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ABSTRACT. We initiated a factorial nitrogen-phosphorus-potassium addition experi-
ment in old-growth forest growing on an infertile Oxisol in 1998. The experiment
provides clear evidence that each added nutrient limits multiple plant and ecosystem
functions. All three added nutrients limit tissue nutrient concentrations, allocation to
roots, and seedling growth. Phosphorus also limits soil microbial biomass, stand-level
fine litter productivity, reproductive effort by trees, and soil and litter invertebrate abun-
dance. Potassium also limits stomatal function and soil and litter invertebrate abundance.
The experiment provides no evidence for diversity declines associated with eutrophica-
tion. Rather, added nutrients increased soil microbial diversity and soil and litter inverte-
brate diversity. Going forward, we anticipate additional lagged responses by long-lived
tree species adapted to infertile soil and a shift in tree species composition to species
adapted to more fertile soils. We plan further studies to explore how tropical forests
maintain high productivity despite impoverished soils.

Keywords: insect abundance; insect diversity; limitation; microbial biomass; microbial
diversity; nitrogen; phosphorus; potassium; productivity; seedling growth

INTRODUCTION

Many tropical forests maintain high levels of productivity despite growing on
impoverished soils (Muller-Landau et al., 2021). A longstanding paradigm holds that
phosphorus (P) and/or a major cation—such as potassium (K), calcium, or magnesium—
but not nitrogen (N) limit productivity on highly weathered tropical soils (Vitousek and
Sanford, 1986). This paradigm is motivated by extensive leaching of all nutrients from
highly weathered soils, while N is replenished through biological fixation of atmospheric
dinitrogen by cyanobacteria and bacteria that prosper in the warm, wet climates that
characterize tropical forests (Walker and Syers, 1976; Hedin et al., 2009). Previous N
and P addition experiments conducted in tropical forests provide limited support for
the paradigm, with similar strong positive responses to both N and P addition; how-
ever, many of these experiments failed to characterize local soils or took place in forests
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growing on relatively fertile soils or in rapidly growing second-
ary forests where nutrient demand is large (reviewed by Ostertag
and DiManno, 2016; Wright, 2019). We initiated a replicated,
factorial N-P-K addition experiment in old-growth forest grow-
ing on a highly weathered Oxisol to determine which, if any,
nutrient limits productivity and other ecosystem functions and
to study how trees maintain high levels of productivity despite
impoverished soils. Here, we synthesize responses through the
24th year of the experiment, providing clear evidence that each
added nutrient limits multiple components of the ecosystem.

STUDY SITE AND EXPERIMENTAL DESIGN

The study site supports 30- to 40-m tall, species-rich, old-
growth forest on the Gigante Peninsula in the Barro Colorado
Nature Monument (9°06°31” N, 79°50°37” W). The most
recent fires occurred 600 to 900 years ago, and paleobotanists
have not detected any evidence of agriculture (McMichael et al.,
2024). Soil inorganic N availability is high, while P and K avail-
ability are exceptionally low for the region (Yavitt et al., 2009).
The soil corresponds to the most highly weathered red light clay
soils of Barro Colorado Island (BCI; Yavitt, 2024), but the basalt
bedrock, which is not present on BCI, has unusually low concen-
trations of P and K (Wright et al., 2011). Phosphorus availability
influences local distributions of nearly half of the tree species
in central Panama (Condit et al., 2013), and the study site is
dominated by tree species associated with P-impoverished soils
(Wright et al., 2018).

The experimental design includes four replicates of eight
factorial combinations of N, P, and K addition (control, +N, +P,
+K, +NP, +NK, +PK, +NPK). We add fertilizer by hand in four
equal doses each wet season with 6-8 weeks between applica-
tions. Nitrogen is added as urea, P as triple superphosphate, and
K as potassium chloride. Annual doses are 125 kg N ha-! yr-1, 50
kg P ha! yr-!, and 50 kg K ha! yr-!, which equals 69%, 470%,
and 88% of annual inputs from fine litter at a nearby site (3
km) on BCI, respectively. We add P at elevated levels because
the highly weathered soil adsorbs large quantities of P in forms
unavailable to plants and microbes (Mirabello et al., 2013).
Companion experiments at the same site add the remaining mac-
ronutrients (calcium, magnesium, and sulfur) and micronutrients
(Kaspari et al., 2008; Barron et al., 2009) and manipulate fine
litter inputs of nutrients and organic matter (Tanner et al., 2024).

SOIL RESPONSES

The addition of a nutrient increased its extractable (hence-
forth available) concentrations in surface soils (see Table 1 for
references). Potassium addition quickly doubled K+ availability.
Nitrogen addition quickly doubled nitrate (NO,-) availability but
did not affect ammonium (NH,*) availability probably because
microbes rapidly nitrify NH,* producing NO,". In contrast,

P addition increased phosphate (PO,) availability gradually,
with minimal increases in the first 3 years, a doubling in the 4th
year, and a 29-fold increase by the 10th year. This delay reflects
gradual saturation of sites that form insoluble bonds with PO,
in strongly weathered soils (Mirabello et al., 2013). An inter-
action between N and P addition developed after P availabil-
ity increased, with reduced NH,* and NO,- availability where P
and N were added together. This suggests plants and microbes
increased N uptake and retention after P limitation was relieved
(Mayor et al., 2014a; Turner and Wright, 2014) and is consistent
with increased microbial gene activity associated with N acquisi-
tion after 17 years of P addition (Yao et al., 2018).

Nitrogen addition acidified the soil, which affected avail-
abilities of several other nutrients (see Table 1 for references).
Soil pH declined by 0.6 pH units over the first four years of N
addition and then held steady through 20 years (Fig. 1). Two
possible causes of acidification are production of H* during
nitrification of added ammonium and loss of buffering capacity
caused by leaching losses of base cations (calcium, magnesium,
K, sodium) with mobile nitrate. After nine years of N addition,
concentrations of nitrate in soil solution at 1.5-m depth aver-
aged 93-fold greater in +N plots than in control plots, thus
confirming substantial leaching losses (Corre et al., 2010).
Potassium leaches away with nitrate reducing K* availability
and, where K and N are added together, K* displaces other
cations in leachate, further exacerbating K* losses causing an
N*K interaction (Table 1). Acidification was also associated
with reduced calcium availability, increased aluminum toxicity,
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FIGURE 1. Nitrogen (N) addition acidified the soil. Mean soil pH in
water declined over the first four years of N addition (1998 through
2001) and fluctuated in parallel between N treatments after 2001.
The N treatment difference averaged 0.6 pH units after 2001. Results
for 1997 predate N addition. Means (+2 SE) are presented for 16 -N
plots and 16 +N plots across treatments, as indicated in the legend.
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TABLE 1. The responses of pH and extractable concentrations of selected elements in surface soils (0 to 10 cm depth) to factorial

addition of nitrogen (N), phosphorus (P), and potassium (K). None indicates no statistically significant effect(s).

Response (methods) Main effects Interactions References®
pH +N: reduced from 5.4 to 4.8 none 1,2,3
(in water) +P: none

+K: none
Extractable NH,* +N: none N*P: +NP reduced NH, " availability 2,3
(K,SO, extract) +P: none by year 10

+K: none
Extractable NO,- +N: approximately doubled N*P: +P reduced the +N increase 2,3
(K,SO, extract) +P: none by year 10

+K: none
Extractable POA(3 +N: none none 2,3
(Mehlich-III) +P: increased 29-fold by 10th year

+K: none
Extractable K* +N: reduced N*K: +K amplified the +N reduction 2,3
(Mehlich-IIT and 1 M NH 4Cl) +P: none

+K: approximately doubled
Extractable Ca*? +N: reduced by 25% none 3
(Mehlich-III) +P: none

+K: none
Extractable AI*3 +N: increased by 18% none 3
(Mehlich-III) +P: none

+K: none

2 References: 1. Corre et al. (2010); 2. Yavitt et al. (2011); 3. Turner et al. (2013).

and altered availabilities of selected micronutrients (Table 1;
Yavitt et al., 2011; Turner et al., 2013). The liberation of Al*
further acidifies soil through formation of aluminum hydrox-
ides. Acidification is an inevitable consequence of N addition in
highly weathered tropical soils (Tian and Liu, 2015) and com-
plicates the interpretation of microbial and plant responses to
N addition (Wright, 2019).

The N cycle became leakier over the first four years of
N addition. Relative to controls, N-oxide emissions (NO and
N,O) increased by 58%, 105%, and 254% after 1, 2, and 9-10
years of N addition, respectively, and accounted for 10% of
added N in years 9 and 10 (Koehler et al., 2009a, 2012; Corre
et al., 2014). Nitrogen addition also increased gross N min-
eralization (organic N to NH,*), nitrification (NH,* to NO,"),
and NO,- leaching losses (Corre et al., 2010). Nitrogen isotope
ratios (8"°N) provide additional insight. Biological reactions

fractionate against the heavier N isotope and increasingly con-
centrate N in soluble soil N as N supplies increase. This mech-
anism raised the 8°N of extractable soil nitrate from -0.50°/00
in control plots to 3.60°/00 in +N plots even though the 8N of
our urea fertilizer is -2.22°/oo (Mayor et al., 2014a). The §"°N
of leaf litter increased from 0.5 to 1.5°/00 in +N plots over the
first 4 years as plants increasingly fractionated against ’N then
held steady through 10 years of N addition (Corre et al., 2010).
Gradual N cycle responses to N addition parallel gradual phos-
phate availability responses to P addition suggesting colimita-
tion by both nutrients.

Tropical forest soils hold globally significant amounts of
carbon (C) in organic matter and take up 6.2 Tg of methane,
a potent greenhouse gas, each year (Veldkamp et al., 2013).
Nitrogen addition stimulated methane consumption by methano-
trophs, but it did not affect methane uptake because clay-rich soils
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FIGURE 2. Soil respiration (means =1 SE) was unaffected in the fifth
year of nutrient addition. The horizontal axis presents the eight treat-
ments of our factorial nitrogen (N), phosphorus (P), and potassium
(K) addition experiment. We measured soil respiration three times at
four random locations in the inner 30 x 30 m of every experimental
plot on five dates between March and October 2002, using a soil
cuvette and LI-6400 infrared gas analyzer (Licor, Nebraska). We
installed 10-cm diameter polyvinyl chloride collars to 10-cm depth
one year before measurements began.

limited diffusion of atmospheric methane into the soil (Koehler et
al., 2012; Veldkamp et al., 2013). Each year, tropical forests cycle
more than 10% of atmospheric carbon dioxide (CO,) through
photosynthesis and respiration, with soil respiration being the
second-largest CO, flux (Malhi, 2005). Soil respiration did not
respond to any nutrient after 5 years (Fig. 2) nor to N addition
after 10 years (Koehler et al., 2009b). Finally, soil organic C con-
centrations and total amounts did not respond after 10 years of
nutrient addition (Turner et al., 2015). Neither N, P, nor K addi-
tion affected soil C dynamics on a decadal time scale.

MICROBIAL AND INVERTEBRATE RESPONSES

Phosphorus limits soil microbial communities. Phosphorus
addition increased bacterial taxonomic richness and microbial
biomass concentrations of C, N, and especially P (Table 2, rows
A-D) and reduced microbial turnover rates (Gross et al., 2015).
Single-celled myxomycetes (or plasmodial slime molds) are pred-
ators of bacteria. Phosphorus addition increased myxomycete
abundance (Table 2, row H) suggesting bottom-up control of a
microbial trophic cascade.

Enzyme activity and gene abundances associated with P
acquisition confirm P limitation. Soil phosphatase activity declined
by 65% following P addition (Turner and Wright, 2014). Phy-
tase catalyzes phosphate release from phytate, which is the most

recalcitrant P-containing compound in soil organic matter. A com-
parison of control and P-addition treatments detected more than
100 new phytase genes, which is a substantial addition to known
microbial phytase genes (Yao et al., 2018). Recalcitrant P sub-
strates are important sources of P for soil microbes in these P-defi-
cient soils. Phosphorus addition also altered gene abundances of
enzymes involved in C, N, and sulfur cycles, suggesting changes
in allocation to maintain stoichiometric ratios after P limitation is
alleviated (Yao et al., 2018).

Nitrogen and K addition had fewer effects on soil microbial
communities (Table 2, rows A-E). Nitrogen addition stimulated
methane uptake by methanotrophs (Veldkamp et al., 2013).
Nitrogen addition also reduced bacterial taxonomic richness,
and P addition ameliorated this reduction (Table 2, row D). This
finding parallels a marginally significant N*P interaction for soil
pH (Turner et al., 2013), suggesting that the reduction in soil
pH associated with N addition (Fig. 1) might directly limit bac-
terial taxonomic richness. In forest floor litter, N addition did
not affect pH or bacterial taxonomic richness (Table 2, row F;
Walker et al., 2019). The contrasting responses of pH and bacte-
rial taxonomic richness in soil versus litter is consistent with the
hypothesis that acid soils reduce bacterial taxonomic richness.

Nutrient addition had additional effects on microbial com-
munities in the forest floor litter layer. In the parallel micronutri-
ent addition experiment, molybdenum, which is a cofactor in the
N-fixing enzyme nitrogenase, stimulated N fixation by heterotro-
phic bacteria (Barron et al., 2009). Fungal taxonomic richness in
the litter layer increased in response to N, K, and P addition alone
but not when combined with a second nutrient (Table 2, row G).
Bottom-up control of microbial communities is widespread.

Nutrient addition did not affect the taxonomic richness of
bacteria living inside leaves (Table 2, row J). Each pairwise combi-
nation of nutrients had statistically significant effects on taxonomic
composition of foliar endophytic bacteria; however, minimal vari-
ation was explained (R? values <0.01; Griffin et al., 2019).

Phosphorus and K both limited invertebrates in superficial
soil and the litter layer. Phosphorus addition and K addition
both increased abundance and species richness, while N addition
reduced abundance significantly (Table 2, rows K-L). Phosphorus
addition ameliorated this effect of added N where P and N were
added together (Table 2, rows K-L). Phosphorus addition also
increased ant recruitment to baits, while N addition reduced nest
density of a dominant ant species (Bujan et al., 2016, 2019). The
species richness of litter ants was unaffected (Table 2, row M).

Two broad patterns emerge across microbial and invertebrate
responses. First, P addition increased the abundance of every tax-
onomic group examined, including microbes, slime molds, and
invertebrates in the soil and leaf litter (Table 2, rows A-C, H,
K). Second, there was virtually no evidence for declines in spe-
cies richness following nutrient addition (Table 2, rows D-G, I-],
L-M). Instead, species richness increased with P addition for soil
bacteria and with P and K addition for soil and litter inverte-
brates (Table 2, rows D, K, L). This result contrasts with reduc-
tions in diversity associated with eutrophication in freshwater
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TABLE 2. Responses of microbes and invertebrates to factorial nitrogen (N), phosphorus (P), and potassium (K) addition. None

indicates no statistically significant effect(s).

Row - response (units) Main effects Interactions References?
A — Soil microbial C +N: none
(mg C kg™! soil) +P: increased by 13% none 1
+K: none
B - Soil microbial N +N: none
(mg N kg™! soil) +P: increased by 21% none 1
+K: none
C - Soil microbial P +N: none
(mg P kg™ soil) +P: increased by 49% none 1
+K: none
D — Soil bacterial species richness® +N:.reduced N*P: +P ameliorated the
+P: increased . 2
+N reduction
+K: none
E - Soil fungal spies richness® +N: none
+P: none none 2
+K: none
F — Litter bacterial species richness® +N: none
+P: none none 3
+K: none
G - Litter fungal species richness® +N: none N*K and N*P: increased
+P: none by one but not by both 4
+K: none nutrients
H - Litter myxomycete abundance +N: none
+P: increased by 23% none 5
+K: none
I - Litter myxomycete species richness +N: none
+P: none none S
+K: none
J — Species richness of foliar bacterial endophytes +N: none
+P: none none 6
+K: none
K - Soil/litter invertebrate abundance +N: reduced ] .
. N*P: +P ameliorated the +N
+P: increased . 2
] reduction
+K: increased
L - Soil/litter invertebrate species richness +N: none ; .
+P- increased N P: .+P ameliorated a non- )
) significant +N reduction
+K: increased
M - Litter ant species richness +N: none
+P: none none 3
+K: none

3 References:

1. Turner and Wright (2014)

2. Kaspari et al. (2017)
3. Kaspari et al. (2010)
4. Kerekes et al. (2013)
5. Walker et al. (2019)
6. Griffin et al. (2019)
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communities and many plant communities. We evaluated micro-
bial and invertebrate responses after 9-17 years of nutrient
addition, giving ample time for these short-lived organisms to
respond numerically. We conclude that P limits many microbial
and invertebrate taxa in the soil and leaf litter. We speculate that
the absence of eutrophication-driven declines in species richness
reflects some combination of rapid evolution in microbes, species
replacement enabled by the hyperdiversity of tropical microbes
and invertebrates, and niches enabled by spatial heterogeneity at
the spatial scales of these smallest of all organisms.

MYCORRHIZAL RESPONSES

Arbuscular mycorrhizal fungi (AMF) colonize roots and
provide their hosts with nutrients in exchange for carbon. Nutri-
ent addition is expected to reduce benefits for hosts, allocation by
hosts to AME, and percentage of root length colonized by AMF
(Treseder, 2004). Nitrogen addition reduced a lipid biomarker
of AMF activity by 30%, colonization of roots of selected tree
species by 18%, and colonization of roots in bulk soil samples
by 6% (Sheldrake et al., 2018; Wurzburger and Wright, 2015).
Phosphorus addition reduced the AMF biomarker by 25%, colo-
nization of tree roots by 18%, and colonization of Philodendron
fragrantissimum (Araceae) roots, but it increased colonization of
roots in bulk soil samples by 8% (Wurzburger and Wright, 2015;
Sheldrake et al., 2018; Woods et al., 2018). Potassium addition
had no significant effects on AMF. We conclude AMF contribute
to plant N and P nutrition but not K nutrition. The minimum
mean percentage of root length colonized for any treatment was
42% across the three root colonization studies. This result sug-
gests (1) our treatments do not completely remove benefits asso-
ciated with N or P nutrition; (2) AMF provide benefits other
than N and P nutrition (Herre et al., 2007); and/or (3) plants
have limited control over allocation to AMF. Nitrogen and espe-
cially P addition altered AMF species composition (Sheldrake et
al., 2017, 2018). Altered AMF species composition with N and
P addition raises the possibility that relatively parasitic AMF spe-
cies replace relatively symbiotic AMF species, with plants having
limited control over allocation to AMFE.

PLANT RESPONSES

Nutrient addition increased tissue concentrations of the
added nutrient. For two studies of sun-exposed leaves of canopy
tree species, the addition of the same nutrient increased mean
tissue concentrations by 3.1% and 5.0% for N, 18% for K, and
68% and 38% for P (Mayor et al., 2014b; Wright et al., 2011).
For fine roots from bulk soil samples (mostly canopy trees and
lianas), the addition of the same nutrient increased tissue concen-
trations by 2.9% for N, 13% for K, and 140% for P (Wurzburger
and Wright, 2015). For deeply shaded, understory seedlings of
five tree species, the addition of the same nutrient increased mean

tissue concentrations for new leaves, mature leaves, roots, and
stems by 7.4%, 12%, 10%, and 13% for N; 8.7%, 37%, 15%
and 33% for P; and 4.4%, 3.5%, 8.7%, and -5.0% (the only
decrease) for K, respectively (Santiago et al., 2012; Schreeg et al.,
2014). Tissue concentration responses were consistently strong
for P and modest for N and K.

These nutrient-specific responses integrate nutrient avail-
ability at the experimental site, which is high for N and low
for P and K, and relative rates of leaching from living tissues.
Rainwater K concentrations increase by an average of 1100%
as rain passes through vegetation canopies (reviewed by Parker,
1983). In contrast, canopy foliage often absorbs N and P from
rainwater (Parker, 1983). We speculate that tissue N concentra-
tions approach optimal levels in our control treatment (Mayor et
al., 2014b), dramatic increases in tissue P concentrations reflect
P limitation, and rapid leaching prevents dramatic increases in
tissue K concentrations. It remains to be determined whether the
observed increases in tissue nutrient concentrations represent lux-
ury consumption or relieve nutrient limitation of plant function.

Nitrogen, K, and especially P addition caused statistically
significant physiological responses. Whole metabolome responses
include increased allocation to secondary metabolites and defense
with P addition in two canopy tree species and increased alloca-
tion to primary metabolites with N addition in an understory
species (Gargallo-Garriga et al., 2017). Photosynthetic rates
increased with N addition, stomatal conductance increased with
P and K addition, and leaf internal CO, concentrations increased
with K addition for deeply shaded seedlings of the canopy tree
Alseis blackiana (Pasquini and Santiago, 2012). Phosphorus is
known to increase biochemical efficiency of the photosynthetic
light reactions, and P addition increased maximum electron
transport rates for deeply shaded seedlings of 13 tree and liana
species (Pasquini et al., 2015). Potassium addition reduced this
last effect of P addition, which is likely linked to altered stomatal
control with K addition (Pasquini et al., 2015). These widespread
physiological responses raise the likelihood that productivity also
responds.

Allocation complicates productivity responses. Leaves, roots,
and stems coordinate acquisition of all essential resources, and
the addition of limiting nutrients could alter allocation as well as
production. Allocation to leaves should increase if added nutri-
ents relieve carbon limitation but remain unchanged if carbon
is not limiting or even decrease if added nutrients raise per leaf
productivity. Allocation to roots might increase if a second soil
resource is limiting but should decrease otherwise. Allocation to
wood must support any increase in leaf biomass or tree heights.
Elevated allocation to storage and defense and concomitant slow
growth and low-mortality rates characterize long-lived trees
adapted to infertile soils. This raises the possibility that added
nutrients might be acquired and stored for many years before
productivity responds.

Observed productivity responses are consistent with these
allocation and life-history considerations. Belowground, the
first four years of K addition reduced allocation to roots in tree
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seedlings and stand-level fine root biomass and increased stand-
level fine root turnover rates (Wright et al., 2011; Yavitt et al.,
2011; Santiago et al., 2012). Fine root biomass also declines with
K availability across a natural soil fertility gradient in central
Panama (Cusack and Turner, 2021). We speculate leaching losses
of mobile K* ions drive allocation to fine roots in K-poor soils
in humid tropical forests (Wright and Kitajima, 2022). Roots
responded more slowly to N and P addition. After 13 years, the
smallest stand-level fine root biomass and largest specific root
lengths (cm g') occurred where N, P, and K were added together
(Wurzburger and Wright, 2015). The addition of all three mac-
ronutrients eventually reduced fine root biomass, with the stron-
gest and most rapid reductions for K addition.

Allocation shifts away from roots will contribute to
increased aboveground productivity. Seedling height growth
increased significantly with the addition of K alone and N and
P together (Santiago et al., 2012). With this exception, statisti-
cally significant aboveground productivity responses have been
restricted to P addition. Early reports of significant increases
in the reproductive fraction of fine litter with N addition and
tree diameter growth with N and K together (Kaspari et al.,
2008; Wright et al., 2011) were not sustained as additional data
became available (Wright et al., 2018; Fortier and Wright, 2021).
In contrast, P addition has caused sustained increases of 20% for
community-wide fine litter production and 43% for reproduc-
tive effort across 38 tree species (Wright et al., 2011; Fortier and
Wright, 2021). The experiment already provides clear evidence
for P limitation of stand-level productivity.

The strong seedling growth responses to N, P, and K suggest
that, with time, stand-level productivity responses might also
emerge for all three nutrients. We speculate that deeply shaded
seedlings are particularly prone to nutrient limitation because
limited carbon budgets limit root function (Yavitt and Wright,
2008). In contrast, the canopy trees and lianas that dominate
stand-level productivity access full sunlight to sustain root func-
tion and nutrient acquisition. In addition, elevated allocation
to storage and defense characterize plants adapted to infertile
soils and added nutrients might be stored for many years before
productivity responses emerge. For these reasons, we anticipate
stronger stand-level responses to all three added nutrients as the
experiment continues.

CONCLUSIONS

Phosphorus, K, and N each limit multiple components of an
old-growth tropical forest growing on a highly weathered Oxi-
sol. All three nutrients limit plant tissue nutrient concentrations,
allocation to fine roots, and seedling growth rates. In addition,
K limits stomatal behavior and soil and litter invertebrates, and
P limits a wide range of plant functions, soil and litter inverte-
brates, and soil microbes. Added nutrients invariably increased
the diversity as well as abundance of soil microbes and soil and
litter invertebrates.

The experiment presents new opportunities as it enters its
25th year. New approaches will be needed to separate the effects
of N availability and altered pH for soil microbes and possibly
fine roots. New studies will compare function with and without
added nutrients to determine how tropical forests maintain high
levels of productivity on highly weathered soils. As one exam-
ple, comparison of control and P-addition treatments identified
more than 100 new microbial genes involved in the breakdown
of phytate. We now know soil microbes exploit the most recalci-
trant P-containing organic compound on P-impoverished tropi-
cal forest soils (Yao et al., 2018). Finally, we anticipate lagged
responses by long-lived trees adapted to impoverished soil, pos-
sibly including increases in wood production and aboveground
productivity responses to N, P, and K addition.
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