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Understanding forest carbon sequestration is crucial for predicting and

managing the carbon cycle, yet we lack evidence for whether, when and how
the carbon sink in tropical forests recovering from land use change is nutrient
limited. Here we show how the tropical forest recovery rate responds to
experimental nutrient manipulation over a secondary succession gradient in a
naturally recovering Central American landscape. Nutrient limitation of
aboveground biomass accumulation shifts from strong nitrogen limitation in
young forests to no evidence of nitrogen or phosphorus limitation in older
secondary or mature forests. Nitrogen addition increases aboveground bio-
mass accumulation by 95% in recently abandoned pasture and 48% in 10-year-
old forests. Conversely, we observe no influence of nitrogen on older forests
and no evidence of phosphorus limitation at any stage. If our findings of
nitrogen limitation extend to young tropical forests globally, nitrogen could

prevent the sequestration of 0.69 (0.47-0.84) Gt CO, each year.

Tropical forests play a key role in the terrestrial carbon sink by
sequestering atmospheric carbon dioxide (CO,) and thus slowing the
rate of global climate change'”. Mature tropical forests harbor sub-
stantial quantities of biomass carbon, and young secondary tropical
forests (i.e., those naturally regenerating from disturbance) offer a
large potential carbon sink as a natural climate solution**, owing
to their increasing importance in modern tropical landscapes and
their potential for high rates of carbon accumulation relative to
mature forests™”".

While phosphorus is often thought to limit carbon sequestration
by tropical forests on highly weathered lowland soils®’ (but see
refs. 10-13), we know little about how nutrients and carbon interact
throughout the course of tropical forest recovery from disturbance.
One possibility is that nutrient limitation of tree growth is independent
of forest successional age. Alternatively, nutrient limitation may

depend on forest age, with a shift from nitrogen to phosphorus lim-
itation due to differences in nutrient losses, sources and accumulation
rates for each nutrient following disturbance. Disturbances like blow-
downs, logging, fire and agriculture cause losses of soil nitrogen
through leaching and gaseous emissions, exacerbating nitrogen
limitation'*™". As secondary succession proceeds, symbiotic nitrogen
fixation can build up ecosystem nitrogen over time'®'®, which, in turn,
can alleviate nitrogen limitation and shift the forest to limitation by
another resource, usually assumed to be phosphorus. Soil phosphorus
may or may not decrease following disturbance - and can even
increase after forest cutting and burning®®” - and is unlikely to
increase with secondary succession since there are few inputs of new
phosphorus to tropical forests over such short time scales™?. Thus,
tropical forests may - in theory - shift from nitrogen to phosphorus
limitation over secondary succession.
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Evidence that soil nutrients are likely to limit the tropical forest
carbon sink and that there could be shifts over succession derives from
multiple sources. Nutrient addition experiments find that nutrients can
limit tropical tree growth®?, with nutrient limitation stronger in
young forests®. Several experiments suggest nitrogen limitation of
young forests (refs. including”?’) and that nitrogen or phosphorus
limitation can occur in mature forests (refs. including®**?%*°3%), A
meta-analysis across 44 experiments found that both nitrogen and
phosphorus limit young but not mature tropical forests**. None of
these experiments included both young and mature forests in the
same area, limiting inference about shifts in limitation. Direct obser-
vations of tropical forest nitrogen cycles generally show decreasing
symbiotic nitrogen fixation and increasing nitrogen losses to the
atmosphere and groundwater as forests mature, suggesting nitrogen
limitation in young forests that declines with forest age™'*"*** (but see
refs. 21,34-36). Biogeochemical model predictions provide indirect
evidence for a similar nitrogen limitation decline and shift to phos-
phorus limitation'**’, and dynamic global vegetation models indicate
the future land carbon sink will be constrained by nitrogen and/or
phosphorus®*. Thus, although some evidence suggests tropical for-
est nutrient limitation shifts from nitrogen to phosphorus over sec-
ondary succession, experimental evidence shows the potential for
both types of limitation, and evaluating nutrient limitations across
disparate experimental sites could be confounded by other variables.
It therefore remains unclear whether and how nutrient limitation
evolves over secondary succession.

To address this knowledge gap, we established a landscape-scale
experiment in lowland moist tropical forests of Panama. The experi-
ment was designed to directly test whether nitrogen, phosphorus or
the two nutrients combined affect stand-scale aboveground biomass
and rates of biomass net change, gain and loss, and whether the effects
change over forest successional age. Because our 76 (0.1-0.16 ha) plots

were located across a -~ 16 km? landscape, our experiment was able to
control for metacommunity species pool, land use history, soils and
climate while avoiding pseudo-replication. We distributed our plots
across a secondary succession gradient that included newly regener-
ating forests (“0-year-old forests”), two middle stages (“10-” and “30-
year-old forests”) and a mature forest occurring on land that has had
limited human disturbance (“600-year-old forests”; Supplementary
Fig. 1, “Methods”). In our sites, soil total nitrogen ranges between
0.28-0.35%, and soil total phosphorus ranges between 246 to
286 mg P kg™ in the top 30 cm and does not change over forest suc-
cession (Supplementary Tables 1-3). The early successional forest sites
were previously clear-cut for cattle pasture, with no burning since
initial deforestation 30-40 years ago. We monitored forest changes
over four censuses (four years in secondary forests and 21 years in the
mature forest). In total, we monitored the responses of 88,843 trees to
nutrient manipulation. A resolution to tropical nutrient limitation,
even at one site, would aid the implementation and management of
tropical reforestation to increase carbon sequestration as a natural
climate solution. Our experiment also offers an opportunity to validate
dynamic global vegetation models (DGVMs) and improve predictions
of the future of tropical forests.

Results and discussion

Stand-scale aboveground biomass (determined by individual biomass
and stem density) recovered rapidly following the abandonment of
cattle pasture, independent of the addition of nutrients (black line in
Fig. 1). By 14 years, our forests contained 25% of the aboveground
biomass of mature forests, and by 30 years, they had accumulated half
the aboveground biomass of mature forests. These biomass recovery
rates are similar to mean rates for secondary forests across the
American tropics’. With added nutrients, however, the aboveground
biomass in our forests recovered even more rapidly. Across
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Fig. 1| Aboveground biomass (Mg ha™) and its response to nutrient additions
over tropical forest secondary succession (years post disturbance). Different
treatments are represented by different colors. Black lines represent the control
treatment (C, no nutrient addition); blue lines, the nitrogen addition treatment (N);
red lines, the phosphorus addition treatment (P); green lines, the nitrogen plus
phosphorus treatment (NP). Thin lines represent the aboveground biomass in each
plot across censuses, and thick lines represent the mean of each treatment, fitted

with a loess fit. The lines in the inset panel, which zoom in on the aboveground
biomass in the 0-year-old forest, include 95% confidence intervals fitted using the
‘loess’ method. Five replicates were present per forest age and treatment in sec-
ondary forests, except for the first census of both 10- and 30-year-old forests, where
there were only four replicates. The mature forests have four replicate plots per
census.
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Table 1| Statistical results from linear mixed effects models of the effects of nitrogen, phosphorus, forest age and their
interactions on forest aboveground biomass net change, gain and loss

Response variable Model Variable Sum Sq p-value R argi R?
Biomass net change N*P*Age + random(Block) N 18.1 0.026 0.74 0.76
P 0.7 1.000
Age 229.5 <0.001
N*P 4.3 0.853
N*Age 39.6 0.003
P*Age 12.9 0.559
N*P*Age 6.9 1.000
Biomass gain N*P*Age + random(Block) N 33.3 <0.001 0.76 0.80
P 0.6 1.000
Age 120.6 <0.001
N*P 1.5 1.000
N*Age 31.6 <0.001
P*Age 9.8 0.3534
N*P*Age 22 1.000
Biomass loss N*P*Age + random(Block) N 2.0 0.238 0.86 0.87
P 3.4 0.040
Age 107.5 <0.001
N*P 1.3 0.556
N*Age 75 0.007
P*Age 185 <0.001
N*P*Age 0.6 1.000

The p-values reflect the Holm adjustment to address the problem of multiple comparisons. Block accounts for spatial variation, with the four treatments (control, nitrogen (N), phosphorus (P),
nitrogen plus phosphorus (NP)) replicated in four (mature forest) or five (secondary forests) spatial groups across the landscape and is treated as a random effect variable in the model. Bold denotes

significant effects at p < 0.05.
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Fig. 2 | The effect of nitrogen and phosphorus on aboveground biomass net
change over tropical forest secondary succession. Nutrient treatments are dis-
played on the x-axis, including control (C), nitrogen (N), phosphorus (P) and
nitrogen plus phosphorus (NP). Points represent plot-level mean net biomass
change for the fertilization period (2015-2019 for the young forests, 1997-2018 for
the mature forest), with each bar representing the mean + standard error of the
mean (s.e.m.) across plots (n =5 and 4 plots for young secondary and mature
forests, respectively). Significant effects of nitrogen addition on biomass net
change are present in both 0- and 10-year-old forests (p < 0.05). See Table 1, Sup-
plementary Table 4 for full statistical results.

treatments, nitrogen had the largest and only statistically significant
effect on aboveground biomass, with four years of nitrogen addition
increasing biomass by 95% and 33% in the O- and 10-year-old forests,
respectively (green and blue lines versus black and red lines in Fig. 1).

Nutrient limitation of net aboveground biomass accumulation
(measured as the change in plot biomass from one census to the next)
shifted over secondary succession. The 0- and 10-year-old tropical
forests were strongly limited by nitrogen, while the 30- and 600-year-
old forests were not (Table 1, Fig. 2). The interaction between nitrogen
addition and forest age was statistically significant for net above-
ground biomass change (Table 1). Nitrogen addition caused 95% and
48% increases in net aboveground biomass accumulation rates for the
0- and 10-year-old forests, respectively (Fig. 2, Supplementary Table 4
and Supplementary Figs. 2, 3). Nitrogen limitation in the control plots,
therefore, prevented the sequestration of -4.1 tons CO, ha™ year™ over
the first decade of tropical forest recovery (“Methods”). In contrast,
there was no nitrogen effect on net aboveground biomass change in
the 30-year-old secondary forest or after twenty years of sustained
nutrient addition in the mature forest (Fig. 2, Supplementary Table 4
and Supplementary Figs. 4, 5). Thus, we conclude that nitrogen limits
the net accumulation of aboveground biomass in our young succes-
sional forests but not in forests 30 years and older.

Next, we sought to understand the mechanism by which nutrient
addition influences the dynamical balance between the growth and
mortality of aboveground biomass across our forest successional
gradient. To do this, we decomposed net aboveground biomass
change into two demographic components: First, the gain in above-
ground biomass caused by the growth of trees that survived between
census intervals, plus any trees that recruited into the plots between
censuses. And second, the loss of aboveground biomass caused by the
mortality of trees between censuses.

We found that, similar to net aboveground biomass change, the
addition of nitrogen interacted with forest age (Fig. 3a, Table 1), trig-
gering a 99% increase in aboveground biomass gain in 0-year-old for-
ests (Fig. 3a, Supplementary Table 4) and a 23% gain in 10-year-old
forests. Also similar to our results for net aboveground biomass
change, we observed no statistically significant nitrogen effect on
aboveground biomass gain in forests 30 years and older (Fig. 3a,
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Fig. 3 | The effect of nitrogen and phosphorus on aboveground biomass gain
and loss over tropical forest secondary succession. Nutrient treatments are dis-
played on the x-axis, including control (C), nitrogen (N), phosphorus (P) and nitro-
gen plus phosphorus (NP). Points represent plot-level mean aboveground biomass
gain and loss for the fertilization period (2015-2019 for the young forests, 1997-2018
for the mature forest), with each bar representing the mean + standard error of the
mean (s.e.m.) across plots (n =5 and 4 plots for young secondary and mature forests,
respectively). Significant effects of nutrient addition on aboveground biomass gain
and loss are present in both 0- and 10-year-old forests (p < 0.05). See Table 1, Sup-
plementary Table 4 for full statistical results and Supplementary Fig. 2 for a mag-
nification of aboveground biomass loss in the O-year-old forests.

Supplementary Table 4 and Supplementary Figs. 4, 5). Nitrogen addi-
tion also influenced aboveground biomass loss, with substantial bio-
mass loss due to mortality in the O-year-old forests (Table 1,
Supplementary Table 4), likely caused by self-thinning, resulting from
increased competition between the rapidly growing plants*>. We found
no statistically significant effect, however, of nitrogen on aboveground
biomass loss in forests 10 years and older (Fig. 3b, Supplementary
Table 4 and Supplementary Figs. 3-5).

We found little evidence of phosphorus limitation on stand-scale
aboveground biomass dynamics in our tropical moist forests, either
across forest ages or in interaction with forest age (Table 1). Further-
more, there was no significant effect of phosphorus on aboveground
biomass net change, gain or loss, with the exception of aboveground
biomass loss in the 0-year-old forests (Fig. 3, Table 1 and Supplemen-
tary Table 4). Note these findings are counter to expectations from
biogeochemical theory®’ (but see ref. 37) and consistent with analyses
of individual tree growth in our mature forest".

Taken together, our findings provide direct support for the
hypothesis that nutrient limitation on aboveground biomass shifts
over secondary succession in tropical forests, from nitrogen limitation
early in succession to limitation by another resource later in succes-
sion. Our findings emerge from a landscape-scale experiment that
spans a secondary succession gradient from abandoned pasture to
mature forests and captures the effect of nutrients on stand-scale net
aboveground biomass accumulation. Although they derive from one
site, these findings advance our understanding of the role that nitro-
gen and phosphorus can have in tropical forests.

Two findings from our study stand out. First, the strength of
nitrogen limitation in our young forests is high, double that of sec-
ondary forests up to a decade older (i.e., ref. 29 and our 10-year-old
forests). Second, nitrogen limitation decreases as forests age, and the
resource limiting later successional forests - or any forest age - was
not phosphorus, as expected by prevailing biogeochemical theory®.
Because of the propensity for nitrogen - but not rock-derived phos-
phorus - to be lost from ecosystems following disturbance, the

possibility that rock-derived nutrients may even increase following
forest cutting and burning?, the high nitrogen requirements of reco-
vering vegetation, and the previous evidence suggesting nitrogen
limitation in other young tropical forests, we expect that nitrogen
limitation in young secondary tropical moist forests may be common.
There may, nonetheless, be heterogeneity across tropical forests if
nitrogen is especially important in locations where phosphorus is in
sufficient supply, but less so where soil nitrogen stocks are substantial
or phosphorus is particularly low (e.g., ref. 34). Heterogeneity in
nitrogen versus phosphorus availability across tropical forests could
explain why different experiments indicate nitrogen or phosphorus
limitation in young forests®*. Additionally, young tropical forests could
be co-limited by nitrogen and phosphorus, whereby the addition of
phosphorus allows the stimulation of nitrogen fixation, which would
alleviate nitrogen limitation.

Our findings expand previous lines of evidence of nitrogen lim-
itation in young tropical forests. First, a meta-analysis of 31 nutrient
addition experiments, 24 of which were at the individual tree scale and
eight of which were in secondary forests, has shown that tree growth
may respond to soil nitrogen in tropical forests, and that this occurs
most strongly in secondary forests*. Second, one of two fertilization
experiments that tested nitrogen limitation on stand-scale net above-
ground biomass change found that nitrogen addition led to 67% more
aboveground biomass in 6-year-old secondary tropical forests* (Sup-
plementary Table 5). The second experiment found no evidence of
nitrogen limitation on net aboveground biomass change in 60-year-
old secondary forests®. Findings from these experiments are con-
sistent with a decline in nitrogen limitation over succession. No
experiment with stand-scale findings that we are aware of has found
nitrogen limitation of aboveground biomass in tropical forests at later
stages of primary succession or has tested a shift in limitation from
secondary to mature tropical forests. Third, also at the stand scale,
three studies using observational indicators of the nitrogen cycle over
secondary succession found conservative nitrogen cycles in early
secondary succession, consistent with nitrogen limitation, but not in
later succession>'*?, Finally, mechanistic models have predicted that
nitrogen may limit aboveground biomass accumulation in young
secondary forests and that this declines as succession proceeds'".
Our landscape-scale ecosystem experiment across a secondary suc-
cession gradient allows us to advance these previous findings by
directly testing for nutrient limitation on ecosystem-scale above-
ground biomass carbon accumulation for a range of forest ages while
controlling for soil properties, metacommunity species pool, climate
and other factors.

Our lack of support for the widely held hypothesis of phosphorus
limitation on tropical forest net aboveground biomass accumulation
does not appear to be caused by exceptionally high levels of soil
phosphorus across our forests. Soil in our sites - at 246 to
286 mg P kg™ (Supplementary Tables 2, 3) - are within the range of
total phosphorus observed across the Amazon (25-1000 mg P kg™)*
and fall between the relatively phosphorus-poor eastern
(<200mgPkg™ and phosphorus-rich  western  Amazon
(>300 mg P kg)*. About one-quarter of Amazonian forest areas are
located on soils that have more phosphorus than our sites (Supple-
mentary Table 3)*. Thus, we conclude that our findings of a lack of
phosphorus limitation on stand-scale aboveground biomass accumu-
lation may apply to some other tropical forests worldwide. Future
work should examine the degree to which these patterns are con-
sistent in other tropical forests, including African and Asian tropical
forests.

Recent work suggests that our lack of phosphorus limitation in
younger tropical forests could have emerged from phosphorus
enrichment following slash-and-burn agricultural practices”. However,
it seems unlikely that this is the reason for lack of phosphorus limita-
tion in our young forests because 1) our sites have had limited
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slash-and-burn practices that occurred more than 30-40 years ago,
and 2) our soil data do not show increased pH or phosphorus in the
young compared to old forests (Supplementary Table 1), as would be
expected if slash-and-burn practices changed the phosphorus cycle
and the nature of nutrient limitation in tropical forests. Nonetheless, it
is possible that, within a site, our young forest soils have higher
phosphorus than they had originally because of the initial deforesta-
tion and burning. We do not have the pre-deforestation soil nutrient
measures for our forest plots to evaluate this.

Another possibility for why we did not observe evidence of
phosphorus limitation is that it may not be expressed in wood pro-
ductivity, but instead, affects the productivity of other tissues. Indeed,
production of litter*® and plant reproductive structures*’ appears to
increase with phosphorus addition in our mature forests. Phosphorus
addition triggered responses in fine roots and litter - but not wood
production - in a low-phosphorus site in Amazonia'®. While it is plau-
sible that limitations on stem wood production may be expressed on
much longer timescales, substantial stand-scale biomass growth
responses have been documented after as little as 1.5 years of fertili-
zation in a Hawaiian mature tropical forest™. In contrast, our mature
forest plots showed no evidence of phosphorus limitation on wood
productivity even after two decades of continuous addition.

The timescale over which tree growth is flexible and able to
respond to nutrients is critical for whether we can definitively con-
clude that a lack of growth response to fertilizer addition is due to a
lack of nutrient limitation on the system. Our experiment shows that
young forest trees are sufficiently flexible to respond in growth to
nutrient addition over a matter of years. Whether or not mature forest
species can do this is less clear. Nearby mature forests with similar
climate and metacommunity have up to two times greater above-
ground woody production than our mature forest*®*°, suggesting that
higher growth rates of our mature forests are biophysically possible.
Thus, the lack of growth response to nutrients in our experiment could
be because low-phosphorus-adapted trees in our mature forests lack
the ability to respond to phosphorus addition over short timescales®.
Changes in mature forest tree growth may instead occur over decades
to centuries via shifts in tree community composition as tree species
turn over in response to changing nutrient conditions®.

It is also possible that phosphorus limitation on stand-scale wood
productivity in tropical forests is less common - and heterogeneity in
nutrient limitation more common - than previously thought. Theory
on biogeochemical cycling in tropical forests has primarily been
developed from mature forests, and in Hawaii*’, where soil phosphorus
levels are more than double (680 mgkg™)** and tree biodiversity
(-~ 20 species in total’®) orders of magnitude lower than tropical forests
in Central and South America (- 166 mg P kg”, Supplementary Table 3,
and -16,000 species™). In fact, direct evidence for phosphorus lim-
itation on stand-scale aboveground biomass carbon accumulation in
the tropics is limited (summarized in Supplementary Table 5), poten-
tially because trees have evolved nutrient acquisition and use strate-
gies to tolerate and even thrive on low phosphorus soils. We have
observed some evidence that this occurs in our forests because we
found increased root phosphatase activity in our 30-year-old and
mature forests relative to the young forests, and that phosphorus
activity is downregulated in response to added phosphorus®~°. These
strategies may be particularly beneficial in older forests where addi-
tional nutrient requirements may be smaller than in younger forests.
Furthermore, evidence suggests that total phosphorus may not be a
good indicator of phosphorus availability in a tropical forest system
and that, although measurable pools of available phosphorus are often
relatively small**, phosphorus can be mobilized from unavailable pools
rapidly through biotic mineralization of organic phosphorus and
desorption of inorganic phosphorus®. This rapid mineralization and
desorption provides a substantial supply of new inorganic phosphorus
that can be quickly taken up by trees. Nonetheless, evidence suggests

that phosphorus may limit aboveground biomass in some tropical
forests (e.g., ref. 32). In other areas, however, increasing evidence
indicates that other soil resources like potassium"?, calcium® or
water*®**° can limit mature tropical forests. Our findings point to the
need to understand the interactive effects of nitrogen and other soil
resources, with nitrogen playing an important role in early succession
and other (or no) soil resources limiting forests in later succession.

This study provides experimental evidence of the interaction
between the nitrogen and carbon cycles, and, combined with previous
observations'® and model predictions”, demonstrates that a carbon-
nitrogen feedback mechanism can occur in tropical moist forests.
Following disturbance, rapid carbon accumulation and strong nitro-
gen limitation stimulate symbiotic nitrogen fixation, which increases
nitrogen availability. Subsequently, the strength of nitrogen limitation
declines and carbon recovery accelerates as succession proceeds.
Alleviation of nitrogen limitation leads to the downregulation of fixa-
tion in later succession. Although model predictions suggest that
symbiotic nitrogen fixation can double the rate of carbon accumula-
tion in young secondary forests"”, we found that our young forests
were still nitrogen-limited even with the presence of symbiotic nitro-
gen fixation. Nitrogen fixation may not completely overcome nitrogen
limitation immediately after disturbance®® because of dispersal lim-
itation of legume trees or bacteria” or constraints by another resource
like phosphorus or molybdenum® or by herbivory®>, none of which
were considered in the model”.

Our findings, albeit from only one site, combined with previous
experimental and observational findings, can help inform how we
represent tropical forests in regional and global carbon models. Next-
generation Earth system, climate change and ecosystem models
should reflect our emerging understanding of the heterogeneity of
nutrient limitation in tropical forests, with at least some young tropical
forests being nitrogen-limited and some older forests not being lim-
ited by phosphorus. Models should capture the carbon-nitrogen-
phosphorus dynamics observed in our experiment and suggested at
other sites (as discussed in the introduction) over the course of forest
succession that may result in a change in nutrient limitation under
global change. Our work suggests that forests recovering from dis-
turbance may be especially prone to nutrient limitation. Given
increasing rates of disturbance and CO, supply, nutrient limitation will
likely be an increasingly critical feature of tropical carbon dynamics
and sinks***%>¢*, Mature forests may also tip to nitrogen limitation as
small-scale disturbances like forest gaps increase®, as suggested by
previous findings that symbiotic nitrogen fixation upregulates in
mature forest gaps®. Next-generation dynamic global vegetation
models should capture the dynamics of coupled biogeochemical
cycles that likely exist in some tropical forests beyond our site.

Our experimental findings, combined with previous field”® and
model” findings on symbiotic nitrogen fixation from the same sites,
have implications for how we understand and manage tropical forests
for natural climate solutions. Avoiding deforestation of mature tropi-
cal forests should always be prioritized, but our finding of the nutrient
enhancement of secondary forest carbon accumulation is important as
policymakers evaluate where and how to restore forests to maximize
carbon sequestration.

We estimate that nitrogen limitation may prevent the sequestra-
tion of up to an additional 0.84 Gt CO, year™ between 2020 and 2050
(mean 0.69 Gt CO, year™, range 0.47 to 0.84 Gt CO, year™) if tropical
reforestation is used as a natural climate solution (Supplementary
Information 2)*’. This amount depends on the degree to which our
findings of nitrogen limitation on young forests extend to tropical
forests globally - a substantial uncertainty. It also depends on the
strength of nitrogen limitation, the cost of carbon and if economic
measures were taken to alleviate nitrogen limitation.

Three enhanced reforestation practices for avoiding nitrogen
limitation could increase carbon sequestration. First, include native
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tree species that fix nitrogen in tropical reforestation, including as
supplemental plantings in natural regeneration. This practice offers a
natural way to accelerate secondary forest carbon sequestration, while
avoiding excess nitrogen and nitrous oxide emission in mature forests
since nitrogen-fixing trees downregulate fixation in mature forests'®°¢,
It may not, however, alleviate all nitrogen limitation. Second, refor-
estation could be prioritized in areas with higher nitrogen deposition.
Nitrogen deposition is projected to increase in tropical regions® and
enhance the forest carbon sink®’. Beyond the carbon benefit, regrow-
ing forests would avoid soil acidification, depletion of other nutrients
and emissions of other greenhouse gasses such as nitrous oxide by
absorbing localized excess nitrogen’. Third, reforestation could be
focused on higher nutrient soils. This practice risks putting refor-
estation in competition with agriculture and may face ethical questions
and political limitations at scale, though carbon pricing incentives
could induce land-use switching. The implications for global food
supply require further analysis, including optimization of the food
system according to productivity, nutrient and carbon considerations.
Leakage may be avoided with emerging jurisdictional approaches to
carbon auditing”. While directly fertilizing forests might meet nutrient
requirements more rapidly, its feasibility is questionable given the cost
and risks of increasing fertilizer-related energy consumption and
emissions of the powerful greenhouse gas nitrous oxide (Supple-
mentary Information 2). Combining all three management practices
may be ideal, but any one of them would lower the cost of realizing
reforestation potential and increase the CO, abatement available via
reforestation, enabling a faster carbon sink and buffering time to
achieve 1.5 or 2 °C¥. Although this approach would only advance car-
bon sequestration by a few decades, the next few decades are crucial
to give the global economy time to decarbonize. Fundamentally,
efforts to understand and manage the future carbon sink in tropical
forests must account for the governing role of nutrients.

Methods

Research sites

A factorial nitrogen and phosphorus fertilization experiment was
established at Agua Salud (9°13'N, 79°47'W, 330 meters above sea level)
and Gigante (9°06'31"N, 79°50'37"W, 60 meters above sea level) in the
Republic of Panama (Supplementary Fig. 1). These two sites lie within
the Panama Canal Watershed and include forests at different stages of
succession (from young secondary to mature forest). Both forest sites
are classified as lowland tropical moist forests, receiving similar annual
precipitation (~2700 mm) with a dry season (contributing ~10% of total
rainfall) from December to April, having a similar mean annual tem-
perature (26 °C), and sharing a similar diverse metacommunity of tree
species'®**”>7_ Soils across all forests are highly weathered with gen-
erally low plant-available soil nutrient concentrations'®’. Gigante
contains deep soils on relatively flat terrain and has been classified as
Oxisols (Typic Kandiudox), and Agua Salud soils are classified as
Inceptisols (Typic Dystrudept; five of six soil pits) and Oxisols (Typic
Haplodux; one of six pits). The soil physical and chemical properties of
Agua Salud and Gigante forests can be found in the Supplementary
Table 1. The soil classification reports can be found in ref. 75.

In Agua Salud, the landscape consists of cattle pastures and cul-
tivated fields, fallows, plantations and different age secondary forests
which recovered naturally following cattle ranching and small-scale
clear-cutting'®”>. Topography in this area varies, consisting of narrow
streams and steep but short slopes™. In Gigante, which is a part of the
Barro Colorado Nature Monument, the land is covered by a protected
mature forest on relatively flat terrain’.

Experimental design

The Gigante fertilization experiment (named ‘600-year-old forest’) was
established in a mature forest of at least 600 years post-human dis-
turbance, as determined with charcoal dating in 1997”. It consists of

four nutrient addition treatments (control, nitrogen, phosphorus and
nitrogen plus phosphorus) with each replicated four times (1 forest
age x 4 treatments x 4 replicates)”. The area of each plot is 0.16 ha
(40 x40 m). The Agua Salud Project fertilization experiment consists
of experimental plots at three different successional stages: very
young secondary forests established immediately after the abandon-
ment of cattle pastures (named “0-year-old forests”) and two middle-
aged secondary forests (named “10-year-old forests” and “30-year-old
forests”). The experiment began in 2015 with plot establishment of
four replicates per treatment for the 10- and 30-year-old forests and
the establishment of four replicate former pasture plots that were clear
of trees as 0-year-old forests. In 2016, we established a fifth replicate
set of plots for all forest ages and began fertilization treatments with
the same nutrient addition treatments as the mature forests. In both
sites, within each replicate, we blocked the control, nitrogen, phos-
phorus and nitrogen plus phosphorus plots within sites on the land-
scape to minimize the effects of small-scale variations in climate, soils
and surrounding forest tree diversity and seed source (Supplementary
Fig. 1 in Supplementary Information 1). Plots are located on the land-
scape to eliminate the possibility of the flow of nutrients from one plot
to another based on slope, and the minimum distance between plots is
40 m. The area of fertilized plots is 0.16 ha (40 x 40 m), and the control
plots are 0.1 ha (20 x 50 m) since they do not need a fertilization buffer.
In every Agua Salud fertilization plot, trees are monitored only within
the inner 0.1 ha, leaving a buffer zone on four sides that was fertilized.

Fertilizer was added as coated urea ((NH,),CO) and triple super-
phosphate (Ca(H,PO,),-H,0) in nitrogen and phosphorus-treated
plots, respectively. Annual doses were 125kgNha’yr! and
50 kg P ha™yr™, and fertilizers were added by hand in four equal doses
at regular intervals beginning approximately two weeks after the
beginning of regular, heavy rains (approximately 15-30 May, 1-15 July,
1-15 September and 15-30 October)".

We also measured the annual rainfall when the Agua Salud ferti-
lization experiment was established (see the annual rainfall variation in
the Supplementary Fig. 6). We found that changes in rainfall do not
affect biomass accumulation and its dynamics.

Forest inventory

We monitored all 76 plots since the start of the nutrient fertilization
(i.e., 2015 in Agua Salud forests and 1997 in Gigante forest). All free-
standing woody plants (trees, palms and lianas - hereon referred to
as trees since 75% of plants were trees) within the plots were iden-
tified, but the monitoring protocols differed slightly between the
two sites. In Agua Salud, in the center 0.1ha of plots, all stems of
trees and palms with diameters > 5cm and all lianas with dia-
meter >1cm were measured, as well as 50% of all tree and palm
stems with diameters between 1 and 5 cm. All trees of the same size
cutoffs were measured in the control plots. In Gigante, trees with a
diameter > 10 cm were measured in the whole plot, and trees with a
diameter between 1 and 10cm were measured in the central
20x30m subplot. We use the nested design to capture the
dynamics of small trees. For the large trees, diameters were mea-
sured above any buttresses or other deformities of the lower
trunk®”*, All diameters were measured at 1.3 meters height.

In Agua Salud, plots were censused prior to fertilization in 2015,
with the exception of the plots established in 2016. Plots were then
censused yearly after fertilization from 2016 to 2019. In Gigante, plots
were censused every five years from 1997 to 2018; however, we
focused on the census prior to fertilization in 1997 and the censuses
after fertilization from 2003 to 2018. We divided our analysis into two
census intervals to capture (1) the most recent forest dynamics that
would be comparable to the climatic conditions at the Agua Salud
experiment (2013-2018) and (2) the forest characteristics prior to
fertilization and the subsequent post-fertilization dynamics (the 1997
to 2013 censuses).
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Biomass at the plot scale

We first estimated the aboveground biomass (kg stem™) of all recor-
ded stems in Agua Salud and Gigante plots. We applied different
allometric functions to estimate the aboveground biomass of each
stem of each tree, liana and palm. For trees, we estimated the above-
ground biomass of each stem using the following allometric function’®:

AGB= exp[ — 1.803 — 0.976E +0.976 In(WD) +2.673 In(DBH) — 0.0299 [In(DBH)?].

where AGB represents aboveground biomass (kg stem™), E is the local
climatic index’®, and WD is wood density (g cm™). DBH represents the
diameter at 1.3 meter (cm). The climate index, £=0.05645985, near
our study site, represents the effect of the environment on tree height
allometry”. Species-specific wood density (in g cm™) was estimated
from the most common species in Agua Salud and Gigante (S. Joseph
Wright unpublished data and ref. 79).

For lianas, the aboveground biomass of each stem was calculated
using a liana-specific allometric equation®®®":

AGB = exp[—0.999 +2.682*In(DBH)].

For palms, we calculated the aboveground biomass using a palm-
specific allometric equation’**%

AGB=0.0417565*(DBH)*7*%3.

We summed the aboveground biomass of all stems one cen-
timeter and above in each plot and scaled to one hectare to get the plot
scale per hectare biomass (Mg ha™, Fig. 1). To account for differences
in the methods of inventorying all stems five centimeters and above
and stems one to five centimeters in half of the plot at Agua Salud, we
cloned the aboveground biomass of stems one to five centimeters to
double the aboveground biomass of stems in that size class. At
Gigante, where we inventoried all stems greater than ten centimeters
and stems one to ten centimeters in 37.5% of the plot area, we summed
the aboveground biomass of stems one to ten centimeters and mul-
tiplied by 2.667.

Forest dynamics at the plot scale

We calculated the mean annual net change of aboveground biomass
for each plot and census interval (between 2015 and 2016, 2016 and
2017, 2017 and 2018, and 2018 and 2019 for Agua Salud plots, and
between 1997 and 2013, and 2013 and 2018 for Gigante plots;
Mg ha™ year™; Fig. 2, Supplementary Figs. 2-5).

We then calculated plot scale aboveground biomass gains and
losses for each census interval in Agua Salud plots (the same intervals
as described above), and for longer intervals in the Gigante plots
(between 1997 and 2003, between 2003 and 2008, between 2008 and
2013, and between 2013 and 2018; Mg ha™ year™; Fig. 3, Supplementary
Figs. 2-5). For Gigante, we then took the mean of the dynamics
between 1997 and 2003, between 2003 and 2008, and between 2008
and 2013 to get the dynamics for the interval 1997 to 2013. We then
took the mean dynamics of these census intervals to represent the full
fertilization period. Growth was calculated as the gains of the trees
recorded in the first census year that survived until the next census,
divided by the time between the two censuses. Recruitment was cal-
culated as the total aboveground biomass gain of trees that were
recorded in the later census but not in the previous, divided by the
time between the two censuses. Mortality was calculated as the
aboveground biomass loss because of the loss of trees recorded in the
initial census by the second census, divided by the period between the
two censuses. Due to potential systematic error of overestimating
growth and underestimating recruitment because of the cutoff of
minimum tree size, we combined growth and recruitment into one
measure of biomass gain and considered mortality as biomass loss.

Finally, for forest ages where we found significant effects of
nutrients, we converted the net aboveground biomass change due to
nutrients into CO, equivalent. We took the difference in aboveground
biomass sequestered between the forests with and without the added

nutrient into CO, by multiplying by 0.47 (the carbon:biomass ratio®)
and 3.66 (the number of CO, molecules per carbon). We then took the
mean of the values at 0 and 10 years to calculate the mean CO, accu-
mulation due to nutrient addition over the first ten years of forest
recovery (tons CO, ha™ year™).

Statistical analysis

All analyses were performed in R (4.0.2)%*. We used linear mixed-
effects models (‘lmer’ function in “Ime4” package) to test for the
effects of nutrient addition and forest age on aboveground biomass
net change, aboveground biomass gain and aboveground biomass loss
at the plot scale as a mean across censuses. The mixed-effects models
included nitrogen, phosphorus, forest age and their interactions, with
block - the grouping of treatments across the landscape - as a random
effect. In each model, all fixed effects were treated as factors. We log-
transformed aboveground biomass loss to meet the model assump-
tions. For all models, we used the “anova” function for results and
checked the residual and Q-Q plots to evaluate model assumptions. We
evaluated whether annual rainfall influenced forest dynamics at Agua
Salud; however, the effects were minimal (Supplementary Fig. 6).

We use the ‘Holm’ adjustment to avoid the problem of multiple
comparisons®. When we found a significant interaction of a nutrient
and age, we used contrasts (the ‘emmeans’ function from the
‘emmeans’ package) with the ‘Holm’ adjustment to determine the
specific age at which the nutrient was limiting. We considered an effect
to be significant if p<0.05. The marginal and conditional R?> were
obtained for the models with the ‘r* function from the ‘r2mlm’ package.

Data availability

The data generated for this study have been deposited in the Figshare
database under accession code CC BY 4.0: https://doi.org/10.25390/
caryinstitute.25892776.v1.

Code availability

R Code generated for this study have been deposited in the Figshare
database under accession code CC BY 4.0: https://doi.org/10.25390/
caryinstitute.25892776.v1.
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