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Key role of symbiotic dinitrogen fixation in tropical
forest secondary succession
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Forests contribute a significant portion of the land carbon sink, but
their ability to sequester CO2 may be constrained by nitrogen1–6, a
major plant-limiting nutrient. Many tropical forests possess tree
species capable of fixing atmospheric dinitrogen (N2)7, but it is
unclear whether this functional group can supply the nitrogen needed
as forests recover from disturbance or previous land use1, or expand
in response to rising CO2 (refs 6, 8). Here we identify a powerful
feedback mechanism in which N2 fixation can overcome ecosystem-
scale deficiencies in nitrogen that emerge during periods of rapid
biomass accumulation in tropical forests. Over a 300-year chronose-
quence in Panama, N2-fixing tree species accumulated carbon up to
nine times faster per individual than their non-fixing neighbours
(greatest difference in youngest forests), and showed species-specific
differences in the amount and timing of fixation. As a result of fast
growth and high fixation, fixers provided a large fraction of the
nitrogen needed to support net forest growth (50,000 kg carbon per
hectare) in the first 12 years. A key element of ecosystem functional
diversity was ensured by the presence of different N2-fixing tree spe-
cies across the entire forest age sequence. These findings show that
symbiotic N2 fixation can have a central role in nitrogen cycling
during tropical forest stand development, with potentially important
implications for the ability of tropical forests to sequester CO2.

The recognition that large proportions of tropical forests are recover-
ing from cutting, agricultural land use or natural disturbances1,9,10 raises
fundamental questions about limits on the tropical carbon sink.
Nitrogen may constrain the post-disturbance recovery of vegetation
and soil carbon pools1,3,11,12 and may limit forest response6,8 to rising
CO2, but the extent to which biological N2 fixation can relieve these
constraints remains unresolved3,13,14. Tree species capable of symbiotic
N2 fixation are abundant in many tropical forests, but recent observa-
tions show that, depending on local conditions, individual trees may or
may not produce the symbiotic nodules where fixation occurs15, that
phosphorus may ultimately constrain fixation in tropical soils8,16–18 and
that some tropical forests contain a low diversity of N2-fixing species7,19.

It is therefore crucial to resolve whether N2-fixing trees can relieve
nitrogen limitation and ensure fixation as an ecosystem service20 dur-
ing tropical forest secondary succession. The existence of a feedback
between post-disturbance forest regrowth and N2 fixation could influ-
ence not only the limits to forest CO2 uptake but also how we under-
stand and model potentially nonlinear interactions between land use,
nitrogen cycling and the land carbon sink2,3,21.

Here we use a replicated, natural ecosystem experiment of forest
recovery from land use across Panamanian forests to ask, first, whether
symbiotic N2 fixation can overcome the nitrogen deficiency imposed
by rapid biomass accumulation during secondary succession; and, second,
whether ecosystem-scale fixation depends on the identity and diversity of
N2-fixing species.

The Agua Salud Project encompasses approximately 15 km2 of trop-
ical moist forests22 on phosphorus-poor oxisols similar to soils in large

tropical regions worldwide23 (Supplementary Note 1 and Supplementary
Table 1). We examined 12 randomly chosen 0.2-ha plots abandoned
from pasture 5, 12 or 30 years ago (four replicate plots per age), plots
abandoned approximately 80 years ago (two 1.0-ha plots), and forests
near mature status (approximately 300 years; two 1.0-ha plots).

We measured diameters of 13,372 trees from 297 identified tree
species, and collected 244 trees to develop allometric biomass equa-
tions for the 26 dominant species22 (Methods, Supplementary Note 2
and Supplementary Table 2). Fixers constituted 2.6–14.5% of basal
area (Table 1), which is at the low end for many tropical forests, and
several of our most abundant species are widespread throughout the
neotropics7. Comparison between 2009 and 2011 measures enabled us
to quantify directly individual tree growth rates and changes in com-
munity composition. Biomass carbon pools were calculated from tree
allometries (sum of leaves, wood and roots; Supplementary Note 2,
Supplementary Fig. 1 and Supplementary Table 2); leaf nutrients across
55 species were similar to other forests24.

We determined fixation in 268 trees (approximately 30% of fixers in
all plots) across the nine most abundant species (.70% of fixer basal
area across plots; Supplementary Notes 3 and 4). For each tree we
quantified active N2-fixing nodules beneath the canopy (nodulation;
g m22) and estimated the fixation rate based on 15N-tracer incubations
or acetylene reduction (Supplementary Note 3 and Supplementary
Table 4). This enabled us to scale up fixation to the ecosystem, by
summing across all individual N2 fixers in all plots using species-
and forest-age-specific data on nodulation and per-nodule biomass
fixation (scenario number 4 in Supplementary Note 3).

We observed rapid forest regrowth and biomass carbon accumula-
tion across the chronosequence (Fig. 1a and Supplementary Table 3).
The rate of biomass accumulation (that is, net biomass carbon increase
per area and forest age) was exceptionally high in young forests,
such that our 12-year forests contained .40% (.50,000 kg C ha21;
.4,100 kg C ha21 yr21) of the biomass present in the 300-year forests
(approximately 120,500 kg C ha21). Biomass carbon accumulation
decelerated in older forests (black line, Fig. 1a), with a theoretical
long-term equilibrium biomass that compared well with eleven old-
growth Panamanian forests25 (red line, Fig. 1a).

We also observed a dramatic trend in N2 fixation across the forest
chronosequence (Fig. 1b, Supplementary Fig. 2 and Supplementary
Table 5). Ecosystem nodulation and total N2 fixation increased steeply
to a maximum in our 12-year forests (29 kg N ha21 yr21), and then
decreased to low levels in 80-year forests. At 300 years, fixation recovered
to 8% of maximum (Table 1, using scenario number 4 in Supplementary
Note 3). Because our sampling was limited to specific forest ages, we
cannot evaluate whether even higher fixation may have occurred
between 5 and 30 years of forest age.

Highest nodulation and fixation coincided with the period of most
rapid plant biomass accumulation (Fig. 1a), implying that nodulation
and N2 fixation were induced by high demand for nitrogen imposed by
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Forest Management Group, Centre for Ecosystem Studies, Wageningen University, 6700 AA Wageningen, The Netherlands. 4Department of Geosciences and Natural Resource Management, University of
Copenhagen, Rolighedsvej 23, DK-1958 Frederiksberg C, Denmark. 5School of Forestry and Environmental Studies, Yale University, New Haven, Connecticut 06511, USA. {Present address: German Centre
for Integrative Biodiversity Research (iDiv), Halle-Jena-Leipzig, Deutscher Platz 5e, 04103 Leipzig, Germany.

2 2 4 | N A T U R E | V O L 5 0 2 | 1 0 O C T O B E R 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

www.nature.com/doifinder/10.1038/nature12525


the regrowing forest. In turn, fixation decreased between the 12-, 30- and
80-year-old forests, coincident with a progressive slowdown of biomass
accumulation; fixation in 300-year-old forests was similar to independ-
ent measures15 from nearby old-growth forests (red point, Fig. 1b).

These ecosystem trends in N2 fixation were corroborated by inde-
pendent observations at scales of plant community composition and
individual plant growth (Table 1). At the community scale, relative
fixer abundance (per cent of total basal area) displayed the same trend
as ecosystem nodulation and fixation: a steep increase to a peak in 12-
year forests, followed by a decrease to low levels in forests of 80 years
and older. At the individual scale, fixers accumulated biomass ninefold
faster than non-fixers at 5 years into forest recovery, but the fixer
growth advantage declined to twofold in 12-year-old forests, and
became equivalent to non-fixers in 30-year-old forests. This fixer
growth advantage was also apparent at the community scale in that
recruitment of fixers greatly exceeded non-fixers (61% versus 5%) in

young forests, but decreased to similar levels in the progressively older
forests. The partial recovery of fixation and percentage basal area of
fixers in 300-year-old forests was due to increased abundance and
per-individual fixation of Tachigali versicolor (discussed below; see also
Supplementary Note 4).

We next asked how these emergent patterns in fixation depended
upon the identity of N2-fixing species. When assessed across all plots,
individual species ranged approximately 200-fold in total nodulation
and fixation (Fig. 2a and Table 2), with two species contributing .65%
of all nodulation: Inga cocleensis and T. versicolor.

0

5,000

10,000

0

15

30

45

0

40,000

80,000

120,000

180,000

V
e
g

e
ta

ti
o

n
 c

a
rb

o
n
 

(k
g

 C
 h

a
–
1
)

N
o

d
u
la

ti
o

n
 

(g
 n

o
d

u
le

 h
a

–
1
)

0

50

100

0

10

20

0 50 100 150 300 350

Forest age (years)

S
u
p

p
ly

 a
n
d

 d
e
m

a
n
d E

x
te

rn
a
l N

 re
q

u
ire

d

External N required
Supply

Demand

a

b

c

N
2  fi

x
e
d

(k
g

 N
 h

a
–
1 y

r –
1)

(k
g

 N
 h

a
–
1
 y

r–
1
) (k

g
 N

 h
a

–
1 y

r –
1)

Figure 1 | Biomass carbon accumulation and dinitrogen fixation in forests
recovering from land use. a, Sum of above- and belowground vegetation
carbon (circles). Error bars (means 6 s.e.m.) are invisible when replicates were
similar. The fitted Michaelis–Menten curve was used to determine net nitrogen
demand for the model, below. Red bar identifies the biomass range observed
across 11 (ref. 25) old-growth Panamanian forests. b, Nodule biomass and N2

fixed (mean 6 s.e.m.). Fixation differs slightly from Table 1 because constant
per-nodule biomass fixation rate is assumed (scenario number 1,
Supplementary Note 3). Red point identifies fixation in nearby mature forests15.
c, Modelled plant nitrogen demand (black), soil nitrogen supply (blue) and
external nitrogen required from N2 fixation (red). Dotted red line illustrates
that fixation increases with disturbance in mature forests. n 5 4 0.2-ha plots for
5–30 years, n 5 2 1.0-ha plots for 80–300 years.
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Figure 2 | Individual species contributions to ecosystem fixation.
a, Calculated total nodulation by species: Inga cocleensis (n 5 64), Tachigali
versicolor (n 5 36), Inga pezizifera (n 5 29), Inga thibaudiana (n 5 30),
Lonchocarpus latifolius (n 5 21), Platymiscium pinnatum (n 5 12), Andira
inermis (n 5 30), Machaerium floribundum (n 5 11) and Swartzia simplex-
grandifolia (n 5 35). b, Observed percentage of total fixation for each species at
each forest age, and the species that specialize on young (red), mid-successional
(orange) and mature (blue) forests (colours and symbols are same as in a).
n values are given in Supplementary Data. c, Proportion of trees with known
ability to fix that are currently fixing (red) and not fixing (white). n 5 4 0.2-ha
plots for 5–30 years, n 5 2 1-ha plots for 80–300 years. Error bars indicate s.e.m.

Table 1 | Properties of N2 fixers and fixation at the ecosystem, community and individual scales during succession
Variable Forest age

5 years (4 plots) 12 years (4 plots) 30 years (4 plots) 80 years (2 plots) 300 years (2 plots)

Ecosystem: total N2 fixation (kg N ha21 yr21) 10 (4) 29 (12) 11 (6) 0.3 (0.1) 2.2 (0.2)
Community: fixer basal area (per cent of total) 5.0 (1.7) 14.5 (1.1) 5.4 (2.3) 2.6 (0.9) 5.8 (1.4)
Community: fixer versus non-fixer recruitment
(per cent per 2 years)

61 versus 5.2 0.51 versus 22.9 21.9 versus 21.15 NA NA

Individual: ratio of fixer to non-fixer growth rate 9.2 (3.7) 2.3 (0.6) 1.1 (0.9) NA NA

Numbers represent mean (s.e.m.). Ecosystem total N2 fixation is calculated based on species- and forest-age-specific data for both nodulation and per-nodule biomass fixation (scenario number 4 in
Supplementary Note 3). Recruitment was calculated as the per cent of trees remaining in 2011 compared to 2009. Positive numbers indicate increasing abundance (that is, positive recruitment), and negative
numbers signify that the group is decreasing (that is, self-thinning). NA, numbers not available because the forest inventory was limited to 1 year. Growth rate was calculated as the average difference in per-
individual biomass between 2009 and 2011. Values of greater than 1 indicate greater growth of fixers relative to non-fixers, whereas values of less than 1 indicate that fixers are growing slower relative to non-fixers.
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Although six of the nine N2-fixing species were present throughout
the chronosequence, individual species differed in when they fixed the
most and were most abundant (Fig. 2b and Table 2). One group
dominated by I. cocleensis fixed primarily in the youngest forests, a
second group in 30-year-old forests (dominated by Inga pezizifera),
and a third group in mature forests (dominated by T. versicolor). We
infer that these forests depend on a diverse suite of tree species that
partition the biogeochemical niche26 for fixation over the course of
biomass recovery.

We further asked whether our observed fixation trend was gener-
ated by, first, N2-fixing species that always fix but are progressively
excluded from the community as nitrogen is replenished (that is,
obligate fixation); or, second, N2-fixing species that persist over time
but that turn fixation on or off depending on their nitrogen balance
(that is, facultative fixation). This distinction is significant because the
first theory implies that the ecosystem capacity for fixation disappears
over time, whereas the second theory implies that the capacity is func-
tionally ensured throughout forest succession.

Our results support the second theory. The proportion of trees with
confirmed ability to fix remained relatively stable in forests 12 years
and older, yet the proportion that expressed fixation declined from
71% at 12 years to 23% at 80 years (Fig. 2c and Table 2). Furthermore,
even when fixing, individuals varied their investment in fixation and
nodulation across at least two orders of magnitude independent of
species (Table 2), consistent with facultative fixation at the individual
scale. These dynamics indicate that fixers can buffer forest nitrogen
supply by upregulating fixation when nitrogen is low15,27.

Our findings identify an ecosystem-scale feedback between forest
regrowth, vegetation nitrogen demand and the supply of new nitrogen
ensured by N2 fixers. The results imply that nitrogen limitation is the
mechanism favouring fixers and fixation in young forests, but the drop

in fixation in older forests could result from either an alleviation of
nitrogen-limitation or a decrease in light available to fixers. However,
light does not explain the approximately 99% decline between maxi-
mum and minimum fixation rates (12 versus 80 years), because the
proportion of fixers with canopy access to sunlight remained high over
time (51% versus 45%, respectively; Supplementary Note 8 and
Supplementary Table 7).

We evaluated the nitrogen feedback using a mass-balance model that
captures the mechanisms of plant nitrogen demand (net leaf, wood and
fine-root growth), plant–soil nitrogen recycling, nitrogen inputs (depos-
ition and fixation) and nitrogen losses (Methods, Supplementary Notes
5–7, Supplementary Box 1, Supplementary Table 6 and Supplementary
Figs 3, 6 and 7). When the model was run with the observed pattern of
biomass carbon and nitrogen accumulation (fitted line in Fig. 1a), it
revealed, first, that the nitrogen demand imposed by vegetation growth
greatly exceeded the capacity of internal recycling to supply plant
nitrogen in the first approximately 25 years (dashed versus dotted lines,
Fig. 1c); second, that the resulting nitrogen deficit (red line, Fig. 1c) was
highest when biomass accumulation was steepest in early succession,
and declined as biomass accumulation decelerated over time (red line
in Fig. 1c versus black line in Fig. 1a); and, third, that the overall shape
of the resulting nitrogen deficit recreated the observed changes in
fixation across our plots (red line in Fig. 1c versus black line in
Fig. 1b). The field data indicated a lag in fixation in our youngest
forests, compared to the model, probably caused by slow establishment
and growth of the early tree community (Supplementary Note 6 and
Supplementary Figs 4 and 5).

Although fixation would be downregulated as the plant–soil nitro-
gen cycle becomes increasingly balanced (Fig. 1c), we nevertheless
observed low but continued fixation in 300-year-old forests by the
gap specialist, T. versicolor. This indicates that the feedback between

Table 2 | Properties of individual species at different stages of forest recovery
Forest
age (years)

Species (from left to right in decreasing order of importance for N2 fixation at the ecosystem level)

I. cocleensis T. versicolor I. pezizifera I. thibaudiana L. latifolius P. pinnatum A. inermis M. floribundum S. simplex-
grandifolia

Abundance, given as the number of trees per species per ha; the total number of trees of any species per ha is given in parentheses beside forest age

5 (13,806) 230 0 10 135 65 0 95 0 30
12 (6,145) 460 5 80 150 235 0 25 7 140
30 (3,925) 70 95 100 15 5 60 70 8 165
80 (2,240) 8 31 22 7 5 3 4 0 5
300 (1,569) 9 48 12 6 18 6 24 0 0

Trees that were N2-fixing (per cent of trees examined)

5 62 NA NA 82 83 NA 17 NA 100
12 91 100 81 87 60 NA 50 22 40
30 56 53 54 100 100 72 17 50 25
80 0 48 33 NA 25 0 17 NA 0
300 8 72 25 NA 45 50 30 NA 0

Mean nodulation rate for N2-fixing trees (min–max) (g nodule m22 under tree canopy)

5 1.02
(0.06–9.34)

NA NA 1.07
(0.11–6.66)

1.17
(0.04–3.00)

NA 0.18 NA 0.82

12 1.93
(0.15–7.79)

8.12 1.35
(0.2–12.87)

1.43
(0.30–8.40)

0.34
(0.18–0.49)

NA 0.15 1.54
(0.15–16.01)

0.63
(0.08–3.66)

30 1.81
(0.02–4.78)

6.73
(0.30–31.87)

3.09
(0.25–8.03)

1.18
(0.3–3.78)

9.05 1.08
(0.27–2.26)

0.27
(0.21–0.36)

4.94 0.55
(0.11–3.23)

80 NA 1.82
(0.44–2.95)

0.79 NA 0.19 NA 0.11 NA NA

300 3.33 3.06
(0.18–16.01)

0.46 NA 0.99
(0.32–5.62)

1.18
(0.14–9.96)

0.18
(0.06–0.39)

NA NA

Mean fixation rate for N2-fixing trees* (s.e.m.) (g N m22 yr21 under tree canopy)

5 4.6 (2.2) NA NA 4.8 (2.1) 0.8 (0.8) NA 0.5 (NA) NA 2.2 (NA)
12 8.7 (2.4) 7.4 (NA) 6.5 (2.8) 6.5 (2.8) 0.2 (0.1) NA 0.4 (NA) 4.1 (NA) 1.7 (0.3)
30 8.2 (4.8) 6.1 (3.6) 5.3 (NA) 5.3 (NA) 6.4 (NA) 2.9 (1.4) 0.7 (NA) 13.2 (NA) 1.5 (1.2)
80 NA 1.7 (0.3) 2.6 (NA) NA 0.1 (NA) NA 0.3 (NA) NA NA
300 11.1 (NA) 2.8 (1.1) 1.6 (NA) NA 0.7 (0.2) 3.1 (NA) 0.5 (NA) NA NA

*Uses the species- and forest-age-specific per-nodule biomass fixation rate. NA, data not available because the species was either absent or not measured, or because the error could not be calculated due to
insufficient replication. The number of trees sampled for Table 2 is given in the Supplementary Data for Fig. 2b.
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fixation and soil nitrogen deficiency also can occur in tree-fall gaps15

that begin to form as stands mature and become less uniform;
T. versicolor grows rapidly when such light gaps form.

Our findings offer an example in which a vital ecosystem function
emerges from the properties of individual species. We estimate that
fixers provided .50% of the nitrogen needed to support the sequest-
ration of 50,000 kg of plant carbon per hectare over the first 12 years
of forest recovery. The presence of such high fixation rates on the
phosphorus-poor Agua Salud soils implies that phosphorus may be
less of a constraint on tropical fixation than often assumed in theories
or models. Other factors including competition for light or soil mol-
ybdenum28 may ultimately limit fixers and/or fixation. Most fun-
damentally, our results offer a mechanism by which tropical forests
can avoid nitrogen constraints caused by disturbance or land-use
transition, or that are predicted to occur in response to rising atmo-
spheric CO2.

METHODS SUMMARY
We sampled 16 forest plots at different stages of recovery from agriculture to intact
forest within the 15 km2 Agua Salud Project and in the nearby Soberania National
Park. All plots had similar climate and were on soils (oxisols) with similar chemical
and physical characteristics. In each plot, we measured the diameter of trees and
calculated aboveground and belowground carbon and nitrogen biomass using
allometric equations developed from 244 trees collected at our sites. We analysed
leaf carbon and nitrogen contents from 55 common species across our plots, and
used standard conversion factors to estimate carbon and nitrogen biomass across
leaf, roots and wood tissues of each individual tree. To determine whole-ecosystem
biomass carbon and nitrogen, we summed across all individuals of each species in
each plot.

We quantified fixation in individuals and at the ecosystem scale by measuring
nodule biomass for 268 trees across the 9 most abundant N2-fixing species, and
per-nodule biomass fixation rates derived from 15N incorporation and acetylene
reduction. We calculated fixation at the scale of the ecosystem across both indi-
vidual species (sum of all individuals of a given species) and across all species
combined (sum of all individuals from all N2-fixing species).

We developed a mass-balance plant–soil ecosystem model in which plant nitro-
gen demand and plant litter input to soils was externally forced by the observed
carbon accumulation curve across our chronosequence. We considered a plant-
available and a plant-unavailable soil pool, and a ‘passive’ soil pool that turned over
on a timescale greater than the successional dynamics of this study (and thus was
considered external to the plant–soil model). Nitrogen can enter the system
through inputs from deposition, the slow mineralization of the externalized pass-
ive pool or N2 fixation, which is determined as the difference between plant
nitrogen demand and soil nitrogen supply.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Study sites. We sampled 16 forest plots at different stages of recovery from agri-
culture to intact forest within the 15-km2 Agua Salud Project22 and in Soberania
National Park approximately 3 km from Agua Salud. Soils across all sites were
highly phosphorus-poor and clay-rich oxisols derived from basalt parent material,
with no significant differences in carbon, nitrogen, phosphorus or cations across
forest age (P . 0.05, ANOVA, d.f. 5 4 for total carbon, total nitrogen, carbon:ni-
trogen, total phosphorus; and d.f. 5 2 for Mg, K, Ca, Al and extractable phos-
phorus) (Supplementary Table 1). All sites were classified as tropical moist forest,
received similar annual rainfall (2,700 mm; S. Paton, personal communication)
with a December-to-April dry season, and shared a diverse community of tree
species (.297). Forests contained 24 N2-fixing tree taxa, many of which are com-
monly found throughout neotropical forests. We measured all biological and soil
properties in the wet season.
Sampling approach. We selected sites to create a replicated sequence of forest
recovery ages, with all sites ,80 years old recovering from grazing, and sites 80
and 300 years old recovering from either cutting alone or cutting followed by grazing
and/or non-intensive agriculture29,30. We used a standard chronosequence approach31

in which space-for-time substitution is used to infer changes in ecosystem properties
at temporal scales that exceed the limit of direct observation, and which assumes that
sites share similar initial conditions and similar dynamics over time. Our forests and
soils are very similar in composition and historical origin, but, depending on forest
response to CO2 fertilization and/or temperature change (at present unknown),
increased atmospheric CO2 or temperature may have introduced a historic bias in
the rate of recovery in younger forest stands.

We adjusted area and number of plots to account for differences in tree density
(13,800 versus 1,500 trees per ha in 5- versus 300-year-old forests, respectively;
Table 2), landscape variability in community composition (high in young forests),
biomass accumulation (high in young forests; Fig. 1a) and the influence of loca-
lized forest gap dynamics (absent in young forests but common in 300-year-old
forests). Note that in mature forest it is not possible to conceptually or visually
separate ‘gaps’ (unless they are only a few years old) from ‘mature forest’. We
sampled four replicate 0.2-ha plots in all forests ,80 years, and two replicate
1.0-ha plots in the 80- and 300-year-old forests. In plots ,80 years, we measured
every tree with a diameter at breast height (DBH) of $5 cm, and half of all trees
with a DBH of 1 to 5 cm; in 80- and 300-year-old plots we measured every tree with
a DBH of $10 cm and two-fifths of trees with a DBH of 1 to 10 cm in 2008. We
sampled all plots of ,80 years in age in 2009 and 2011; this enabled us to reliably
calculate differences in individual tree growth rates between fixers and non-fixers,
and to quantify changes in community composition during the period of highest
biomass accumulation and strongest competition for light. We did not re-sample
our older sites because growth calculated from DBH becomes reliable only in large
trees over longer timescales.
Biomass calculations. We used a standard allometric approach to quantify bio-
mass allocation to leaves, wood and fine roots across all plots (Supplementary
Fig. 1 and Supplementary Tables 2 and 3). For each of our 26 most common
species (contributing approximately 75% of total basal area across all plots) we
developed equations (all R2 . 0.85) for aboveground wood and leaf biomass by
collecting 244 trees ,26 cm DBH: Bx,s~Yx,s|DBH Zx,sð Þ, where B is biomass, Y is
a proportionality coefficient, Z is a scaling exponent, x is leaf or wood, and s is
species22 (Supplementary Table 2). For all other species, we used a general equation
based on all species combined (Supplementary Table 2). Roots and the sum of
aboveground and belowground wood were calculated as described below. For
trees with a DBH of $26 cm, we used a general equation for aboveground tropical
forest biomass25 (AGB): AGB~A|eB, where B 5 23.742 1 3.45 3 log(DBH) –
0.148 3 log(DBH)2 and A is a coefficient for wood density. We calculated biomass
allocation to leaves versus roots versus wood, as follows: leaf area index equilib-
rating at approximately 0.2 kg N m22 after canopy closure; fine roots equal to leaf
biomass9,32; coarse roots from a published allometric relation with stem biomass
derived from the global Luyssaert database33; and total wood 5 AGB 2 leaf biomass 1

coarse root biomass. Biomass was summed across all trees in each plot and con-
verted to carbon based on the average carbon content (0.47) in our forests34.
Tissue nutrient pools. We determined biomass, and biomass carbon and nitro-
gen pools (Supplementary Table 3), by summing the biomass of individual trees
(estimated with allometric equations as described above) across all individuals and
species and applying the nitrogen content of tissues that we determined from our
forests and the literature. We measured species-specific leaf nitrogen content of
leaves from the 55 most common species of trees across the Agua Salud forest
sites35. Leaf nitrogen contents were within the range found at other neotropical
sites24,36. To calculate the total leaf nitrogen pool size, we found the community
abundance-weighted average leaf nitrogen content and applied that to our total
leaf biomass pool size. We used a standard nitrogen content of wood derived from
the literature37 in the lower (and conservative, for our calculations) range of

tropical wood nitrogen contents38, and we approximated fine-root nitrogen con-
tent as being equal to leaves. Total forest biomass nitrogen was determined as the
sum of leaf, wood, and root nitrogen.
Dinitrogen fixation. We directly quantified nodule biomass and N2 fixation by
collecting 2,334 soil cores (5.5 cm in diameter, 10 cm deep) randomly from the
rooting zone beneath each individual tree using crown area to approximate root
area in the rainy season of 2010 (refs 15, 39). To account for differences in rooting
area with tree size, we collected 6 cores for trees with DBH of 1–5 cm, 8 cores for
trees with DBH of 5–10 cm, 10 cores for trees with DBH of 10–20 cm and 12 cores
for trees with DBH . 20 cm, consistent with our sampling method that we
developed over the past 9 years. All nodules were cut open to confirm nitro-
genase activity, and total nodule biomass was expressed per soil area of each tree
(g nodule m22) and per individual tree (g nodule tree21). Because natural abund-
ance 15N/14N ratios cannot necessarily resolve individual tree N2 fixation40, we
quantified nodulation from June to August 2010 and nodule mass-specific fixation
using 15N-tracer incubations of several species of Inga15 and acetylene reduction
assay (ARA) measures in 15 species of fixers across different growth conditions in
Panamanian forests between 2003 and 2012 (Supplementary Table 4). We expanded
these measures to the plot scale as follows: we scaled average species-specific nodule
biomass (g nodule m22) to the rooting area for each individual tree and summed
across all trees in each plot; for the species for which we did not directly quantify
nodulation (,30% of fixer basal area), we used the average nodule biomass per area
from all species. When evaluating percent nodulation across species (Fig. 2c) and the
fraction of trees that were currently fixing, we considered only trees for which we had
directly measured fixation.

We calculated N2 fixation by multiplying nodule biomass by per-nodule bio-
mass fixation rate from the two groups above, and evaluated the potential effect of
species- and forest-age-specific per-nodule biomass fixation rates (discussed in
Supplementary Note 3). Total ecosystem fixation rates were relatively insensitive
to variations in these assumptions; we therefore report species- and forest-age-
specific data on both nodulation and per-nodule biomass fixation in Table 1 and
compare the alternative scenarios in Supplementary Note 3.
Model description. Our model evaluates the effect of the observed biomass accu-
mulation trend (line in Fig. 1a; quantified from allometric measures of all indi-
vidual trees across all species and all plots) on the internal forest N cycle. The
model (Supplementary Box 1) tracks nitrogen mass balances (as kg N ha21) in
plant pools of leaves (NL), wood (NW) and fine roots (NR), as well as in plant
available (NA) and plant unavailable (NU) forms in soil:

Bx 5 B*x t/(t*x 1 t) (1)

NL 5 NR 5 vLBL (2)

NW 5 vW (BT 2 BL 2 BR) (3)

dNA/dt 5 I – plant N demand 1 mNU 2 k (NA) 1 r a (mLNL(t) 1 mRNR(t)) (4)

dNU/dt 5 bmWNW(t) 2 m(NU) 1 r (1 2a) (mLNL(t) 1 mRNR(t)) (5)

Equation (1) describes the observed net plant biomass accumulation (B) over time
(t) fitted as a Michaelis–Menten equation based on the tissue-specific allometric
calculations outlined above (Fig. 1a and Supplementary Note 2), and where B*x is
the equilibrium maximum biomass, t*x is the half-saturation constant and x refers
to tissue pool (L, leaves; R, fine roots; W, wood; T, total biomass). Following stand-
ard convention9,32,33, we assumed equal quantities of nitrogen in leaf (NL) and fine
root (NR) biomass, and calculated both pools as leaf biomass times the fraction of
nitrogen in leaf biomass (vL) (equation (2)). We calculated nitrogen in wood as the
product of wood biomass (total plant biomass minus leaf and fine-root biomass)
and the fraction of nitrogen in wood (vw) (equation (3)). Equation (4) gives the
time-dependent change in the plant-available soil nitrogen pool, as a function of
external nitrogen input (I), the plant nitrogen growth demand, the input miner-
alization rate (m) from plant-unavailable soil nitrogen, the loss rate (k) from the
plant-available soil nitrogen pool, and the input rates of plant leaf (mL) and fine-
root (mR) turnover, where r is the nitrogen fraction not retranslocated and a is the
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fraction entering the soil-available pool. Plant nitrogen demand was calculated
from equation (1) applied to all tissue pools and corrected for annual turnover
(adjusted for retranslocation) of leaf and fine-root nitrogen. Equation (5) gives the
time-dependent change in the plant-unavailable soil nitrogen pool, as a function of
the input rate from wood mortality (mW), where b identifies the fraction of wood
mortality entering the plant-unavailable pool; the loss mineralization rate (m) to
the plant-available pool; and the input rates of nitrogen from leaf (mL) and fine-
root (mR) turnover.

We simplified our model by externalizing all soil nitrogen with mean residence
time (MRT) that exceeded the dynamics of interest in this study (taken as
.30 years). We assumed that this soil nitrogen is large in size and originated from
wood, with the flux calculated as a loss fraction (1 2 b) of wood mortality. We also
considered a slow but constant mineralization input from this external pool, which
we added to the external input term (I). We show in Supplementary Information
that this simplification offered a good approximation of more complex models in
which we explicitly tracked a passive soil nitrogen pool following the standard
approach of CENTURY-type models.

The external nitrogen required (that is, N2 fixation) was calculated as the
difference between plant nitrogen demand and soil nitrogen supply. A positive
value indicates that the internal nitrogen supply could not match the demands of
the recovering forest, thus necessitating additional nitrogen inputs from symbiotic
fixation. A negative balance, in turn, indicates that internal supplies were sufficient
or exceeded forest demand.
Model parameterization. We parameterized the model using values reasonable
for our Panamanian forests as summarized in Supplementary Table 6. We used the
tissue nitrogen contents (percentage nitrogen) that we determined from our data
and the literature as described above. We allowed leaves to turn over annually,
which is conservative relative to our observations across the youngest forests, as
faster turnover would increase external nitrogen required.

We doubled the rate of wood turnover (from 0.02 to 0.04 per year) to evaluate
the effect of disturbance on fixation in mature forests (shown as dotted red line in

Fig. 1c). Because we are simulating forest carbon recovery during secondary suc-
cession, we started the plant-unavailable nitrogen pool at 60% of equilibrium size;
we show in Supplementary Information that increasing the pool size to 100% does
not alter the dynamics of the system.
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 Supplementary note 1 | Soil nutrients:  

All study sites were located on oxisol soils, derived from basalt parent material 

and characterized by low phosphorus, high nitrogen, and high clay content similar to 

soils in broad tropical regions worldwide.  We quantified nutrients by sampling soils in 

the active fine-rooting zone (10 cm in depth for total nutrient analyses, and 15 cm for 

Mehlich III extractions).  Total nitrogen and carbon were determined by combustion on a 

C-N analyzer (NC2500 Elemental Analyzer, CE Elantech, Lakewood, New Jersey, USA) 

in our lab at Princeton University.  Total phosphorus was determined using acid 

digestion and ICP-AES at the analytical lab at UC Davis.  Cations and trace elements 

were measured using Mehlich III extraction in the Turner soil lab at the Smithsonian 

Tropical Research Institute, Panama.   

Soil nutrients did not change significantly (p>0.05 for all nutrient across all forest 

ages, ANOVA, df=4 for total carbon, total nitrogen, carbon:nitrogen, total phosphorus 

and df=2 for Mg, K, Ca, Al, and extractable phosphorus) with forest age (summarized in 

Table S1).  Total soil phosphorus was uniformly low (average ~229 ppm) relative to 

tropical forests in Panama41 and worldwide (for ranges across the Amazon, see ref.23).  

In contrast, soil nitrogen was substantial (0.31% of soil), carbon-to-nitrogen weight 

ratios were low (~12), and cations were in the range reported for other neotropical 

oxisols23.
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Table S1 | Soil nutrient pools at different periods of forest recovery age. 

 

 

Supplementary Note 2 | Changes in forest biomass, carbon and nitrogen: 

a) Allometric biomass calculations: 

 We harvested 244 trees (ranging from 1 to 26 cm diameter at breast height, 

DBH) from the 26 most abundant species across our plots to develop allometric 

regression equations for DBH vs. biomass in leaves and wood as detailed in Methods.  

All resulting equations had high R2 values and are reported along with the allometric 

constants for each species in Table S2.  For trees >26 cm DBH, we used the allometric 
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equation for tropical forests from ref.25.  For each tree, we estimated coarse root 

biomass based on an allometric equation relating coarse root biomass to aboveground 

biomass in ref.33 and calculated total tree biomass as the sum of aboveground and 

belowground (fine roots plus coarse roots) biomass as described in Methods.  The 

resulting allometric trends in biomass allocation followed empirical observations33 and 

were consistent across all tree sizes (Fig.S1).
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Table S2 | Parameter values and statistical fit (R2) for allometric biomass equations* for 

26 common species.   

Species
Y Z R2 Y Z R2

Annona spraguei 239 2.45 0.94 7242 2.56 0.97
Apeiba tibourbou 26.7 1.70 0.85 1495 2.18 0.99
Banara guianensis 22.5 1.30 0.90 3887 2.21 0.99
Byrsonima crassifolia 164 1.86 0.91 4368 2.23 0.99
Casearia sylvestris 159 1.90 0.96 8856 2.43 0.99
Cochlospermum vitifolium 5.17 1.64 NA 1307 2.10 0.98
Conostegia xalapensis 82.7 1.63 0.85 1909 1.98 0.97
Cordia bicolor 39.0 1.59 0.93 4181 2.38 0.99
Cupania cinerea 868 2.42 0.98 5236 2.28 0.99
Cupania scrobiculata 330 2.18 0.89 6398 2.40 0.98
Inga cocleensis 100 1.66 0.97 11134 2.51 1.00
Inga thibaudiana 65.8 1.51 0.92 8033 2.42 0.99
Lacistema aggregatum 39.0 1.54 0.96 3165 2.15 0.99
Miconia affinis 122 1.75 0.98 6809 2.35 1.00
Miconia argentea 122 1.89 0.93 7069 2.42 1.00
Pachira sessilis 64.4 1.85 0.94 2493 2.26 0.99
Ryania speciosa 103 1.82 0.89 3509 2.19 0.97
Schefflera morototoni 166 2.04 0.97 4378 2.42 0.99
Terminalia amazonia 318 2.01 0.98 5180 2.27 1.00
Thevetia ahouai 28.0 1.67 0.96 3233 2.29 0.99
Trechospermum galeottii 91.1 2.40 0.92 2970 2.37 0.97
Trema micrantha 14.2 1.64 NA 4835 2.39 1.00
Vernonanthura patens 1.91 1.64 NA 518 1.81 0.97
Vismia baccifera 61.1 1.80 0.88 8399 2.54 0.98
Vismia macrophylla 75.3 1.63 0.93 7250 2.39 0.99
Xylopia frutescens 128 1.79 0.89 6345 2.34 0.99

All species combined 54.3 1.64 0.83 3539 2.23 0.97

Leaves Wood

 

* Constants satisfy the equation Bx,s = Yx,s * DBH^(Zx,s), where s = species, x = leaf or 

wood biomass, Y is a proportionality coefficient, and Z is a scaling exponent.  The R2 

indicates the sum of squares for the fit of the equation.  NA indicates trees for which the 

regression fit was poor (R2<0.8), and for which we therefore used the all-species 

exponent instead of the species-specific exponent. 
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Figure S1 | Patterns of biomass allocation to leaves, stem, coarse roots, and fine roots 

as a function of individual tree size according to the all-species equations for trees <26 

cm DBH and the general rules for trees >=26 cm DBH. 

 

b) Biomass carbon and nitrogen pools:   

We report biomass and biomass carbon and nitrogen pools in Table S3.  Total 

forest biomass and nutrient pools accumulated rapidly across plots as a function of 

forest age and could be characterized by a saturating Michaelis-Menten (equation 1 in 

Methods).  We observed only small differences between replicate plots (some errors not 

visible in Fig.1A). 

We observed a distinct pattern in nutrient accumulation across different tissues 

(Table S3), with net carbon and nitrogen sequestration governed by increased leaf and 

fine root biomass in early recovery forests (≤12 years) as young plants invested 

nitrogen into building their canopy and photosynthetic machinery to maximize energy 

capture.  Net growth of leaves and fine roots decreased in older forests (as crowns of 
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plants filled available space to maximize competition for light, and roots similarly 

occupied soils) and wood instead became the dominant net sink for both nitrogen and 

carbon.  We infer from these trends that on a per-carbon basis, the supply of nitrogen to 

plants is especially important for supporting the early recovery carbon sink, as plants 

then primarily build nitrogen-rich crowns and fine roots.  In older forests, however, the 

quantity of nitrogen required per carbon sequestered declines as woody biomass 

becomes the increasingly dominant sink.  These trends cause whole plant C:N ratios to 

roughly double, from 107 in 5-year forests to 209 in 300-year forests (Table S3).   
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 Table S3 | Plant tissue nutrient pools in forests at different stages of recovery from 

land-use transition. 

 

 

Supplementary Note 3 | Scaling of N2 fixation from individuals to the ecosystem: 

a) Species-specific fixation rates: 

We calculated total ecosystem-scale fixation using both measures of nodulation 

(g nodule ha-1) and per-nodule biomass N2 fixation rates (g N fixed g nodule-1 yr-1).  

Building and maintaining nodules is costly, so trees that employ a facultative fixation 

strategy (including all of the species examined here) appear to only invest in nodulation 

when the soil cannot supply enough nitrogen to meet their needs.  In addition, as a 
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direct physiological measure, per-nodule biomass fixation rates are notoriously variable 

over short timescales, much like photosynthesis in a single leaf.  In contrast, trees may 

adjust nodulation over the course of their lifetime (and over the course of forest 

succession) such that nodulation offers a more reliable indication of resource allocation 

to fixation at the scale of individual trees.  Our studies in Panama have shown that 

differences in fixation across forests primarily results from differences in nodulation, and 

that variation in per-nodule biomass fixation rates contribute substantially less15.  In this 

study, we have emphasized careful measures of nodulation across individuals, species 

and forest plots, and combine these with per-nodule fixation rates to estimate fixation at 

the ecosystem scale (as described below).   

Over the past 9 years, we have measured per-nodule biomass fixation rates 

using the Acetylene Reduction Assay (ARA) in 15 species and 95 individuals of 

common tropical N2 fixing trees (Table S4) and using 15N2 incorporation in several 

species of Inga15,27.  The majority of these measures were conducted in the wet season, 

but we also compared wet vs. dry seasons and were unable to distinguish any 

significant seasonal effect on either nodulation or per-nodule biomass fixation rates15.   

Trees were selected from a variety of forest types around Barro Colorado 

National Monument, the Agua Salud Project site, and Soberania National Park, 

including young and mature forests.  Despite the temporal, spatial, and species 

differences in the provenance of the trees, we observed consistent (but still minor 

relative to differences in per-plant nodulation) patterns in average per-nodule biomass 

ARA rates across species groups and growth conditions.  Different species of Inga, a 

taxon that specializes on successionally younger forests and that is the most abundant 
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of N2-fixing genera in our study sites, displayed consistently higher rates of per-nodule 

biomass ARA than two abundant mature forest species (Tachigali versicolor and 

Lonchocarpus latifolius).  In addition, we observed slightly but significantly higher per-

nodule biomass ARA in Inga grown in early successional when compared to Inga grown 

in mature forest growth conditions. 

 

Table S4 | Average rates of per-nodule biomass ARA from 95 individual trees across 15 

species and different growth conditions; these values were used in our ecosystem 

fixation calculations.  
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b) Scaling individual fixation to the ecosystem: 

To calculate total ecosystem fixation, we used four alternative scenarios of 

increasing mechanistic resolution of per-nodule fixation: 

1) An average per-nodule biomass fixation rate based on 15N enriched N2 

incubations of several species of Inga (derived from ref.15). 

2) An average per-nodule biomass ARA rate across all 15 species and all forest 

ages (Table S4). 

3) Species-specific averages of per-nodule biomass ARA rates for Inga 

cocleensis, Inga goldmanii, Lonchocarpus latifolius, and Tachigali versicolor.  

For other species of Inga we used the average ARA rate across all 10 

species of Inga measured.  For other species we used the all-species 

average ARA rate. (Table S4) 

4) Species-specific averages of per-nodule biomass ARA rates as in #3, with the 

additional specification of forest age-specific ARA rates for Inga (i.e., in young 

vs. mature forest growth conditions; Table S4). 

For scenarios 2-4 we used the C2H4:N2 conversion factor from ref.15.   

Our four different scenarios resulted in similar patterns of estimated ecosystem-

scale fixation across forest age (Fig.S2 and Table S5).  All scenarios produced peak 

fixation in 12-year old forests, a gradual decline to low levels in 80-year forests, and a 

slight increase in 300-year forests.  Quantities of N2 fixed (kgN ha-1 yr-1) were similar 

across scenarios, but the species and forest age-specific scenario (#4) displayed 

somewhat higher fixation in 12-year forests (29.1 kgN ha-1 yr-1, largely due to elevated 
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per-nodule biomass fixation rates of young forest Inga) but lower in 300-year forests 

(2.2 kgN ha-1 yr-1, largely due to the lower rates of Tachigali versicolor).  As a whole, this 

sensitivity analysis supports the notion that between-forest differences in forest N2 

fixation primarily are caused by differences in nodulation. 

In the main text we present results from the scenario #4 calculation, except for in 

Fig.1B where we use the constant per-nodule value of scenario #1 (which allows us to 

represent both nodules and fixation on the same Y-axis). 

 

 

Figure S2 | Total ecosystem N2 fixation as forests recover from land-use transitions 

calculated using four different fixation rates.  Ecosystem fixation was calculated using 

nodule biomass and fixation rates calculated using: 15N incubations from ref.15 

(scenario #1; solid black circles), an all-species average (scenario #2; open circle), 

species-specific averages (scenario #3; open square), or species and forest age-

specific average (scenario #4; open diamonds).  Averages per-nodule biomass fixation 

rates used for each scenario are summarized in Table S4. 
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Table S5 | Ecosystem N2 fixation at different stages of forest recovery from land-use 

transition. 

 

 

c) Potential contribution of asymbiotic fixation: 

 We focused on N2 fixation by trees, in which plant-bacteria symbiosis makes 

possible large supplies of reduced carbon compounds (through photosynthesis) that, in 

turn, sustain high rates of N2 fixation by bacteria.  This process can potentially 

contribute large quantities of new nitrogen to land ecosystems.  In contrast, asymbiotic 

fixation depends on free-living bacteria that consume reduced organic carbon 

compounds from the soil matrix.  Since such compounds are limited in abundance, 

asymbiotic fixation occurs at substantially lower rates than symbiotic fixation.  

Although we did not directly quantify asymbiotic fixation across our forest age 

sequence, our calculations indicate that it would contribute negligibly to total nitrogen 

fixed in all sites except in our 80-year old forests  (where symbiotic fixation was <1 kgN 

ha-1 yr-1).  We have examined asymbiotic fixation across six forest sites along a strong 

gradient of soil phosphorus28,42, and as a function of experimental addition of the trace 
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element molybdenum and macronutrient phosphorus.   Taken together, these measures 

indicate a range in asymbiotic N2 fixation, from ~0.15 kgN ha-1 yr-1 in unamended soils 

to 0.44 kgN ha-1 yr-1 in soils amended with molybdenum alone, or molybdenum plus 

phosphorus. 

 

Supplementary Note 4 | Fixation in mature forests: 

 We examined changes in the abundance, nodulation, and fixation of 9 individual 

species across all forest ages as summarized in Table 2.  Total N2 fixation at each 

forest age for each species was calculated using the species and forest age-specific 

per-nodule biomass fixation rate (scenario #4, above).  We included the most abundant 

species of liana (Machaerium floribundum), which contributed <1% to total fixation.  

Only species with confirmed ability to fix N2 were considered in this study43,44,45. 

 Although the majority of the fixation occurred in the younger forests, we observed 

elevated fixation in the mature forest contributed mostly by the species Tachigali 

versicolor (Fig.2 and Table 2).  The observed Tachigali effect likely depends on gap-

phase dynamics, as the species can persist for decades in the shade (without much net 

growth) and then shoots up rapidly when a light gap opens up.  This mechanism would 

also explain why fixation is lower in the more uniform mid-aged forest since gap-phase 

dynamics and patchy multi-aged canopies do not become important until late in 

succession.  Gap formation is frequent in these older forests and trees expand to close 

gaps within a few years of formation, therefore it is impossible to isolate conceptually or 

visually “gap” (unless they were only a few years old) vs. “mature forest”.   
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Supplementary Note 5 | Model parameters and dynamics:  

We parameterized the model (Supplementary Box 1) using values (reported in 

Table S6) consistent with tropical forests.  The net accumulation of total forest biomass 

and of leaf biomass followed the Michaelis-Menten function observed across our forest 

age gradient (equation 1 in Methods).  Tissue nitrogen contents were determined as 

described in the Methods, and the biomass carbon content was determined from 

individual trees harvested in our sites22.  We assumed that plants retranslocated 40% of 

leaf and root nitrogen before becoming moribund46 (for fine roots, this leads to a 

conservative estimate of nitrogen demand47). 

Consistent with previous studies12, we assumed that grazing/agronomic activity 

reduces plant unavailable soil nitrogen (NU), such that the initial condition for NU was 

60% of the mature forest equilibrium pool size.  We further assumed initial biomass 

nitrogen (NB) at 0 kg/ha (i.e., few or no trees) and plant available soil nitrogen (NA) at 0 

kg/ha (similar to refs 4 and 9).  Trees were allowed to drop their leaves once per 

year48,49; this assumption is conservative for our youngest forests in which we have 

observed that leaves turn over as frequently as once a month in young trees.  We 

assumed that fine roots turned over once every other year50 and a turnover rate of the 

entire forest of 50 years51,52. 
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Supplementary Box 1 | Coupled carbon-nitrogen model.  

 

Inputs of nitrogen (I) included 1-2 kgN ha-1 yr-1 of natural deposition (following 

ref.52) and 3.7-4.7 kgN ha-1 yr-1 of mineralization of passive soil nitrogen for a total of 

6.7 kgN ha-1 yr-1.  Nitrogen loss from the system included 2/3 of wood nitrogen (NW) to a 

passive soil nitrogen pool external to the system, and most of inorganic nitrogen to deep 

soil/stream water or denitrification (k; similar to ref.53).  Plants mineralized the plant 

unavailable soil nitrogen pool (m) with a turnover time of 5 years. 

 The resulting sizes of the nitrogen pools in plants, plant unavailable soil nitrogen 

and plant available soil nitrogen are summarized in Fig.S3.
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Table S6 | Parameter definitions, units and values used in the model. 
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Figure S3 | Modeled changes in biomass nitrogen (NT), plant available soil nitrogen 

(NA), and plant unavailable soil nitrogen (NU) over time. 

 

Supplementary Note 6 | Influence and evidence of lag time in plant community 

response: 

Use of a Michaelis-Menten curve to fit our field carbon accumulation data 

(Fig.1A) caused our model to predict that peak ecosystem fixation occurred immediately 

following the onset of forest recovery (Fig.1C).  However, our field data showed a 
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delayed fixation response, with peak fixation occurring in forests between 5 and 30 

years of age (Fig.1B).   

Such discrepancy of our model and empirical data occur since the Michaelis-

Menten approximation was not capable of capturing the early dynamics of forest 

recovery.  Evaluation of 33 additional forest plots across the Agua Salud site showed 

that in fact, over the first seven years, the Michaelis-Menten curve over-estimated forest 

growth consistent with the idea of an initial lag-time effect (Fig.S4).  Young forests often 

show exponential growth over the first few years, followed by reduced biomass 

accumulation as they age.  

This apparent time lag was likely caused by i) an initial delay in the recruitment 

and establishment of species caused by factors such as dispersal limitation of seeds 

(fixers in our forests mainly depend on animal-dispersed seeds), ii) an initial delay in 

tree growth as trees built their photosynthetic machinery9 (i.e., leaf area index), and/or 

iii) high initial mortality rates of individual trees that decrease quickly as trees increase in 

size and as growth rates increase.  Such an initial lag in biomass growth further implies 

a delay in the initial plant demand for nitrogen, which, in turn, could generate the 

observed pattern of low initial fixation, followed by a steep increase, and a final 

decrease. 

 We evaluated whether the introduction of a lag time in biomass growth in our 

model could qualitatively generate the observed trends in fixation over the course of 

carbon accumulation. When the observed lag time (Fig.S4) was included, our model 

predicted a delay in plant nitrogen demand (Fig.S5) and thus a delayed need for fixation 

(consistent with the empirical pattern; Fig.1B).  In addition, the model predicted an initial 
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pulse of available nitrogen supply, as soil mineralization briefly exceeded plant demand 

during the early lag period.  Such a pulse in nitrogen availability is consistent with field 

observations54.  

 

Figure S4 |  Change in forest basal area as a function of forest recovery age.  Note that 

the Michaelis-Menten regression line over-predicts basal area in the first seven years, 

consistent with the existence of a time lag in vegetation recovery.  Data are from 45 

forest plots at the Agua Salud Project site in Panama (M.V.B. and J.S.H., unpublished 

data).
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Figure S5 |  Modeled change in forest supply and demand for nitrogen and external 

nitrogen required (i.e., fixation) based on an initial 7-year lag time in biomass 

accumulation. 

 

Supplementary Note 7 | Model sensitivity to soil nitrogen dynamics: 

a) Sensitivity to initial condition of plant unavailable soil nitrogen:  

Our model results show that, across a wide range of sizes of the initial plant 

unavailable pool, the soil cannot supply enough nitrogen to meet the demand by the 

collective community of plants (Fig.S6).  Across this range of initial pool sizes, the 

model predicts the same qualitative pattern of fixation (predicted from the nitrogen 

imbalance or “external nitrogen required” in our model) independent of initial conditions: 

an early fixation peak, followed by a progressive decline to a final equilibrium 

determined by the forest disturbance rate.  The exact size of the fixation peak however 

was sensitive to the initial pool size of plant unavailable soil nitrogen.  For example, an 
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initial pool of plant unavailable soil nitrogen equal to 50% of equilibrium caused peak 

fixation of 21 kgN ha-1 yr-1, which is slightly below our observed peak of 29 kgN ha-1 yr-1 

at 12 years of forest age (Fig.1B).   

We also examined the sensitivity of our results to the less likely possibility that 

plant unavailable soil nitrogen was initially high, such as if there had been a net influx of 

plant biomass at the time of pasture abandonment.  While this reduced the size of peak 

fixation, the net plant nitrogen demand nevertheless outpaced the supply of nitrogen 

from soils, such that the predicted fixation pattern still remained qualitatively the same.  

Plant unavailable soil nitrogen equal to 133% of equilibrium caused peak fixation of 10 

kgN ha-1 yr-1. 
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Figure S6 |  Model comparison for different starting sizes of the plant-unavailable soil 

nitrogen pool.  The numbers in the legend gives percentage of the equilibrium size of 

the plant-unavailable pool used in each run.  Note that the scale on the x-axis differs 

from figures in the main text and elsewhere such that the dynamics during the period of 

0-50 years is emphasized. 
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b) Sensitivity to inclusion of a passive soil nitrogen pool with mean resident time (MRT) 

greater than decades:   

 Our simplified model (Supplementary Box 1) assumes that a passive soil 

nitrogen pool (i.e., slowly decomposing organic matter) can be treated as an external 

property since it has a MRT that exceeds the plant-soil dynamics considered in our 

study (years to decades).  Our simplified model therefore tracks labile forms of soil 

nitrogen (e.g., metabolic and/or cellulose-bound nitrogen) while treating passive forms 

with high MRT (e.g., lignocellulose-bound nitrogen) as a loss from the plant-soil system 

(“organic loss” in Supplementary Box 1) that is balanced by an input of mineralized 

nitrogen from the passive pool (“N input” in Supplementary Box 1). 

We evaluated the sensitivity of our model to this simplifying assumption by 

developing a functionally more complex model in which we explicitly resolved the 

dynamics of a passive soil nitrogen pool.  In this second model, passive soil nitrogen 

was generated by wood turnover (as in the simplified model) and was subject to first-

order loss via either nitrogen mineralization into the soil plant-available pool or via 

leaching of dissolved organic nitrogen to deeper soil water.   

The complex model generated plant-soil nitrogen dynamics that were 

qualitatively similar to the simplified model (Fig.S7): an initial fixation peak coinciding 

with rapid carbon accumulation in the first few decades, followed by a general decline to 

low fixation levels.  However, inclusion of the passive pool caused the external nitrogen 

demand to display a higher peak and a slower decline over time (Fig.S7) as a function 

of: a) shorter MRT of the passive soil nitrogen pool; and/or b) an initial (t=0) passive 

pool that is depleted relative to the long-term equilibrium (t=∞).  The more complex 
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model predicted peak fixation of 25 kgN ha-1 yr-1, slightly below our observed peak of 29 

kgN ha-1 yr-1 at 12 years of forest age (Fig.1B).  Inclusion of either a lag time (Fig. S5) or 

a more complex belowground nitrogen cycle (Fig. S7) thus cause the model to predict 

maximum fixation rates that are similar to values observed in the field.  We conclude 

that our simplified model conservatively predicts a smaller and less extended nitrogen 

imbalance than both the more complex model and what is observed in nature (Fig.1C). 

 

Figure S7 | Results for the plant-soil model that includes a passive soil nitrogen pool 

with MRT > decades (i.e., “Complex”) and for a model that does not include a passive 

pool (i.e., “Simple), but that accounts for nitrogen fluxes from this pool in the loss of 

organic nitrogen and inputs of nitrogen. 
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Supplementary Note 8 | Canopy position of N2 fixing trees: 

We determined the canopy position of each of our 268 N2-fixing trees using the 

methods of the USDA Forest Inventory and Analysis56.  Trees considered as “Open 

Grown”, “Dominant” or “Co-dominant” were scored as in the canopy with access to 

sunlight, and trees considered “Intermediate” or “Overtopped” were scored as in the 

understory and shaded (Table S7). 

 

Table S7 | Fraction of N2 fixers classified as in the forest canopy with access to direct 

light. 
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R code for plant-soil nitrogen model 
used in 

“Key role of symbiotic N2 fixation in tropical forest secondary succession” 
Sarah A. Batterman, Lars O. Hedin, Michiel van Breugel, Johannes Ransijn,  

Dylan J. Craven, and Jefferson S. Hall 
 

To be run in R1. 
 
#Plant-soil N dynamics model 
 
###################################################################### 
#Constants 
 
t_s = 0.08333333 # time step (yrs) --0.0833333 gives months 
#all of the units below are in months instead of years 
t = seq(from = 1, to = 3600, by = 1) #length of time in months, so 
#last time step is 3600 which equals 300 years. 
 
k = 0.9*t_s # inorganic N loss rate/denitrification (month-1) 
phi = 0.001*t_s # organic N loss rate from slow pool (month-1) 
w_L = 0.0183 # leaf N content (fraction) 
w_R = 0.0183 # fine root N content (fraction) 
w_W = 0.002  #wood N content (fraction) 
c = 0.47 #biomass C content (fraction) 
d = 0.6 # proportion N in roots and leaves not retranslocated 
(fraction) 
I = 6.7*t_s # N inputs from deposition (kg ha-1 month-1) # use this 
when there is no slow N pool 
#I = 1*t_s # inputs from deposition (kg ha-1 month-1) #use this when 
there is a slow N pool 
u_L = 1*t_s # leaf turnover rate (month-1) #1 for regular turnover, 2 
for elevated 
u_R = .5*t_s #fine root turnover rate (month-1) #0.05 for regular 
turnover, 1 for elevated 
u_W = 0.02*t_s #wood turnover rate (month-1) #0.02 for regular 
turnover, 0.04 for elevated 
a = 0.333 # proportion leaves and roots going to N_A (fraction) 
g_LR = (1-a) #proportion of leaves and roots going to N_F (fraction) 
g_W = 0.333 #proportion of wood going to N_F (fraction) 
#b = (1-g_W) #proportion of wood going to N_S –use when there is a 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  R Core Team (2012). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL 
http://www.R-project.org/. 
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slow N pool 
b = 0 #proportion of wood going to NS –use when there is no slow N 
pool 
m_F = 0.2*t_s # mineralization of N_F to N_A (month-1)  
m_S = 0.01*t_s # mineralization of N_S to N_F (month-1)  
B_L_star = 2500 #maximum leaf biomass (kg ha-1); from observed leaf 
biomass accumulation  
t_L = 1/t_s #time to half max leaf biomass (months); from observed 
leaf biomass accumulation  
B_T_star = 272300 #maximum total biomass (kg ha-1); from observed leaf 
biomass accumulation  
t_T = 18.57/t_s #time to half max total biomass (months); from 
observed leaf biomass accumulation  
 
###################################################################### 
 
#Define pools 
 
#Soil N pools 
N_A = NULL #Soil available N pool (kg ha-1) 
N_F = NULL #Soil labile N pool (kg ha-1) 
N_S = NULL #Soil slow N pool (kg ha-1) 
 
#Prescribed biomass pools 
B_T_old= NULL #Biomass without ramp up 
B_T =  NULL #Total biomass accumulation curve (kg ha-1) 
C = NULL #Total carbon accumulation curve (kg ha-1) 
B_L_old = NULL #Leaf biomass accumulation curve (kg ha-1) 
B_L = NULL #Leaf biomass accumulation curve (kg ha-1) 
B_R = NULL #Fine root accumulation curve (kg ha-1) 
B_W = NULL #Wood accumulation curve (kg ha-1) 
N_L = NULL #Leaf nitrogen pool (kg N ha-1) 
N_R = NULL #Fine root nitrogen pool (kg N ha-1) 
N_W = NULL #Wood nitrogen pool (kg N ha-1) 
N_T = NULL #Total biomass N pool (kg N ha-1) 
 
#Fluxes -calculated from biomass 
I_L = NULL #inputs from leaves (kg N ha-1 month-1) 
I_R = NULL #inputs from fine roots (kg N ha-1 month-1) 
I_W = NULL #inputs from wood (kg N ha-1 month-1) 
r_L = NULL #N retranslocated in leaves (kg N ha-1 month-1) 
r_R = NULL #N retranslocated in fine roots (kg N ha-1 month-1) 
 
I_T_NA = NULL #total inputs from plants to available pool (kg N ha-1 
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month-1) 
I_T_NF = NULL #total inputs from plants to fast pool (kg N ha-1 month-
1) 
I_T_NS = NULL #total inputs from plants to slow pool (kg N ha-1 month-
1) 
 
ND_L = NULL #N demand for leaves (kg N ha-1 month-1) 
ND_R = NULL #N demand for fine roots (kg N ha-1 month-1) 
ND_W = NULL #N demand for wood (kg N ha-1 month-1) 
ND_T = NULL #N demand for total biomass (kg N ha-1 month-1) 
 
Fix = NULL #external N required (kg N ha-1 month-1) 
Supply = NULL #N supply (kg N ha-1 month-1) 
 
 
###################################################################### 
#Calculated pools and fluxes -this is the simulation model 
 
Data=NULL 
for (i in t){ 
 if (i==1){ 
   
###Original size of soil N pools 
 
#Soil N pools 
N_A = 0 
N_F = 92 #77.5 for 50% of equilibrium size, 92 for 60%, 123 for 80%, 
155 for 100%, 200 for 133% 
N_S = 0 #500 for equilibrium size when including slow N pool, 0 for 
when no slow N pool 
 
B_T_old[i] =  (B_T_star * i) / (t_T + i) #Total biomass accumulation 
curve (kg ha-1)  
B_T[i] = B_T_old[i] 
 
C[i] = B_T[i]*c #Total carbon accumulation curve (kg ha-1) 
B_L_old[i] = (B_L_star * i) / (t_L + i) #Leaf biomass accumulation 
curve (kg ha-1) 
B_L[i] = B_L_old[i] 
 
B_R[i] = B_L[i] #Fine root accumulation curve (kg ha-1) 
B_W[i] = B_T[i] - (B_L[i] + B_R[i]) #Wood accumulation curve (kg ha-1) 
N_L[i] = B_L[i]*w_L #Leaf nitrogen pool (kg N ha-1) 
N_R[i] = B_R[i]*w_R #Fine root nitrogen pool (kg N ha-1) 
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N_W[i] = B_W[i]*w_W #Wood nitrogen pool (kg N ha-1) 
N_T[i] = N_L[i] + N_R[i] + N_W[i] #Total biomass N pool (kg N ha-1) 
 
#Fluxes 
I_L[i] = N_L[i] * d * u_L #inputs from leaves (kg N ha-1 month-1) 
I_R[i] = N_R[i] * d * u_R #inputs from fine roots (kg N ha-1 month-1) 
I_W[i] = N_W[i] * u_W #inputs from wood (kg N ha-1 month-1) 
r_L[i] = (1-d)*N_L[i]*u_L #N retranslocated from leaves (kg N ha-1 
month-1) 
r_R[i] = (1-d)*N_R[i]*u_R #N retranslocated from fine roots (kg N ha-1 
month-1) 
 
I_T_NA[i] = (I_L[i] + I_R[i])*a #total inputs to available pool (kg N 
ha-1 month-1) 
I_T_NF[i] = (I_L[i] + I_R[i])*g_LR + g_W*I_W[i] #total inputs to fast 
pool (kg N ha-1 month-1) 
I_T_NS[i] = b*I_W[i] #total inputs to slow pool (kg N ha-1 month-1) 
 
ND_L[i] = N_L[i]*u_L-r_L[i] #N demand for leaves (kg N ha-1 month-1) 
ND_R[i] = N_R[i]*u_R-r_R[i] #N demand for fine roots (kg N ha-1 month-
1) 
# ND_W[i] = N_W[i]*u_W #N demand for wood (kg N ha-1 month-1) 
ND_W[i] = (N_W[i] - 0) + 0*u_W #N demand for wood (kg N ha-1 month-1) 
ND_T[i] = ND_L[i] + ND_R[i] + ND_W[i] #N demand for total biomass (kg 
N ha-1 month-1) 
print(ND_T[i])#*** 
 
N_S[i] = N_S + b*0 - m_S*N_S - phi*(N_S-m_S*N_S) #Calculate soil slow 
N pool 
N_F[i] = N_F + g_W*0 + g_LR*(0 + 0) - m_F*N_F #Calculate soil labile 
pool 
print(N_A) 
N_A[i] = I + N_A + a*(0 + 0) + m_F*N_F + m_S*N_S - ND_T[i] - k*(N_A) 
#Calculate soil available pool 
 if (N_A[i]>0)  
 {N_A[i]=N_A[i]} 
 else 
 {N_A[i]=0} #Prevent soil supply from going negative 
print(N_A[i])  
print(I) 
print(m_F*N_F) 
print(ND_T[i]) 
print(k*N_A) 
Fix[i] = -(I + a*(0 + 0) + m_F*N_F + m_S*N_S - ND_T[i] - k*(N_A)) 
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#Calculate the amount of fixation/external N required 
print(Fix[i])#*** 
if (Fix[i]>0) 
 {Fix[i]=Fix[i]} 
 else 
 {Fix[i]=0} #Prevent fixation from going negative 
print(Fix[i])#*** 
Supply[i] = N_A + I + a*(0 + 0) + m_F*N_F + m_S*N_S  
print(Supply[i])#*** 
 
print(i) #just to check what year it is; can turn this on and off 
#print(B_T[i]) #can turn this on and off 
  
} else { 
 
B_T_old[i] =  (B_T_star * i) / (t_T + i) #Total biomass accumulation 
curve (kg ha-1) 
B_T[i] = B_T_old[i] 
 
C[i] = B_T[i]*c #Total carbon accumulation curve (kg ha-1) 
B_L_old[i] = (B_L_star * i) / (t_L + i) #Leaf biomass accumulation 
curve (kg ha-1) 
B_L[i] = B_L_old[i] 
 
B_R[i] = B_L[i] #Fine root accumulation curve (kg ha-1) 
B_W[i] = B_T[i] - (B_L[i] + B_R[i]) #Wood accumulation curve (kg ha-1) 
N_L[i] = B_L[i]*w_L #Leaf nitrogen pool (kg N ha-1) 
N_R[i] = B_R[i]*w_R #Fine root nitrogen pool (kg N ha-1) 
N_W[i] = B_W[i]*w_W #Wood nitrogen pool (kg N ha-1) 
N_T[i] = N_L[i] + N_R[i] + N_W[i] #Total biomass N pool (kg N ha-1) 
 
#Fluxes 
I_L[i] = N_L[i] * d * u_L #inputs from leaves (kg N ha-1 month-1) 
I_R[i] = N_R[i] * d * u_R #inputs from fine roots (kg N ha-1 month-1) 
I_W[i] = N_W[i] * u_W #inputs from wood (kg N ha-1 month-1) 
r_L[i] = (1-d)*N_L[i]*u_L #N retranslocated from leaves (kg N ha-1 
month-1) 
r_R[i] = (1-d)*N_R[i]*u_R #N retranslocated from fine roots (kg N ha-1 
month-1) 
 
I_T_NA[i] = (I_L[i] + I_R[i])*a #total inputs to available pool (kg N 
ha-1 month-1) 
I_T_NF[i] = (I_L[i] + I_R[i])*g_LR + g_W*I_W[i] #total inputs to fast 
pool (kg N ha-1 month-1) 
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I_T_NS[i] = b*I_W[i] #total inputs to slow pool (kg N ha-1 month-1) 
 
ND_L[i] = N_L[i]*u_L-r_L[i] #N demand for leaves (kg N ha-1 month-1) 
ND_R[i] = N_R[i]*u_R-r_R[i] #N demand for fine roots (kg N ha-1 month-
1) 
# ND_W[i] = N_W[i]*u_W #N demand for wood (kg N ha-1 month-1) 
ND_W[i] = (N_W[i] - N_W[i-t_s]) + N_W[i-t_s]*u_W #N demand for wood 
(kg N ha-1 month-1) 
ND_T[i] = ND_L[i] + ND_R[i] + ND_W[i] #N demand for total biomass (kg 
N ha-1 month-1) 
 
N_S[i] = N_S[i-t_s] + b*I_W[i-t_s] - m_S*N_S[i-t_s] - phi*(N_S[i-t_s]-
m_S*N_S[i-t_s]) #Calculate soil slow N pool 
N_F[i] = N_F[i-t_s] + g_W*I_W[i-t_s] + g_LR*(I_L[i-t_s]+I_R[i-t_s]) - 
m_F*N_F[i-t_s] #Calculate soil labile pool 
N_A[i] = I + N_A[i-t_s] + a*(I_L[i-t_s]+I_R[i-t_s]) + m_F*N_F[i-t_s] + 
m_S*N_S[i-t_s] - ND_T[i] - k*(N_A[i-t_s]) #Calculate soil available 
pool 
 if (N_A[i]>0)  
 {N_A[i]=N_A[i]} 
 else 
 {N_A[i]=0} #Prevent soil supply from going negative 
  
Fix[i] = -(I + a*(I_L[i-t_s]+I_R[i-t_s]) + m_F*N_F[i-t_s] + m_S*N_S[i-
t_s] - ND_T[i] - k*(N_A[i-t_s])) #Calculate the amount of 
fixation/external N required 
 if (Fix[i]>0) 
 {Fix[i]=Fix[i]} 
 else 
 {Fix[i]=0} #Prevent fixation from going negative 
Supply[i] = N_A[i-t_s] + I + a*(I_L[i-t_s]+I_R[i-t_s]) + m_F*N_F[i-
t_s] + m_S*N_S[i-t_s] 
  
 df<-
data.frame(t=i,C[i],B_T[i],B_L[i],B_W[i],B_R[i],I_W[i],N_T[i],N_L[i],N
_W[i],N_R[i],N_S[i],N_F[i],N_A[i],ND_T[i],ND_W[i],ND_L[i],ND_R[i],Fix[
i],Supply[i]) 
 Data<-rbind(Data,df) 
 print(i) #just to check what year it is; can turn this on and off 
} 
} 
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###Re-define the original size of soil N pools (to build the data 
frame) 
 
#Soil N pools 
N_A[i] = 0 
N_F[i] = 92  
N_S[i] = 0 
 
#Biomass pools 
B_T[i] =  0 #Total biomass accumulation curve (kg ha-1) 
C[i] = 0 #Total carbon accumulation curve (kg ha-1) 
B_L[i] = 0 #Leaf biomass accumulation curve (kg ha-1) 
B_R[i] = 0 #Fine root accumulation curve (kg ha-1) 
B_W[i] = 0 #Wood accumulation curve (kg ha-1) 
N_L[i] = 0 #Leaf nitrogen pool (kg N ha-1) 
N_R[i] = 0 #Fine root nitrogen pool (kg N ha-1) 
N_W[i] = 0 #Wood nitrogen pool (kg N ha-1) 
N_T[i] = 0 #Total biomass N pool (kg N ha-1) 
 
#Fluxes -calculated from biomass 
I_L[i] = 0 #inputs from leaves (kg N ha-1 month-1) 
I_R[i] = 0 #inputs from fine roots (kg N ha-1 month-1) 
I_W[i] = 0 #inputs from wood (kg N ha-1 month-1) 
r_L[i] = 0 #N retranslocated in leaves (kg N ha-1 month-1) 
r_R[i] = 0 #N retranslocated in fine roots (kg N ha-1 month-1) 
 
I_T_NA[i] = 0 #total inputs from plants to available pool (kg N ha-1 
month-1) 
I_T_NF[i] = 0 #total inputs from plants to fast pool (kg N ha-1 month-
1) 
I_T_NS[i] = 0 #total inputs from plants to slow pool (kg N ha-1 month-
1) 
 
ND_L[i] = 0 #N demand for leaves (kg N ha-1 month-1) 
ND_R[i] = 0 #N demand for fine roots (kg N ha-1 month-1) 
ND_W[i] = 0 #N demand for wood (kg N ha-1 month-1) 
ND_T[i] = 0 #N demand for total biomass (kg N ha-1 month-1) 
 
Fix[i] = 0 #external N required –i.e., from fixation (kg N ha-1 month-
1) 
Supply[i] = 0 #Soil N supply (kg N ha-1 month-1) 
t=0 
 
df<-
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data.frame(t,C[i],B_T[i],B_L[i],B_W[i],B_R[i],I_W[i],N_T[i],N_L[i],N_W
[i],N_R[i],N_S[i],N_F[i],N_A[i],ND_T[i],ND_W[i],ND_L[i],ND_R[i],Fix[i]
,Supply[i]) 
Data<-rbind(df, Data) #This is the data frame.  To see the numbers for 
a variable, type in the R command line (for example): Data$t OR 
Data$Supply OR Data$ND_T OR Data$Fix 
 
#Multiply numbers by 12 to get rates on a yearly basis: 
Demand = Data$ND_T*12 
Supply = Data$Supply*12 
Fix = Data$Fix*12 
 
#End 
###################################################################### 
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