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Nitrogen limits primary production in almost every biome on 
Earth1,2. Symbiotic nitrogen fixation, conducted by certain 
angiosperms and their endosymbiotic bacteria, is the largest 
potential natural source of new nitrogen into the biosphere3, 
influencing global primary production, carbon sequestration 
and element cycling. Because symbiotic nitrogen fixation rep-
resents an alternative to soil nitrogen uptake, much of the 
work on symbiotic nitrogen fixation regulation has focused 
on soil nitrogen availability4–8. However, because symbiotic 
nitrogen fixation is an energetically expensive process9, light 
availability to the plant may also regulate symbiotic nitrogen 
fixation rates10,11. Despite the importance of symbiotic nitrogen 
fixation to biosphere functioning, the environmental factors 
that most strongly regulate this process remain unresolved. 
Here we show that light regulates symbiotic nitrogen fixation 
more strongly than does soil nitrogen and that light medi-
ates the response of symbiotic nitrogen fixation to soil nitro-
gen availability. In a shadehouse experiment, low light levels 
(comparable with forest understories) completely shut down 
symbiotic nitrogen fixation, whereas soil nitrogen levels that 
far exceeded plant demand did not fully downregulate symbi-
otic nitrogen fixation at high light. For in situ forest seedlings, 
light was a notable predictor of symbiotic nitrogen fixation 
activity, but soil-extractable nitrogen was not. Light as a pri-
mary regulator of symbiotic nitrogen fixation is a departure 
from decades of focus on soil nitrogen availability. This shift 
in our understanding of symbiotic nitrogen fixation regulation 
can resolve a long-standing biogeochemical paradox12, and 
it will improve our ability to predict how symbiotic nitrogen 
fixation will fuel the global forest carbon sink and respond to 
human alteration of the global nitrogen cycle.

Symbiotic nitrogen (N)-fixing plants represent one of the larg-
est natural sources of new N into the biosphere. These symbiotic 
‘N fixers’ have the potential to relieve N limitation by converting 
atmospheric N2 gas into bio-available forms, potentially increasing 
the terrestrial carbon sink, but whether they do so depends on how 
much N they fix. Many N fixers can regulate how much N they fix 
per unit biomass5–7,13, but which environmental factors govern this 
regulation remain largely unresolved.

The availability of soil nutrients4,6,8,13, light10,11, water14 and tem-
perature15 have all been suggested to play a role in regulating symbi-
otic nitrogen fixation (SNF). Of these, soil resources, especially soil 
N availability, have received the most attention. Because SNF repre-
sents a direct alternative to soil N uptake, the availability of soil N 
serves as a logical regulator of SNF. However, because SNF is ener-
getically expensive9, an N fixer’s access to light may also determine 
how much N the plant fixes. Although existing theory suggests that 
light could strongly regulate SNF4,10,11 and light has been shown to 
regulate SNF in some agricultural N fixers (for example, Murphy16, 

MacDowall17 and Lau18), little empirical work has directly tested this 
mechanism in natural systems19–21.

We paired a shadehouse experiment with natural field sam-
pling under varying conditions of light and soil N availability to 
ask: does light or soil N availability have a stronger influence on 
the regulation of SNF? Our shadehouse experiment grew indi-
viduals of a common neotropical N fixer, Pentaclethra macroloba, 
under a full-factorial design of three soil N treatments and three 
light treatments. Although our light treatments (8%, 16% and 40% 
full sunlight) represented a subset of possible natural conditions a 
plant could experience22, the high end of our N treatments (0.51, 
20 and 40 g N m−2 yr−1 added to a sand/soil mix) far exceeded natu-
ral N conditions23. P. macroloba individuals were raised from seed 
for 6 months in an open-air shadehouse in Costa Rica, after which 
the plants were harvested to measure biomass growth, allocation 
to root nodules (the symbiotic structures where SNF occurs) and 
rates of SNF.

Light limited the biomass growth of P. macroloba in the low- and 
medium-light treatments (Fig. 1a–c, Supplementary Table 1) simi-
lar to field observations for this species24. Low N levels limited plant 
growth in the high-light treatments only (Fig. 1c; corrected Akaike 
Information Criterion [Δ AICc] =  0.45 compared with the next best 
model and Δ AICc >  164 compared with our model of N limitation 
in all light treatments, Supplementary Table 1). Nodule biomass 
responded most strongly to light availability: Within low-N treat-
ments, N fixers allocated greater than 230-fold more of their below-
ground biomass to nodules in high versus low light (Fig. 1d–f). The 
addition of soil N also influenced nodule biomass, but to a much 
smaller degree. In the high-light treatments, N fixers allocated 7.7-
fold more of their belowground biomass to nodules in low- versus 
high-N fertilization (Δ AICc =  1.95 compared with the next best 
model and Δ AICc >  109 compared with our model of N regulation 
of nodulation).

Using an isotopic soil 15N tracer to track the various sources of 
plant N, we calculated the percentage of each plant’s N it derived 
from SNF (%Ndfa). %Ndfa varied across treatments in a similar pat-
tern to nodulation (Fig. 1g–i). In the high-light treatments, plants 
fixed 34% and 20% of their N in low- and high-N treatments, 
respectively, whereas plants fixed 0% of their N in the medium- 
and low-light treatments, regardless of N conditions (Δ AICc =  1.98 
compared with the next best model and Δ AICc >  125 compared 
with our model of N regulation of %Ndfa). We also found that 
total N fixed by each plant (%Ndfa multiplied by total N in each 
plant) was much more strongly influenced by light than by soil N  
(Fig. 2; Δ AICc =  1.54 compared with the next best model and  
Δ AICc >  123 compared with our model of N regulation of fixed N, 
Supplementary Table 1).

Interestingly, light availability at 8% of full sunlight (more than 
many forest understories25) completely inhibited N fixation in 
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Fig. 1 | Light is a stronger driver than soil N for plant biomass and N fixation in shadehouse-grown plants. a–i, Plant biomass (a–c), allocation to nodules 
(% of belowground biomass) (d–f) and %Ndfa (g–i) all varied more strongly across light treatments than across N treatments. Light treatments are shown 
as the left, middle and right columns. N treatments are represented by the three boxes within each panel and are shown in units of g N m−2 yr−1 added to 
each pot. Low-, medium- and high-N treatments correspond approximately to soil N concentrations of 14, 46 and 78 mg N kg soil−1, respectively, using 
conversions described in the Methods. Boxes represent the lower and upper quartiles with the median shown as the black central line. Whiskers indicate 
either the most extreme value or 1.5 times the interquartile range from the box. Sample sizes (number of individual plants) for each treatment across 
all three rows were (from left to right): 18, 17, 16, 17, 20, 19, 20, 19 and 19 plants (Supplementary Table 3). Mixing model end-member variation was 
incorporated into the statistics for g–i but is not shown here. Within each row, bars with different letters are statistically different as determined by our 
best-fit maximum likelihood model (Supplementary Table 1). a–i, Δ AICc values for our best-fit models compared with our next best model were 0.45 for 
plant biomass (a–c), 1.95 for allocation to nodules (d–f) and 1.98 for %Ndfa (g–i) (Supplementary Table 1).
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Fig. 2 | Light drives total fixed N in plants more strongly than soil N. a–c, The total amount of N fixed per plant for shadehouse plants grown in low- (a), 
medium- (b) and high-light (c) treatments. Low-, medium- and high-N treatments are represented by the three boxes in each panel, which correspond to 
soil N concentrations of 14, 46 and 78 mg N kg soil−1 as described for Fig. 1. Treatment arrangements are as in Fig. 1. Boxes represent the lower and upper 
quartiles with the median shown as the black central line. Whiskers indicate either the most extreme value or 1.5 times the interquartile range from the box. 
Sample sizes (number of individual plants) for each treatment were (from left to right): 18, 17, 16, 17, 20, 19, 20, 19 and 19 plants (Supplementary Table 3).  
Bars with different letters are statistically different as determined by our best-fit maximum likelihood model (Supplementary Table 1). Δ AICc for our best-
fit model compared with our next best model was 1.54 (Supplementary Table 3).
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nearly all our replicates, as did 16% sunlight (although we did find 
some nodules in the lowest N treatment). However, soil N avail-
ability that demonstrably relieved N limitation (medium- and high-
N treatments) did not fully inhibit SNF at 40% full sunlight. The 
response of fixation to light suggests that below some threshold 
of light availability, P. macroloba downregulates SNF completely 
because it is not N limited; that is, reduced light to fuel photosynthe-
sis in our low- and medium-light treatments creates low N demand 
for these plants, which leads them to completely downregulate SNF. 
By contrast, the incomplete downregulation of SNF in response to 
N fertilization at high light demonstrates that, given sufficient light,  
P. macroloba continues to engage in SNF even when it is not N limited.

Environmental conditions, such as light and soil N availabil-
ity, largely determine plant size (Fig. 1a–c), and plant size could 
influence nodulation independent of the direct effects of the envi-
ronmental conditions. For example, plants growing in low-light 
environments may not have nodulated simply because small plant 
size inhibited nodulation rather than because light availability had 
a direct effect on SNF. To test for this possibility and assess the 
effects of light and soil N independent of plant size in our shade-
house experiment, we used a subset of our plants that were grown 
in different light and soil N treatments but attained similar final 
plant sizes (4–10 g plant biomass). With this subset of plants, an 
analysis of variance (ANOVA) model testing for main effects of 
light, soil N and plant size on allocation to nodules showed that 
light availability significantly increased nodulation (P > 0.0001), 
soil N availability significantly decreased nodulation (P = 0.00127), 
but that plant biomass had no effect on nodulation (P = 0.362) 
(Supplementary Fig. 1). These results demonstrate that light and 
soil N availability, independent of plant size, primarily determined 
nodulation in our plants.

Because plants reared in shadehouse conditions are only a lim-
ited reflection of nature, we sought to verify the patterns in our 
experimental results with forest seedlings in situ. We measured 
the percentage of belowground biomass allocated to nodules (to 
control for variation in plant size) on 100 P. macroloba seedlings 
growing across gradients of light and soil N conditions in rainforest 
understories. We found that nodulation was significantly positively 
correlated with light availability (Δ AICc >  1.63; Fig. 3a) but was not 
correlated with soil N (Δ AICc >  1.62; Fig. 3b). Our models indi-
cated that the positive effect of light on nodulation was driven by 
an increase in the probability that a plant nodulated with increas-
ing light availability, rather than an increase in nodule mass within 
plants that nodulated. Due to differences in other potential SNF 
regulators (for example, non-N soil resources, plant competition or 
herbivory) between our shadehouse and field studies, direct quan-
titative comparisons of our light and soil N gradients between these 
two studies are difficult. Still, these in situ data lend support to our 
shadehouse results that light is a stronger driver of SNF than soil 
N availability.

Three prior studies assessing the effects of light on nodulation in 
natural settings found complete or near-complete downregulation 
of allocation to nodules in low-light conditions, just as we did19–21. 
Although these prior studies did not directly measure SNF rates, 
our current understanding of SNF suggests that complete down-
regulation of nodulation fully inhibits SNF activity. These studies, 
along with work on agricultural N fixers (for example, Murphy16, 
MacDowall17 and Lau18) and the results presented here, cover a 
broad spectrum of woody and herbaceous N-fixing taxa from 
multiple legume subfamilies occurring across a range of biomes. 
All of these studies show strong effects of light on SNF regulation, 
which suggests that our findings are probably widely applicable, 
but additional studies on other N fixers in other locations are 
needed to fully verify these results. Evidence for how strongly soil 
N regulates SNF is more mixed. Several studies found incomplete 
downregulation of SNF in response to N fertilizer8,19,20,26, similar to 

our high-light treatment, whereas others report that N additions 
completely downregulated SNF5,8,19,20, similar to our medium- and 
low-light treatments. Our data suggest that one possible expla-
nation for the discrepancy between these studies may be differ-
ences in light availability under different experimental conditions.  
The ability of light to mediate SNF responses to soil N (and poten-
tially other factors such as phosphorus) may help us develop our 
emerging understanding of why and how some species match SNF 
closely with N demand, whereas others are either over-regulators 
or under-regulators5.

Our results can also help refine SNF regulation theory. Current 
theory5 envisions that different plant species vary in how they 
regulate SNF in response to limitation by N and another resource 
(for example, light10, soil phosphorus5,15 or an undefined density-
dependent resource27,28). Perfectly facultative N fixers decrease from 
relatively high SNF under conditions of N limitation to zero SNF 
under conditions of limitation by the other resource. Obligate N 
fixers maintain similar SNF rates per unit biomass regardless of 
which resource limits them and incomplete downregulators are in 
between5. Our data demonstrate that species’ SNF strategies, rather 
than simply being traits intrinsic to the taxa, vary as functions of 
light availability. P. macroloba is perfectly facultative at low light, 
but an incomplete downregulator at high light (Figs. 1g–i, 2 and 4a). 
Incorporating light regulation of SNF strategies may inform aspects 
of SNF theory ranging from the ability of individual plants to regu-
late SNF5 to the effects that SNF regulation has on global patterns 
of N cycling15,28.

In particular, SNF has for almost a decade been the focus of 
an apparent paradox in the biogeochemistry literature—that 
of tropical forest N richness. Many tropical forests export large 
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Fig. 3 | In situ field nodulation varies with light, but not soil N. a, Nodule 
biomass (linear-scaled in the main plot and log-scaled in inset) and the 
probability of a plant nodulating increased significantly with seedling  
light availability in 100 seedlings growing in the rainforest understory.  
b, However, nodule biomass and the probability of a plant nodulating did 
not vary considerably with soil inorganic N (NO3

- +  NH4
+) availability in 

field-sampled seedlings. Even though log-scaled axes do not have a ‘zero’ 
value, individual plants with 0% allocation to nodules are displayed as 
points on the x axis of the log-scaled insets. Coloured squares in each panel 
represent median nodulation from the nine treatments of our shadehouse 
study (Fig. 1d–f) for comparison. a, Squares of light, medium and dark blue 
correspond to low, medium and high N additions in the shadehouse for 
each shadehouse light group. b, Squares of dark, medium and light grey 
correspond to low, medium, and high light for each N shadehouse  
N treatment.
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amounts of bio-available N, which budgets suggest come largely 
from overactive SNF29. Yet intuition, theory and some experi-
mental results8,19,20 have suggested that N fixers in tropical forests 
downregulate SNF in a perfectly facultative manner (black line, 
Fig. 4), which should minimize exports of bio-available N5,29. 
Large N exports from tropical forests are only paradoxical if SNF 
shuts off completely when N limitation has been overcome5. Thus, 
‘over-fixation’ driven by high light would resolve the paradox of 
over-abundant N in tropical forests. In our shadehouse experi-
ment, plants that were demonstrably N saturated continued to fix 
N at ~80% the rate of N-limited plants when given ample light 
availability (Fig. 2c). Even small amounts of SNF that continue 
after N limitation has been relieved (pink areas in Fig. 4) can lead 
to large bio-available N export5 (Fig. 4b), and our results sug-
gest that SNF may be substantial in N-saturated environments 
when there is sufficient light. Given that tropical forests receive 
ample solar energy30, light-driven SNF rates well exceeding plant 
demand could be common, which would lead to large exports of 
bio-available N5 and would, therefore, resolve the paradox. This 
paradox is just one important example of how a stronger consid-
eration of light as the primary regulator of SNF can improve our 
understanding of N inputs into the biosphere.

Here we provide clear evidence that light can be a strong and 
absolute (has the capacity to completely inhibit) driver of SNF, and 
can mediate the responses of SNF to soil N. This suggests that SNF 
research should shift from past decades’ focus on soil N to look-
ing at other factors, such as light, as the dominant regulators of N 
inputs into the biosphere. The taxonomic diversity and geographic 
extent of symbiotic N fixers imply that a variety of environmental 
factors may play a role in regulating SNF, but our results suggest 
that the strongest regulator in some ecosystems is not soil N. Given 
the magnitude of the responses seen in this study, we suggest that 
regulation by light be a primary consideration as we continue to 
improve our understanding of the role that SNF plays in global N 
and C cycling.

Methods
Study site. We conducted both the open shadehouse experiment and the forest 
seedling sampling at La Selva Biological Station (10° 25′  53.14″  N, 84° 0′  10.51″  
W) in the premontane wet forests of Heredia province in Costa Rica. This site 
experiences an average daytime temperature of 25 °C, which is relatively constant 
throughout the year. Annual precipitation at La Selva is about 4,500 mm yr−1 with 
a pronounced dry season occurring from January through April and a second, less 
pronounced dry season in September and October. Soils at this site are primarily 
ultisols derived from weathered basalt31.

Study species. To test for the effects of light and soil N on SNF, we used the 
native N fixer P. macroloba (Willd.) Kuntze. P. macroloba is common in lowland 
forests throughout its range from Nicaragua to the Amazon basin32 and it is the 
most abundant canopy species at this site33. Adults of P. macroloba typically reach 
30–35 m in height and up to 130 cm in diameter, and produce dry, dehiscent 
fruits that ballistically disperse three to eight seeds, each weighing about 8 g. Seed 
germination occurs within 8–10 days34. P. macroloba is often considered a shade-
tolerant species because it can recruit under mature-forest canopies, but it also 
thrives in high-light riparian environments. This species can tolerate ranges of light 
availability from 1% to 100% full sunlight, but its growth is sensitive to changing 
light environments22. Prior studies have also shown that levels of N fixation in  
P. macroloba vary in response to soil N availability26.

Shadehouse experiment. Experimental design. We measured the effects of light 
and soil N availability on P. macroloba by comparing the growth of plants in 
7-litre pots exposed to varying levels of each environmental variable between July 
2015 and January 2016. Seedlings were grown from seed in soil inoculated with 
P. macroloba’s N-fixing rhizobia endosymbionts using 4 ml of slurry containing 
distilled water and locally collected active P. macroloba root nodules. High-, 
medium- and low-light treatments were created using varying thicknesses of shade 
cloth. The light treatments corresponded to 40%, 16%, and 8% full irradiance, 
respectively, which we determined by comparing paired sensor readings for 
photosynthetically active radiation where one sensor was placed above plants in 
each light treatment and the other sensor was placed in an open field exposed 
to full sunlight. Within each of these light treatments were three N fertilization 
treatments. Pots were filled with a mixture of forest soil and locally sourced sand 
in a 1/1 ratio. Pots were then fertilized using an ammonium-nitrate (NH4-NO3) 
solution applied once at the time of seed sowing and once at the mid-point of the 
experiment’s duration in amounts equivalent to 0.51, 20 and 40 g N m−2 yr−1 for 
low-, medium- and high-N treatments, respectively. Included in the fertilizer was 
a 98% isotopically enriched 15N tracer used to determine N fixation (see later). 
We converted these N additions to concentrations of total inorganic N in each pot 
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using the mean soil N concentration of forest soil from our field sampling (see 
later) for the forest soil fraction of our potting mix and assuming 7,000 cm3 of soil 
with a 1.4 g cm−3 bulk density35. N treatments were arranged randomly within each 
light treatment. Concurrent with N fertilizations (at the start and mid-point of the 
growth period), all plants received 2 ml of N-free Hoagland’s solution containing 
a mixture of inorganic phosphorus and micronutrients. This represents a fully 
replicated factorial design with nine environmental treatments, each containing  
20 plants at the start of the experiment.

Seedling growth and data collection. Plants were grown from locally collected seeds 
planted in late June 2015. Initial plant (seed) size was determined by weighing 
seeds before planting. After planting, all visibly dead or inviable seeds were 
replaced after 2 weeks. Plants were grown for a period of 6 months during which 
they were exposed to ambient fluctuations in temperature and relative humidity, 
but were provided ample water via individual watering pans placed beneath each 
pot. About 94.4% of seeds germinated and survived through the experiment’s 
duration. Sample sizes of surviving plants in each treatment, which were used in 
all statistical tests for our shadehouse experiment, are available in Supplementary 
Table 3.

After the 6-month growing period, plants were harvested by removing them 
from the potting soil and rinsing excess soil from root surfaces with distilled water. 
Each plant was then dissected into root, nodule, stem and leaf fractions. Each tissue 
component was dried at 60 °C to constant mass (about 3 days) and massed.

Calculating %Ndfa. We calculated the %Ndfa for each individual using a three-end-
member mixing model: one end member for the isotopic signature of soil-derived 
N, one for the isotopic signature of atmospherically fixed N and one for the 
fraction of plant N derived from the seed. Our calculation accounted for variation 
around each end member. Because we added a highly isotopically enriched 15N 
tracer to the growing medium, we present 15N data as atom percent, representing 
the percentage of N atoms in a sample that are 15N rather than 14N (as opposed to 
the ‰ notation that is common for natural abundance levels of isotopes).

We calculated the isotopic signature of the soil N end member by estimating 
N that naturally mineralized in the soil used in our potting mixture, any non-
isotopically enriched N fertilizer added to the pot, and the isotopically enriched 
N fertilizer added. Although the soil N end member is often estimated using a 
reference plant36, some of the known problems with the reference plant method36 
made it unviable in our study. Specifically, substantial differences in the root 
distributions and particularly seed size between our study plants and reference 
plants, along with relatively well-known amounts and isotopic signatures of N 
additions to each pot, meant that estimating the isotopic signature of the soil 
N end member directly gave a better measure than using a reference plant. 
Mineralized and asymbiotically fixed N was estimated for the amount of forest-
derived soil added to each pot using the mean and s.d. of N mineralization rates 
from Brookshire et al.29 for neotropical forests and asymbiotic N fixation rates 
from Reed et al.37 to randomly generate a series of 10,000 normally distributed N 
mineralization and asymbiotic N fixation values for each pot. Sensitivity analyses 
using ±  50% of these literature values showed no greater than a 2.5 %Ndfa change 
in any treatment, suggesting our results were insensitive to variation in these 
values. Each pot then received a total of 0.51 g N m−2 yr−1 of 98% 15N tracer. The 
amount of non-isotopically enriched fertilizer varied by N treatment: 0, 19.49 and 
39.49 g N m−2 yr−1 for low, medium and high N, respectively. The isotopic signature 
of soil N (%15Nsoil) from each pot was then calculated as follows:

=
. × + . × + . × ×f f f

% N
((0 003663 ) (0 98 ) (0 003663 )) 100

15
soil

min iso fert

where fmin, fiso and ffert are the fraction of soil N coming from mineralization, 
isotopically enriched fertilizer and non-isotopically enriched fertilizer. This 
resulted in a distribution of 10,000 values of %15Nsoil for each pot to account for 
uncertainty in soil N mineralization rates.

We used an isotopic signature of 0.3663 atom percent for the atmospherically 
fixed N end member. Variation for this end member is likely to be very small on 
the scale of enriched isotopes5. Therefore, for each pot we randomly generated 
10,000 %15Nfixation values normally distributed with a mean of 0.3663 and an s.d. of 
0.01 (equivalent to 27.5‰ in δ15N notation, which is much larger than the actual 
variation in δ15N of atmospherically fixed N). Our results were insensitive to 
variation in s.d. values around this end member ranging from 0.005 to 0.05 (13.8‰ 
to 137.2‰ in δ15N notation).

Fraction of plant N derived from seed. The large seeds of P. macroloba (mean =   
6.15 g for plants used in this study) mean that a substantial amount of N within 
our study plants came from seed reserves, especially for the plants grown in low- 
and medium-light conditions where final total plant biomass was often similar to 
the original seed biomass (explained in detail later). To estimate the proportion 
of a plant’s N derived from the seed (Supplementary Table 2), we used a two-step 
process. To calculate the original seed dry mass, we used a conversion factor for 
wet mass to dry mass of seeds, which we derived from a linear model of wet and 
dry seed masses of 36 P. macroloba seeds collected along with the seeds used for 

our study plants. However, the entire mass of a seed is not incorporated into a 
plant, so we then subtracted out the amount of seed mass that was not used by the 
growing seedling. To do this, we collected, dried and massed the seed material for 
each plant remaining in the pot at the end of the experiment.

We then subtracted this unused fraction of the seed mass from the total dry 
seed mass and multiplied this potentially used seed mass by the N concentration 
of P. macroloba seeds (3.359% obtained by elemental analysis of 36 seeds collected 
at the same time as seeds used in our study) to estimate the amount of seed N that 
was potentially used by each plant. We divided this seed-derived N by the total 
N contained in each plant to calculate the fraction of seed-derived N in the plant 
(fseed). For several of our smallest plants, this fraction of potentially seed-derived 
N exceeded 1, which is impossible (a plant cannot get > 100% of its N from seed). 
The minimum %15N value for any plant in our study was 0.383% (well more than 
the natural abundance range; equivalent to δ15N =  46‰), confirming that even our 
smallest plants did not derive all of their N from seed. For plants with an estimated 
fseed >  1, we assumed that the majority of plant N was, in fact, derived from the seed, 
and thus we assigned these plants a value of 0.9 for fseed. Sensitivity analyses showed 
that our results were qualitatively unaffected by varying this assigned value for fseed 
between .83 and .999. We used 0.3663 atm % for the isotopic signature of seed-
derived N (%15Nseed) because the seeds were not isotopically labelled.

%Ndfa calculation. After generating distributions for each of the three end members 
(%15Nsoil, %15Nfixation and fseed), we incorporated these end members into a mixing 
model to calculate the %Ndfa as follows:













=
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where %15Nsamp is the isotopic signature of the P. macroloba seedling sample, fseed 
is the fraction of plant N derived from seed, %15Nseed is the isotopic signature of N 
derived from seed, %15Nsoil is the isotopic signature of the N derived from the soil 
and %15Nfixation is the isotopic signature of N derived from fixation. This calculation 
differs slightly from the %Ndfa equation used in Menge et al.5 in that they defined 
%Ndfa as the percentage of a plant’s newly acquired N (postgermination), whereas 
here we define %Ndfa as the percentage of the plant’s total N (including N derived 
from the seed). Because fseed, %15Nsoil and %15Nfixation were distributions of 10,000 
values each, this calculation produced 10,000 values of %Ndfa for each plant. Mean 
and 95% confidence intervals were calculated from this distribution of %Ndfa for 
each plant to provide our estimate of N derived from fixation and the uncertainty 
around this estimate.

Calculating total N fixed per plant. To determine the total amount of N in each plant 
that was derived from N fixation, we multiplied the total amount of N in each plant 
(g N) by the %Ndfa for each plant (described earlier). N content of each plant was 
calculated separately for each tissue pool. We multiplied the dry mass of each tissue 
pool (leaves, stems, roots and nodules) by the percentage of N for that tissue pool 
reported for P. macroloba in Russell and Raich38 to obtain total N content (g N)  
for each tissue pool for each plant. N content was then summed across tissue pools 
to calculate the total N content (g N) for the plant.

Statistical analyses for shadehouse experiment. Although our shadehouse 
experiment was structured as an ANOVA design, it is not possible to incorporate 
mixing model end-member variation into a standard ANOVA. We therefore used 
maximum likelihood models and information theory-based model comparison 
to achieve the same end as an ANOVA—testing for differences between treatment 
means—while staying true to the error structure of our data. Specifically, to 
incorporate error propagation from the three-end-member mixing model 
calculation of %Ndfa into our maximum likelihood models, we had the maximum 
likelihood model estimate the mean and s.d. for %Ndfa in each treatment directly 
from the %15N values for each end member of the mixing model5. This resulted in 
a more robust assessment of the uncertainty around %Ndfa estimates and a more 
conservative assignment of treatment differences than a standard ANOVA test 
that cannot incorporate end-member variation39. Furthermore, model comparison 
allows us to test only the treatment differences that are biologically reasonable or 
of particular interest to our study (rather than all pairwise comparisons), vastly 
decreasing the number of possible model tests and avoiding the need for corrected 
post hoc comparisons.

The effects of light and soil N on each response variable were assessed using 
a series of at least six maximum likelihood models: (1) a null model fitting a 
single mean to all treatments; (2) a model fitting different means for each light 
treatment; (3) a model fitting different means for each soil N treatment; (4) a 
high-light model that fit a single mean for the low- and medium-light treatments 
and a different mean for high-light treatments; (5) a variation-in-high-light model 
that fit a single mean to low- and medium-light treatments and an individual 
mean for each high-light treatment; and (6) an individual-treatment model that 
fit means for each of the nine experimental treatments. Additional models were 
tested on the basis of variation between treatments and specific scientific questions 
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for each response variable (Supplementary Table 1). When multiple treatment 
means for a response variable were not significantly different from zero in our 
individual-treatment model (such as N fixed per plant in our low- and medium-
light treatments), no further models were used to assess differences between these 
means. We determined the best model for our data by comparing Δ AICc values40 
and interpreted one model as being considerably better than another model if  
Δ AICc >  2. We report Δ AICc for our best model compared with the next best 
model and also compared with our model fitting different means for each  
N treatment (to compare our results with the expected results if soil N were  
the primary driver of SNF).

Field sampling. During the summer of 2017 we sampled 100 P. macroloba 
seedlings growing in natural forest understories exposed to varying levels of light 
and soil N availability. We sampled 20 seedlings from five sites each ranging in 
stand age from 20 years since abandonment to old-growth forest: each site was 
adjacent to plots used in the Bosques long-term forest dynamics project41, where 
we have studied the dynamics of adult P. macroloba42,43. Seedlings 30–200 cm in 
height were selected to obtain variation in light availability (it was not possible to 
assess soil N availability before sampling).

A hemispherical photograph was taken directly above the tallest leaf of each 
seedling to assess light availability. Each photograph was analysed using Gap Light 
Analyser software (Cary Institute) for the % total light transmittance. Following 
photography, each seedling was extracted from the soil taking care to ensure that 
roots and nodules were not dislocated from the seedling during soil extraction. 
In cases where we thought it possible that some roots or nodules were dislocated 
from the plant, this was noted, but no differences were found between analyses 
conducted with and without these potentially broken plants in the dataset. To 
measure soil N availability, we sampled ~5 g of soil directly from the rooting 
zone of each seedling. Soil samples were extracted in 2 M KCl and analysed for 
nitrate and ammonium on a Smartchem 170 discrete analyser (Westco Scientific 
Instruments) at Columbia University. Following harvesting, we cleaned the root 
system of each seedling and removed all nodule material using forceps. Root and 
nodule material were dried and massed separately for each plant to calculate the % 
of belowground biomass that each plant allocated to nodule biomass.

Statistical analyses for field sampling. Because field nodulation data typically contain 
many zeros and values >  0 are often log-normally distributed, we analysed nodulation 
in field-sampled seedlings using models for zero-inflated log-normal data adapted from 
Tian and Wu44, which were then evaluated using a maximum likelihood framework. 
This method predicts nodulation using a dual-process model where the probability of 
encountering a zero (nodule presence versus absence) and the mean of non-zero data 
(nodule mass when present) are modelled simultaneously. This takes the form of:






μ σ δ δ
δ δ μ σ= =

+ − >G x x
F x x( , , , ) if 0

(1 ) ( , , ) if 0, (2)

where x is the log-normal response variable (% belowground allocation to 
nodules), µ and σ are the mean and s.d. of the response variable in log space, 
and δ is the probability of encountering a zero value. F(x,µ,σ) is the log-normal 
cumulative distribution function of non-zero values. µ and δ could either be single 
values (for our null models) or vary in response to an independent variable such 
as light or soil N availability. This allowed us to calculate the predicted population 
geometric mean, M, as:

δ= − × μM e(1 ) (3)( )

where µ is the mean of the non-zero data in log space.
For each predictor variable—percentage total light transmittance and soil N 

availability (ammonium +  nitrate concentrations)—separate models were created 
in which nodulation did not vary with the predictor variable (null model), only 
the probability of nodulation varied with the predictor variable, only the mean 
value of non-zero data varied with the predictor variable and where both the 
probability of nodulation and the mean of non-zero values varied according to the 
predictor variable. We tested these four model types for each predictor variable 
using the bbmle package for maximum likelihood tests in R statistical software45,46. 
We assessed differences between our models using the Δ AICc

40 and present the 
difference in Δ AICc between our best and next best-fit models.

Reporting summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. Data for shadehouse and field-sampled seedlings used for these 
analyses are publicly available via the Dryad Digital Repository at https://doi.
org/10.5061/dryad.p9f5160. All code used for data preparation and analyses is 
available via Github at https://github.com/bentonneiltaylor/Taylor-Menge-2018- 
N-Fixation-Code.
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Data collection The open source software "Gap Light Analyzer" from the Cary Institute was used to collect light data from hemispherical photographs. 
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data availability statement of the manuscript.
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Study description Our manuscript describes two complementary studies. In our shadehouse study, we grew 180 P. macroloba seedlings under 9 
different environmental treatments. Our design included 3 light treatments (8%, 16%, and 40% full sunlight) by 3 nitrogen addition 
treatments (0.51, 20, and 40 gN/m2/yr added) established in a full-factorial design with 20 plants grown in each of the 9 
environmental treatments. After a 6-month growing period, we harvested plants and used isotopic analyses to determine plant 
growth and symbiotic nitrogen fixation for plants grown in each treatment. For our field-sampling study, we harvested 100 P. 
macroloba saplings (30cm - 200 cm in height) from 5 different forest understory sites (20 plants from each site). For each plant we 
assessed inorganic N availability using KCl extractions directly from the rooting zone of the plant, and we assessed light availability 
using hemispherical photographs taken directly above each plant prior to harvesting. We measure symbiotic N fixation activity on 
each field-collected seedling by measuring the percent of the plant's root tissue that was allocated to nodule biomass.

Research sample Samples were individuals of the nitrogen-fixing tree Pentaclethra macroloba located at La Selva Biological Station in Northeast Costa 
Rica. This sample was chosen because P. macroloba is a common nitrogen fixing tree throughout much of Central and South America 
and is the most common tree at La Selva. While this sample population most closely describes others in the species P. macroloba, we 
have provided text in the manuscript demonstrating why the results of our study are likely widely generalizable to tropical 
nitrogenfixing 
trees.

Sampling strategy Prior to establishing our shadehouse experiment, we ran power analyses allowing us to determine adequate sample sizes for a range 
of effect sizes and data variance. We chose starting sample sizes that were ~33% higher (to account for potential plant mortality 
during the experiment) than the results of our power analyses for our best estimates of effect size and variance. Mortality was well 
under 33% for all experimental treatments allowing us to maintain sufficient robust sample sizes. For our field sampling, we ran 
similar power analyses based on effect sizes and variance from our shadehouse data and determined final sample size to best satisfy 
these power analyses while minimizing destructive sampling.

Data collection For our shadehouse experiment, plants were harvested following the experimental growth period by removing each plant from it's 
pot and washing the soil from the root system by hand. The sand/soil mix used in each pot allowed for easy removal of the root 
system from the soil without damaging any roots or nodules. Following plant harvest, all plants were separated into tissue pools 
(leaves, stems, roots, etc.) and dried to constant mass. Tissue was then massed (to obtain plant biomass and allocation to nodules) 
and data were recorded directly into an excel spreadsheet. Isotopic analyses on ground leaf tissue were done by an independent lab, 
which records the data directly from the analytical machine to a csv file, which was sent to BNT. For field sampling, root and nodule 
tissue for each plant was harvested and dried in the same fashion as the shadehouse plants. Dried tissue was massed and data were 
recorded directly into an Excel spreadsheet. Following soil KCl extraction, data for soil nitrate and ammonium were downloaded 
directly from the software for the Smartchem 170 discrete analyzer that we used to run those analyses. Hemispherical photos were 
taken by BNT to obtain data on light transmittance above each plant. Each photo was analyzed using Gap Light Analyzer software, 
and data were recorded directly to a .csv file. The lead author, BNT, was involved in all data collection. For collection of shadehouse 
data, a research assistant, Richard Li, aided in collecting data, but all data were recorded by BNT. For our field study, a research 
assistant, Ben Scott, aided in data collection, but all data were recorded by BNT. 
data were recorded by BNT.

Timing and spatial scale Our shadehouse experiment was conducted from late June 2015 - January 2016. All plants were harvested within two weeks of each 
other in January 2016. Our field work was conducted over a period of 3 weeks in June 2017. All data were taken either at La Selva 
Biological Station or in surrounding forests within 20 km of La Selva Biological Station.

Data exclusions No data were excluded from either the shadehouse experiment or field sampling sections of this study.

Reproducibility The long duration of the experimental period (the plant growth period itself was 6 months) and the distance between our university 
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Reproducibility and the experimental site precluded temporal replication of this experiment. Thus, our robust sample size for a tropical shadehouse 
study is the primary verification that the effects we see are reproducible. We have also provided sufficiently detailed methods in the 
main text and supplementary information to allow others to reproduce this study, which we look forward to.

Randomization An equal number of plants were allocated to each of our 9 environmental treatments (3 light x 3 N treatments) in our shadehouse 
experiment. Plants were randomly assigned to one of the 3 N treatments within each light treatment ensuring that N treatments 
were arranged randomly within each light treatment. We also tested for effects of position within each light treatment on our 
response variables and found none.

Blinding During post-harvest data collection (e.g. massing, KCl extraction analysis and isotopic analysis), all investigators were blind to 
treatment assignment.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions All field data were collected under similar conditions. Daily temperatures were around 25 degrees celcius. Weather conditions 

were always cloudy but without rain, as those are the conditions for the highest accuracy when taking hemispherical photos.

Location All samples were taken at La Selva Biological Station (10° 25’ 53.14” N, 84° 0’ 10.51” W). Soil samples were taken at an 
approximate depth of 10 cm directly in the rooting zone of the freshly harvested P. macroloba saplings.

Access and import/export La Selva Biological Station is a research forest run by the Organization for Tropical Studies. All necessary sampling, research, and 
export permits were obtained from the Costa Rican Ministerio de Ambiente y Energia (MINAE).

Disturbance Only small holes were disturbed for the excavation of each individual sapling. Once the sapling had been harvested, the soil and 
litter layer was replaced.

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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