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Abstract. Nutrient addition experiments indicate that nitrogen and phosphorus limit plant
processes in many tropical forests. However, the long-term consequences for forest structure
and species composition remain unexplored. We are positioned to evaluate potential long-term
consequences of nutrient addition in central Panama where we have maintained a factorial
nitrogen—phosphorus—potassium fertilization experiment for 21 yr and an independent study
quantified the species-specific nutrient requirements of 550 local tree species. Here, we ask
whether nutrients limit reproduction at the species and community levels. We also ask whether
species-specific reproductive responses to nutrient addition are stronger among species associ-
ated with naturally fertile soils, which could contribute to a shift in species composition. We
quantified species-level reproductive responses for 38 focal species in the 21st year of the exper-
iment and community-level reproductive litter production for the first 20 yr. Species-level
reproductive responses to nitrogen and potassium addition were weak, inconsistent across spe-
cies, and insignificant across the 38 focal species. In contrast, species-level responses to phos-
phorus addition were consistently and significantly positive across the 38 focal species but were
unrelated to species-specific phosphorus requirements documented independently for the same
species. Community-level reproductive litter production was unaffected by nutrient addition,
possibly because spatial and temporal variation is large. We conclude that phosphorus limits
reproduction by trees in our experiment but find no evidence that reproductive responses to

phosphorus addition favor species associated with naturally phosphorus-rich soils.
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INTRODUCTION

Plant reproduction is fundamental to most agriculture
and to the fitness of natural plant populations. Nutrients
often limit reproductive yield in crop plants, giving rise
to the fertilizer industry. Nutrients can also limit repro-
duction in natural plant populations; however, unlike
crops, natural plant populations are adapted to local
environmental conditions. Species adapted to low nutri-
ent supplies can maintain high levels of productivity
despite infertile soils (Turner et al. 2018), and often have
limited responses to improved soil fertility (Chapin et al.
1986, Zalamea et al. 2016). The potential for nutrients
to limit reproduction in natural plant populations
adapted to infertile soils is therefore uncertain and is lar-
gely unexplored (DiManno and Ostertag 2016).

Most lowland tropical forests grow on highly weath-
ered Oxisols and Ultisols. Low soil pH, low soil cation
and phosphorus (P) availability, high levels of biological
fixation of atmospheric dinitrogen, and high soil nitro-
gen (N) availability characterize these soils (Sanchez
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1976, Vitousek and Sanford 1986). Vitousek and San-
ford (1986) hypothesized that plants are likely to be lim-
ited by P or a cation but not by N in these forests.
Multiple resource limitation characterizes many plant
populations, with individual plants adjusting their physi-
ology and morphology to acquire the shifting mixture of
resources demanded by growth, maintenance, and repro-
duction (Bloom et al. 1985, Field et al. 1992, Farrior et
al. 2013). Given multiple resource limitation, it is per-
haps unsurprising that N and P both limit plant function
in meta-analyses of nutrient addition experiments con-
ducted in tropical forests (LeBauer and Treseder 2008,
Ostertag and DiManno 2016, Wright 2019). The possi-
bility remains that N, P, and/or cations are proximate
limiting resources, and P and possibly cations are also
ultimate limiting resources.

Vitousek et al. (2010) ... define a proximate limiting
nutrient as one for which additions stimulate biological
processes or pools directly, while an ultimate limiting
nutrient is one capable of transforming ecosystems, typi-
cally by driving a substantial and persistent change in
ecosystem structure and/or species composition as well
as increasing the rates of biological processes.” Compar-
ative studies across soil fertility gradients suggest proxi-
mate limitation of reproduction by soil nutrients in
tropical forests. For example, seed production increases
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with stand-level soil fertility in a dominant tree in a
Costa Rican forest (Tully et al. 2013) and the propor-
tional contribution of reproductive litter to total fine lit-
ter production increases with soil fertility across the
Neotropics (Chave et al. 2010). Comparative studies
across soil fertility gradients also suggest ultimate limita-
tion of ecosystem properties including aboveground bio-
mass and productivity by soil fertility in tropical forests
(reviewed by Muller-Landau et al. 2020). Nutrient addi-
tion experiments readily identify proximate limitation of
plant processes and could help to identify ultimate limi-
tation of species composition if interspecific variation in
demographic responses to nutrient addition differed sys-
tematically among species. Altered growth, survival and/
or reproductive rates could herald a shift in species com-
position, with species adapted to fertile soils predicted to
respond more strongly to nutrient addition than species
adapted to infertile soils (Chapin et al. 1986, Zalamea et
al. 2016).

To evaluate this last possibility, species-specific
resource requirements must be known. Condit et al.
(2013) evaluated relationships between occurrence and
soil N, P, and cation availability for 550 tree species
across 72 sites spanning strong soil fertility gradients
within 40 km of our study site. Condit et al. (2013)
quantified species-specific responses to each nutrient as
effect sizes defined as the first-order parameter of a
Gaussian logistic regression model relating occurrence
probability to standardized nutrient availability. Strong
negative and positive effect sizes identify species strongly
associated with low and high soil nutrient availabilities,
respectively. A positive correlation between these effect
sizes for a particular nutrient and the strength of species-
specific reproductive responses to addition of that nutri-
ent could identify a developing shift in species composi-
tion and a possible ultimate limiting nutrient.

We have maintained a factorial N-P—potassium (K)
addition experiment for 21 yr in a mature lowland tropi-
cal forest growing on a nutrient poor Oxisol in central
Panama. Each added nutrient increased plant tissue con-
centrations of that nutrient; K addition decreased fine
root biomass and increased fine root turnover and seed-
ling growth rates; P addition increased fine litter produc-
tion, photosynthesis, and stomatal conductance; and
combined N and P addition increased seedling growth
rates (Kaspari et al. 2008, Wright et al. 2011, Yavitt et
al. 2011, Pasquini and Santiago 2012, Santiago et al.
2012, Mayor et al. 2014, Pasquini et al. 2015). These
responses demonstrate proximate limitation of different
plant functions by N, P, and K.

This study evaluates reproductive responses. We exam-
ine levels of reproduction realized by individual trees of
38 species during the 21st year of nutrient addition and
the reproductive component of fine litter production
over the first 20 yr. An increase in reproductive activity
in response to P addition provides evidence of proximate
limitation by P. We also evaluate the interaction between
species-specific reproductive responses to P addition and
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the P effect size from Condit et al. (2013). A significant
positive interaction would be consistent with a develop-
ing shift in species composition and could provide the
first stand-level experimental evidence consistent with
ultimate nutrient limitation of species composition in a
tropical forest.

METHODS

Study site

The study site is on the Gigante Peninsula within the
Barro Colorado Nature Monument in central Panama
(9°06'31” N, 79°50'37” W). Temperature averages 26°C,
and annual precipitation averages 2,600 mm. Tree spe-
cies and structural composition are characteristic of sea-
sonal, old-growth forest, with canopy heights up to
43 m. The youngest soil charcoal '*C dates indicate the
most recent fire occurred 650 YBP (Crystal H. McMi-
chael, unpublished data). The soils are Oxisols (Typic
Hapludox in Soil Taxonomy; Soil Survey Staff 1999)
over most of the 38.4-ha experimental plot and transi-
tion to Inceptisols (Aeric Epiaquepts) in the poorly
drained, low-lying, southwest corner (Benjamin L.
Turner, unpublished data).

Experimental design

We replicated the eight treatments of a 2 x 2 x 2 fac-
torial NPK experiment four times, with replicates placed
along a 36-m topographic gradient. Soil properties
(Yavitt et al. 2009) and tree distributions (S. Joseph
Wright, unpublished data) parallel the topographic gradi-
ent. Within each replicate, we blocked the N, P, K, and
NPK treatments vs. the NP, NK, PK, and control treat-
ments (see Appendix S1: Fig. S1). This balanced,
incomplete-block design minimizes uncontrolled error
associated with spatial variation, enables evaluation of
main effects and two-way interactions, but limits
power to evaluate the three-way interaction (Winer
1971). For this reason, we do not evaluate the three-
way interaction. The 32 experimental plots are each
40 x 40 m and are separated by a minimum distance
of 40 m, except two plots separated by 20 m and a
2 m deep streambed.

Nutrient treatments

Beginning in 1998, we added fertilizer by hand in four
equal doses each wet season with 6-8 weeks between
applications (approximate dates 15-30 May, 1-15 July,
1-15 September, and 15-30 October). We added N as
coated urea ((NH,),CO), P as triple superphosphate (Ca
(H,PO4)»-H,0), and K as potassium chloride (KCl).
Annual doses were 125 kg N-ha™l.yr™!, 50 kg P-ha™!
yr~!, and 50 kg K-ha="-yr™', which equals 69%, 470%,
and 88% of annual inputs from fine litter, respectively, at
a site 3 km to the north (Yavitt et al. 2004). Similar large
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doses of P are standard practice in tropical nutrient
addition experiments (see Data S1 in Wright 2019)
because many tropical soils, including the soils at our
site, sequester large amounts of added P in forms
believed to be inaccessible to plants (Mirabello et al.
2013).

Reproductive measurements

We identified, mapped, and measured diameter at
breast height (DBH) for trees with DBH > 10 cm
throughout each plot and trees with DBH > 1 cm for a
central 20 x 30 m subset of each plot in 2018 using the
methods of Condit (1998). We assessed the reproductive
status of mapped trees during 13 censuses at approxi-
mately 3-week intervals between January and September
2019. Most plant species reproduce between December
and August in central Panama (Croat 1978, Zimmerman
et al. 2007), so our censuses covered flowering and/or
fruiting in most species. During each census, we focused
on species known to reproduce at that time of year from
our own observations and published records (Croat
1978, Zimmerman et al. 2007). Reproductive scores were
zero for sterile trees and 1, 2, 3, or 4 for trees with 1-
25%, 26-50%, 51-75%, or 76—100% of the canopy bear-
ing flowers or fruit, respectively (follows Wright et al.
2005a).

Tree condition

We sought to explain as much of the background vari-
ation in reproductive scores as possible to evaluate nutri-
ent addition effects better. Tree size (quantified by
DBH), liana infestation, sun exposure, and crown dam-
age are known to explain variation in levels of reproduc-
tion (Graham et al. 2003, Wright et al. 2005a4, Ledén
et al. 2018) and are covariates in our analyses. We scored
every tree for liana infestation, sun exposure, and
canopy damage. Liana scores were 0 for trees without
lianas and 1, 2, 3, or 4 for trees with 1-25%, 26-50%,
51-75%, or 76-100% of their canopy covered by lianas,
respectively (follows Clark and Clark [1990]). Sun expo-
sure scores were integers from 1 to 5, with 1 for under-
story plants lacking direct sunlight except during sun
flecks and 5 for canopy emergents (follows Dawkins and
Field [1978]). Crown damage scores were 0 for intact
crowns and 1 or 2 for damaged crowns retaining more or
less than 50% of their major limbs, respectively. We
dichotomized liana, sun exposure, and crown damage
scores for analyses. The dichotomized scores were 0 for
liana scores <1, sun exposure scores <3, and crown dam-
age scores <l and 1 otherwise (follows Wright et al.
[20054]).

Reproductive litter production

We quantified fine litter production with litter traps
censused on the final Thursday of each month from July

NUTRIENT LIMITATION OF PLANT REPRODUCTION

Article e03469; page 3

1998 through October 2018. Each trap had a surface
area of 0.57 m* and consisted of a 1-mm mesh bag sus-
pended 80 cm above the ground on a PVC frame. We
placed traps randomly but with 10-m minimum spacing
in the inner 30 by 30 m of each plot. There were three
traps per plot from June 1998 through January 2007 and
five traps per plot thereafter. We oven dried trap con-
tents to constant mass at 60°C. We separated leaves,
reproductive material, branches (<2 cm diameter) and
“dust” starting in November 1998. Thus, annual produc-
tion was for years beginning on the final Thursday in
October. This choice captures interannual variation
because reproductive litter production is minimal in late
October/early November (Wright et al. 1999). We
stopped in October 2018 because a windstorm on 23
August 2018 damaged many trees causing large among-
plot variation later in 2018 and in 2019.

Data analysis—Focal trees

We analyzed reproductive scores with mixed effects
ordinal logistic regressions and cumulative link func-
tions. The response variable was the ordinal reproduc-
tive score (R). We first identified and retained covariates
(DBH and indices for CROWN damage, SUN expo-
sure and LIANA infestation) with significant effects on
R. We then added the fixed nutrient addition treatments
and their two-way interactions as well as random effects.

We evaluated species-specific responses to nutrient
addition for seven species that averaged five or more
individuals per plot (160 total individuals). To account
for spatial variation, a random effect nested plot within
block and replicate. The model equation including all
covariates follows:

R = DBH + CROWN +SUN + LIANA + N*P + N*K
+ P*K + (1|REP/BLOCK /PLOT).

We then evaluated community-wide responses for the
38 species with five or more sterile and five or more
reproductive trees (following sample size recommenda-
tions of Bolker et al. [2009]). The model equation was as
above but with a second random intercept to account for
interspecific variation. We calculated odds ratios for
each nutrient treatment and their two-way interactions.

We performed a second community-wide analysis
to evaluate the relationship between species-specific
responses to P addition and species-specific associations
with soil P availability (Pugsinicy). We used P effect sizes
from Condit et al. (2013) to quantify Pyinicy (See Intro-
duction for further explanation). This analysis retained
random effects and significant covariates and nutrient
treatments from the first community-wide analysis and
added the covariate Pginity, the interaction between
P.tfinity and the main effect of P addition, and a random
slope for species. The P * P,iniy interaction addresses
the prediction that reproductive responses to P addition
change with species-specific P requirements. The
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random slope for species estimates species-specific
responses to P addition. The model equation follows:

R = DBH+CROWN + SUN + LIANA
+ Pusinity + P+ P*Pyugpiniy + (1+P|SP)
+ (1|REP/BLOCK /PLOT).

We calculated species-specific odds ratios to visualize
the relationship between Pagniiy and reproductive
responses to P addition.

Data analysis—Reproductive litter production

We evaluated community-level reproductive litter pro-
duction (Mgha lyr!), wusing repeated-measures
ANOVA. Allocation to reproduction expressed as a pro-
portion of total fine litter production increases with soil
fertility in natural tropical forests (Chave et al. 2010). To
evaluate the possibility that nutrient addition shifts allo-
cation towards reproduction, we repeated the repeated-
measures ANOVA with reproductive litter production
expressed as a proportion of total fine litter production.
Repeated measures were on year, with 20 levels. Fixed
effects included the N, P, and K treatments and their
two-way interactions. We used the Greenhouse-Geisser
epsilon to adjust P values of within-subjects effects for
violations of the sphericity assumption. We performed
analyses in R using the aov, glm, and clmm functions (R
Development Core Team 2018).

REsuLTs

We scored reproduction for 3,603 individuals repre-
senting 38 species (Appendix S1: Table S1). The 1,830
sterile trees accounted for slightly more than half of the
assessed trees. The 1,773 fertile trees received scores of 1
(n = 632), 2 (342), 3 (399), or 4 (400).

Single-species responses

The main effect of P addition was positive for six of
the seven abundant species with five or more individuals
per plot, significantly positive for Sorocea affinis, and
marginally significantly positive for Heisteria concinna
(Appendix S2: Table S1, Figs. S1, S2). In contrast, the
main effects of N and K addition were each positive for
four species and negative for three species (Appendix S2:
Table S1). The only significant responses involving N
and K addition were reduced reproduction with N addi-
tion for Mabea occidentalis (Appendix S2: Fig. S3) and
reduced reproduction with combined N and K addition
for Talisia nervosa (Appendix S2: Fig. S4). Neither response
is consistent with N or K limitation, and their significance
may reflect chance, the large number of tests performed,
and Type 1 statistical error (Appendix S2: Table S1). The
remaining nutrient interactions were all insignificant
(Appendix S2: Table S1). The single species analyses suggest
a consistent positive response to P addition.
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Community wide responses

The main effect of P addition was significantly posi-
tive in the community-wide analysis that included 38
species with five or more sterile and five or more repro-
ductive individuals (P = 0.024, Appendix S1: Table S2).
None of the remaining nutrient treatments were signifi-
cant (Appendix S1: Table S2). The odds ratio of 1.43 for
the main effect of P addition indicates that plants with
added P were 1.43 times more likely to receive a higher
reproductive score than plants without added P (Fig. 1).

We removed insignificant nutrient treatments from the
previous model and added a covariate that quantifies
species-specific associations with soil P availability
(Pasrinity; see Methods: Data analysis—Focal trees) and
its interaction with the main effect of P addition
(P * Pyutfinity). The main effect of P addition remained
significant (P = 0.042), whereas Pagtinity and P * Pugrinicy
were insignificant (Appendix S1: Table S3). Species-
specific reproductive responses to P addition and regio-
nal associations with P-rich soils were unrelated (Fig. 2).

Reproductive litter production

Reproductive litter production varied widely among
years (Fig. 3; P < 0.001, Appendix S1: Table S4).
Between-plot effects, which evaluate whether nutrient
treatments had consistent effects across years, were all

Nutrient effect on reproduction

143~
p .
1.13
N A .
1.07
P*K .
0.99
N*P 1 .
0.97
K —
0.71
N*K —_—
0.5 1.0 1.5 2.0
Odds ratios
Fic. 1. Forest plot of odds ratios (95% confidence interval

[CI)) for each nutrient treatment for the community-wide ordi-
nal logistic regression. An odds ratio of 1 indicates no change
in the probability of a plant being scored in a higher reproduc-
tive category. Odds ratios larger than 1 indicate the added
nutrient increased reproductive scores. Phosphorus (P) was the
only nutrient that significantly affected reproductive scores
(P value = 0.024). Plants exposed to added P were 1.43 times
more likely to receive a higher score than plants not exposed
to added P.
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Fic. 2. Scatterplot showing the relationship between
species-specific phosphorus affinity (P,ginity) and reproductive
responses to phosphorus (P) addition. Reproductive responses
are represented by odds ratios calculated from species-specific
coefficients for the main effect of P addition. The P,gnir, Scores
are effect sizes relating regional distributions to soil P availabil-
ity from Condit et al. (2013). Pyginiry values <—0.5 (green verti-
cal line) and >0.5 (yellow vertical line) indicate species strongly
associated with P-poor and P-rich soils, respectively. The red
line represents the linear relationship between phosphorus affin-
ity and odds ratios, with gray shading representing the 95% con-
fidence interval (P value = 0.95). The black horizontal line
represents an odds ratio of 1, which corresponds to identical
reproductive scores with and without added P.

insignificant (Appendix S1: Table S4) even though
reproductive litter production was greater with N addi-
tion in every year (Fig. 3B, P = 0.16 for the main effect
of N addition). Between-plot effects were also insignifi-
cant for reproductive litter production expressed as a
proportion of total fine litter production (Appendix S1:
Table S5, Fig. S2). Within-plot effects of nutrient treat-
ments, which evaluate interactions between treatments
and year, were also all insignificant when the Green-
house-Geisser correction was implemented (Appendix
S1: Tables S4, S5).

Discussion

We explored plant reproductive responses to a 21-yr,
factorial nitrogen—phosphorus—potassium (NPK) addi-
tion experiment conducted in an old-growth lowland
tropical forest growing on a nutrient-poor Oxisol.
None of the nutrient treatments significantly affected
community-wide reproductive litter production over the
first 20 yr of the experiment (Fig. 3; Appendix S1: Table
S4). A significant increase in reproductive litter produc-
tion with N addition, reported for the first 5 yr of
the experiment (Kaspari et al. 2008), is no longer
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significant, even though N addition was associated with
enhanced reproductive litter production in all 20 yr
(Fig. 3B). Tremendous interspecific, spatial, and tempo-
ral variation characterizes plant reproduction in central
Panama (Wright et al. 1999, 2005b), and it is perhaps
unsurprising that this variation overwhelms treatment
effects in community-wide analyses. Focal tree responses
provided a very different outcome. Reproductive
responses to P addition were consistently positive and
significant across 38 focal species (Figs. 1, 2; Appendix
S2). In contrast, reproductive responses to N and K
addition were weak, inconsistent, and insignificant
(Fig. 1; Appendix S2). After 21 yr of nutrient addition,
our experiment provides evidence that P limits tree
reproduction, whereas N and K do not.

Four previous experiments evaluated plant reproduc-
tive responses to nutrient addition in tropical forests
with similar results for community-wide vs. species-
specific analyses. Community-wide reproductive litter
production was unaffected by N addition in an N-
limited montane forest (Adamek et al. 2009) or by P
addition in a P-limited lowland forest (Alvarez-Clare et
al. 2013). In contrast, an epiphytic bromeliad in Puerto
Rico increased reproduction after fertilization (Lasso
and Ackerman 2013) and the dominant tree species in a
Hawaiian forest increased inflorescence production after
N and P addition (DiManno and Ostertag 2016). Signif-
icant reproductive responses to nutrient addition have
been detected in analyses that control interspecific varia-
tion (Lasso and Ackerman 2013, DiManno and Ostertag
2016, Fig. 1 in this study) but not in community-wide
analyses that pool species (Adamek et al. 2009, Alvarez-
Clare et al. 2013, Fig. 3 in this study). Future attempts
to evaluate nutrient limitation of reproduction in diverse
tropical forests should control interspecific variation.

We have experimentally demonstrated proximate limi-
tation of reproduction by P in a species-rich tropical for-
est for the first time. Interspecific variation in the degree
to which P limits reproduction will influence species
composition. Interspecific variation in the strength of
reproductive responses to P addition could provide
experimental evidence consistent with ultimate control
of species composition by P. Specifically, stronger
responses to P addition among species associated with
P-rich soils could presage a shift in species composition
towards the species composition characteristic of P-rich
soils. We found no evidence for this effect for reproduc-
tion (Fig. 2) nor for tree growth rates (Wright et al.
2018). An important caveat is that species associated
with P-poor soils dominate our study site (Wright et al.
2018). For example, 17 and just 4 of our focal tree spe-
cies are strongly associated with P-poor and P-rich soils,
respectively (Fig. 2; Appendix S1: Table S1). Our experi-
ment provides limited information about the responses
of species associated with P-rich soils. To overcome limi-
tations imposed by local species composition, Zalamea
et al. (2016) took central Panama tree species associated
with a wide range of soil P availability into a growing
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house, where seedling growth responses to P addition
are stronger for species associated with P-rich soils. We
could overcome limitations imposed by local species
composition by planting species associated with a wide
range of soil P availability into common gardens within
our stand-level experimental plots. This new experiment
could provide the first experimental evidence consistent
with ultimate limitation of species composition by P
under forest conditions.

Proximate limitation of plant processes by N and P is
well documented for tropical forests. In recent meta-
analyses of nutrient addition experiments conducted in
tropical forests, foliar N and P concentrations increase

significantly after N and P addition, respectively (Oster-
tag and DiManno 2016); productivity increases signifi-
cantly after N addition (LeBauer and Treseder 2008);
and tissue nutrient concentrations, fine litter production,
and plant growth rates increase significantly after N and
P addition (Wright 2019). Our experiment also manipu-
lates K availability and provides evidence that K, N, and
P limit different functions at a single site (Kaspari et al.
2008, Wright et al. 2011, Yavitt et al. 2011, Pasquini and
Santiago 2012, Santiago et al. 2012, Mayor et al. 2014,
Schreeg et al. 2014, Pasquini et al. 2015, Wurzburger
and Wright 2015, this study). Nitrogen addition
increases tissue N concentrations and, when added
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together with P, seedling growth rates. Potassium addi-
tion decreases fine root biomass and increases tissue K
concentrations, seedling growth rates, and fine root
turnover rates. Phosphorus addition increases tissue P
concentrations, photosynthesis, stomatal conductance,
fine litter production, and reproduction by focal trees.
Experiments demonstrate proximate limitation of a
wide range of plant functions by N, P, and K in tropical
forests. Possible proximate limitation by other nutrients
remains unexplored, and experiments cannot yet
demonstrate ultimate limitation of species composition
and ecosystem structure by any nutrient for any tropi-
cal forest.
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