate, B. A. et al. CO, elicits long-term decline in nitrogen fixation. Science
304, 1291 (2004).
Soil nutrients. Samples were ground, digested in concentrated nitric acid and 28. Berman-Frank, I, Cullen, J. T., Shaked, Y., Sherrell, R. M. & Falkowski, P. G.

analysed for Mo (2 pugMokg™" detection limit) and P (60 mgPkg™' detection
limit). Separate ground samples were analysed for C and nitrogen by infrared gas

Iron availability, cellular iron quotas, and nitrogen fixation in Trichodesmium.
Limnol. Oceanogr. 46, 1249-1260 (2001).

analysis combustion. 29. Paton, S. Meteorological and Hydrological Summary for Barro Colorado Island
(Smithsonian Tropical Research Institute, 2005).
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