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Abstract

Life-history theory posits that trade-offs between demographic rates constrain the range of viable
life-history strategies. For coexisting tropical tree species, the best established demographic trade-
off is the growth-survival trade-off. However, we know surprisingly little about co-variation of
growth and survival with measures of reproduction. We analysed demographic rates from seed to
adult of 282 co-occurring tropical tree and shrub species, including measures of reproduction and
accounting for ontogeny. Besides the well-established fast-slow continuum, we identified a second
major dimension of demographic variation: a trade-off between recruitment and seedling
performance vs. growth and survival of larger individuals (> 1 cm dbh) corresponding to a
‘stature—recruitment’ axis. The two demographic dimensions were almost perfectly aligned with
two independent trait dimensions (shade tolerance and size). Our results complement recent analy-
ses of plant life-history variation at the global scale and reveal that demographic trade-offs along
multiple axes act to structure local communities.
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INTRODUCTION

Life-history theory posits that organisms face allocation
trade-offs underlying different demographic processes (growth,
survival, reproduction) and that the resulting trade-offs
among demographic rates constrain the range of viable life-
history strategies (e.g. Stearns 1999). Recent analyses of
demographic trade-offs in > 600 vascular plant species across
biomes identified two major dimensions of demographic varia-
tion: the well-established fast-slow continuum and a novel
reproductive strategy dimension (Salguero-Goémez et al. 2016;
Salguero-Gémez 2017). If demographic trade-offs arise from
fundamental allocation strategies, they should correspond to
allocation strategies expressed at the level of plant organs
(Reich 2014), and it is the central tenet of trait-based ecology
that functional traits constrain individual performance and
population level demographic rates and fitness (Violle ez al.
2007) and thus enable predictions concerning community
assembly and ecosystem dynamics (McGill et al. 2006).
Indeed, at the global scale, strong links have been found
between functional traits and plant life-history strategies

(Adler et al. 2014). Within local communities, demographic
trade-offs promote species coexistence by reducing fitness dif-
ferences between species (Loehle 2000). Therefore, demo-
graphic trade-offs and their relationships with functional trait
spectra also need to be explored within real-world local com-
munities of coexisting species that contain rare species and
where all species experience the same climate.

Tropical forests offer a unique possibility to test whether
trade-offs identified globally hold within single diverse com-
munities because they harbour hundreds of syntopic species,
with up to 900+ tree species in a single hectare (Wilson et al.
2012), and because demographic data are becoming increas-
ingly available for tropical tree species from long-term perma-
nent monitoring plots (Anderson-Teixeira et al. 2015). Indeed,
there is abundant empirical support for the prevalence of the
fast-slow continuum of lifestyles for coexisting tropical tree
species reflected by the growth-survival trade-off, especially
for seedlings and saplings and between growth in high light
vs. survival in low light (e.g. Baraloto et al. 2005; Gilbert
et al. 2006; Wright et al. 2010; lida et al. 2014). There is also
evidence that the demographic fast-slow continuum at the
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individual/population level corresponds to functional traits
related to shade tolerance and reflecting the fast—slow contin-
uum at the level of plant organs within a tropical forest com-
munity (Wright et al. 2010), as well as at the global scale
(Adler et al. 2014).

However, we know surprisingly little about how measures
of reproduction co-vary with growth or survival for coexisting
species. We expect per-capita rates of reproduction to be asso-
ciated with the fast-slow continuum because species with a
fast lifestyle and low survival need many recruits to offset
mortality and maintain populations (Turner 2001; Muller-
Landau 2010; Uriarte et al. 2012). However, because larger
trees can potentially invest more resources into reproduction
and accommodate more flowers and seeds than smaller trees,
we argue that recruitment per unit basal area of adult trees is
another, and potentially more meaningful, baseline for com-
parison among species than per-capita rates (Muller-Landau
et al. 2008). The degree to which species differ in their fecun-
dity or recruitment success relative to the basal area of adult
trees indicates their relative allocation of resources to repro-
duction (vs. growth and survival). However, it is yet unclear
how basal-area-weighted fecundity or recruitment rates trade-
off with growth and survival.

Theory predicts that body size plays a key role in the evolu-
tion of species’ life histories in general (Brown & Sibly 2006).
Consistent with this, tree stature is an important determinant of
tropical tree life histories (Turner 2001). To reach a tall stature,
species should be selected for high longevity (i.e. high survival)
and fast growth (Loehle 2000; Poorter et al. 2008; Wright et al.
2010; Ruger er al. 2012; Iida et al. 2014; Visser et al. 2016), at
the expense of delayed reproduction (Koons er al. 2008) and
low recruitment rates (Kohyama 1993; Kohyama et al. 2003,
King et al. 2006; Visser et al. 2016). As shade tolerance and tree
stature are often independent in tropical tree communities (e.g.
Kooyman & Westoby 2009; Wright et al. 2010), we expect that
a second demographic dimension captures the relationships of
demographic rates with maximum size.

Additional demographic trade-offs may also occur between
performance (growth or survival) at different resource levels
(e.g. light-gradient partitioning, Latham 1992) or at different
sizes or ontogenetic stages (size-gradient partitioning, Lusk
2004; Baraloto et al. 2005). However, most often, species seem
to maintain their rank order in growth and survival across
gradients of gap size or light availability (Gilbert et al. 2006;
Kitajima & Poorter 2008; Riiger er al. 2011; Sterck et al.
2013) and across different size classes (Zhu et al. 2018). Thus,
we expect survival and growth rates generally to be aligned
across ontogenetic stages or light levels.

To evaluate demographic trade-offs and their relationships
with functional trait spectra, we assembled trait data and
demographic rates from seed to adult for 282 coexisting tree
and shrub species at Barro Colorado Island (BCI), Panama.
We accounted for tree size and light availability by assigning
trees to one of four canopy layers based on the number of
tree crowns above them (Bohlman & Pacala 2012) and esti-
mated growth and survival rates for each species and canopy
layer. For subsets of species, we also included data on seed-
ling growth and survival (Wright et al. 2005; Comita et al.
2007). As measures of reproduction, we included the number

of sapling recruits as well as the number of seedling recruits
and seed numbers for subsets of the species.

Our objectives are twofold. First, we aim to establish the
demographic spectrum of coexisting tropical tree species
including multiple trade-offs between survival, growth and
reproduction using an unprecedented amount of demographic
field data and accounting for ontogenetic variation and
resource availability. A novel weighted PCA (wPCA) allowed
us to incorporate uncertainty associated with small sample
sizes of rare species, which is a crucial feature for application
in hyperdiverse systems (Delchambre 2014). Second, we aim
to elucidate relationships between independent dimensions in
functional traits and independent dimensions in demographic
rates to explore coordination of adaptive strategies at the
organ and individual/population level.

We hypothesised that the most important dimension of
demographic variation for coexisting plant species in tropical
forests is driven by a trade-off between growth and survival
rates, in all canopy layers and ontogenetic stages, consistent
with the well-documented fast-slow continuum of lifestyles
(Stearns 1999). Because light is a key limiting resource in
tropical forests, we expected this demographic dimension to
be aligned with functional traits that are specifically related to
species’ shade tolerance. We further hypothesised that a sec-
ond demographic dimension captures the relationships of
demographic rates with tree stature.

We indeed found a two-dimensional spectrum of life-history
strategies that explained two-thirds of demographic variation
for the 282 species. In addition to the fast-slow continuum,
our results revealed a second demographic trade-off between
recruitment and seedling performance vs. growth and survival
of larger individuals (> 1 cm dbh). The demographic space
spanned by these trade-offs was almost perfectly aligned with
a trait spectrum created by a shade tolerance and a size
dimension. This is consistent with the scaling of fundamental
plant strategies from organs to individuals and populations.

METHODS
Demographic rates of trees > 1 cm dbh

We analysed data from a 50-ha forest census plot on BCI,
Panama (9.15° N, 79.85° W). BCI is a 1567-ha island in the
Panama Canal covered with tropical lowland moist forest.
The climate on BCI is warm throughout the year (27.1 °C
mean annual temperature), but rainfall is seasonal with 90%
of the 2600 mm annual total falling during the wet season
from May to December. In the 50-ha plot, all free-standing
woody stems > 1 cm diameter at breast height (dbh) were
mapped, identified to species and measured in 1981-1983,
1985 and every 5 years thereafter (www.forestgeo.si.edu; Hub-
bell & Foster 1983; Condit 1998). Here we used the first seven
censuses and determined survival and annual dbh growth rate
(mm year™ ') for each individual tree (excluding palms and
hemiepiphytes). Details on handling of growth outliers or dbh
measurement problems are given in the Supplement.

To account for differences in tree size and light availability,
trees were assigned to one of four canopy layers. To do this,
the 50-ha plot was divided into 31.25 x 31.25 m subplots

© 2018 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.
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(Bohlman & Pacala 2012). Within each subplot, trees were
sorted by size and assigned to the top canopy layer (layer 1)
until the cumulative area of their crowns exceeded the subplot
area (Bohlman & Pacala 2012). Smaller trees were successively
assigned to lower canopy layers in the same way (see Supple-
ment for additional details). The canopy layers captured
observed differences between trees in terms of size and light
availability in a subset of the data for which individual-level
estimates of light availability were available (Table S1 in the
Supplement). We used crown observations from aerial pho-
tographs to assess uncertainty in canopy layer assignments
(Bohlman & Pacala 2012). As an example, trees classified as
being in the top canopy layer were assigned probabilities of
81 and 19% of actually being in canopy layer 1 or 2, respec-
tively. These probabilities were used to weight the contribu-
tion of trees to the estimation of demographic rates in the
different canopy layers (see below).

We pooled growth and survival observations from the six
census intervals. Ignoring repeated measurements of the same
individuals did not bias our results (Fig. S1). To reduce com-
putation time, we drew random samples of 100 observations
for growth and 1000 observations for survival per species and
canopy layer when there were more observations available. In
total, 56 015 and 331 218 observations were used to estimate
growth and survival rates, respectively, for 282 species.

We estimated average annual dbh growth (g) and survival
rates (s) for each species (j) in the four canopy layers (k) with a
Bayesian model using the software package rsTaN (Stan Devel-
opment Team 2016, see Supplement for model specifications).
Because assignment to canopy layers was probabilistic, each
individual contributed information to the average growth rate
of the species of several canopy layers (g;,). The likelihood of
observed growth rate of individual i of species j (0bs; ) is

4
p(obsij|pi,gj, o)) = Zk:l Dik - Lognormal(obs; j|gj«, O k)

with p being a vector of probabilities that individual i is in
each of the four canopy layers. Likewise, the likelihood of
individual i of species j to have survived or died (alive;)) is

4
pi,s;) = Zk:l Dik - Bernoulli(alive; j|surv;)

p(alivelyj

with surv;;, = sj’k i.e. the annual survival rate of species j in
layer k (s;x) to the power of the number of years elapsed
between the censuses for individual 7 (z;). Across species, log-
transformed growth rates and survival rates per layer were
assumed to follow normal and beta distributions respectively.
Parameter estimates for species were increasingly subject to
shrinkage towards the mean of these community-level distri-
butions (and associated with large uncertainty) with decreas-
ing sample size. Of the 282 species, 114 species lacked
information for at least one canopy layer.

To quantify sapling recruitment, we estimated the average
number of recruits over the 1 cm dbh threshold in the entire
plot as the mean of a Poisson distribution (A;) based on the
number of recruits per species in each of the six 5-year census
intervals (7},

p(rjindl4;) = Poisson(r;ing %)

We divided recruitment rates (1)) by the basal area of repro-
ductive trees because fecundity is commonly assumed to be a
linear function of a tree’s basal area (Muller-Landau ez al.
2008). The threshold size where 50% of the individuals are
reproductive was estimated as 0.5 x dbh,,., which was found
to be in good agreement with observed reproductive size
thresholds in a study of 136 BCI tree species (12 = 0.81, Vis-
ser et al. 2016). For 13 species with observed dbh,,x > 2 m,
we set the reproductive size threshold to 1 m. This definition
of the reproductive size threshold did not affect the results
(Fig. S2). We also determined per-capita sapling recruitment
rates by dividing A; by the average abundance (> 1 cm dbh)
of the species.

We used credible intervals of parameter estimates to assign
weights in a weighted PCA (see below). Weights were calcu-
lated for each species j based on the width of the 95% credi-
ble interval (wCI) of parameter i as weight;; = 1-(wCl, ;/max
(wCl;)). Thus, species with a 95%CI one quarter as wide as
the species with largest uncertainty, were assigned a weight of
0.75. Maximum weights were > 0.9 for all parameters. The
species with the largest uncertainty (widest CI) was assigned a
small weight of 1.0e-6. In analogy to the coefficient of varia-
tion, we calculated weights for recruitment rates based on
wCI()A)/A,, rather than on wCI(};), because the CI is wider for
species with many recruits, but relative uncertainty is lower.

Seedling demographic rates

We estimated seedling demographic rates from censuses in
2003, 2004, 2006, 2008, 2009, 2011, 2012 and 2013 that
recorded the height and fate of each seedling (> 20 cm height)
in 20 000 1 m? seedling plots evenly spaced across the 50-ha
plot (Comita et al. 2007). To minimise differences in growth
and survival due to size differences, we only included seedlings
> 30 cm and < 100 cm tall. For survival, we included 33 414
observations from 1-year census intervals. For growth, we
included all census intervals and calculated annual height
growth rate for 76 178 individuals. We computed an average
species height growth rate and survival rate with a Bayesian
model and calculated weights as above (see Supplement for
additional details).

Seed production and seedling recruits

Seed rain has been recorded weekly in 200 0.5-m? seed traps
within the 50-ha plot since January 1987, with new seedling
recruits (< 1 cm dbh, no minimum size cutoff) censused annu-
ally since 1994 in three 1-m? seedling plots adjacent to each
seed trap (Wright er al. 2005). Using seed and seedling data
from 1994 to 2012, we fit the average annual number of seeds
and seedling recruits as the mean of a Poisson distribution
(%)) and scaled them relative to the basal area of reproductive
trees and abundance as above. We calculated weights based
on wCI(L)/%; as above.

Multivariate analyses

We performed a weighted PCA (wWPCA) on nine demographic
characteristics (growth and survival rates > 1 cm dbh in four

© 2018 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.
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canopy layers, sapling recruitment) plus seedling growth and
survival, seed number and seedling recruitment for subsets of
the species. We adopted a method from astrophysics
(Delchambre 2014; see Supplement) that allows for weighting
of each demographic parameter of each species separately.
Thus, the wPCA approach has the benefit of allowing all spe-
cies to contribute information, weighted by the uncertainty of
the data. The rarest of species would, individually, have a
negligible impact on the results because their small sample
sizes result in high uncertainty in demographic rates and con-
sequently low weights in the wPCA. However, given the large
number of rare species within tropical tree communities,
including them is critical for capturing variation within the
community. A bias could arise if some species were only rep-
resented in some of the canopy layers (which is more likely
for rare species), so we checked the robustness of results by
performing the wPCA on a subset of (relatively abundant)
species with observations in all canopy layers (all weights
> (.4). We also checked the effect of phylogenetic relatedness
on WPCA results by re-running the analysis on random sub-
sets of 131 phylogenetically overdispersed species (< 3 species
per family) and by performing phylogenetic PCA (see Supple-
ment). Demographic rates were transformed to ensure nor-
mality (see Supplement). Meaningful principal components
were determined by the broken stick criterion (Legendre &
Legendre 2012).

We explored the correspondence in eight traits with demo-
graphic dimensions: maximum height, wood density, seed
mass, leaf mass per area (LMA), leaf dry matter content
(LDMQ), leaf phosphorous (Leaf P) and nitrogen (Leaf N)
concentrations, and leaf area. Traits were mostly collected in
the 50-ha plot or close by and are described in the Supplement
and in Wright et al. (2010). Maximum height, seed mass,
LMA and leaf area were log-transformed. There were 188 spe-
cies with complete trait information. First, we related traits
independently to both demographic dimensions simultaneously
(function ‘envfit’, R-package ‘VEGAN’) searching for the direc-
tion of most rapid change in traits in demographic space.

In addition, we tested whether trait dimensions were signifi-
cantly related to demographic dimensions using Procrustes
analysis (function ‘pro’, R-package ‘VEGAN’, Peres-Neto &
Jackson 2001) which compares two ordinations of the same
objects (here species) with each other. Trait dimensions were
determined as the first two principal components of a stan-
dard PCA including all eight traits. Demographic dimensions
are the first two principal components of the wPCA. All anal-
yses were carried out in R version 3.3.2 (R Development Core
Team 2016).

RESULTS
Demographic dimensions

We first performed the wPCA for demographic rates of trees
> 1 cm dbh (282 species) including per-basal area (Fig. 1a) or
per-capita recruitment rates (Fig. 1b). The first two principal
components explained a larger proportion of the variance
than predicted by the broken stick model (Legendre & Legen-
dre 2012) and we limit our interpretation to them. The first

dimension (WPCA axis 1, 37% explained demographic varia-
tion when per-basal area recruitment rates were included) rep-
resented a trade-off between growth and survival rates in all
canopy layers, i.e. the general fast—slow continuum of life-his-
tory strategies (Figs. la,b and 2, Tables S2,S3). Understory
survival (layers 3 and 4) and growth in layers 2-4 contributed
most strongly to the trade-off. Demographic rates in the top
canopy layer (layer 1) contributed less as they had lower
weights on average because fewer individuals were present
here, and many species were absent (Table S1). Per-basal area
sapling recruitment rates were unrelated to the first dimension,
whereas high per-capita recruitment rates were associated with
a fast lifestyle.

As expected, gap-dependent pioneer species, such as Trema
micrantha (Cannabaceae), Cecropia insignis and C. obtusifolia
(Urticaceae), Zanthoxylum ekmanii (Rutaceae), Hampea
appendiculata and Ochroma pyramidale (both Malvaceae),
were associated with fast lifestyles (Fig. la, S3). They can
grow > 10 mm year ' in dbh and 15 to 30% of their under-
story individuals die each year. The species with the slowest
life histories included Capparidastrum frondosum (Cappa-
raceae), Talisia spp. (Sapindaceae), Swartzia simplex var.
grandiflora (Fabaceae) and Ouratea lucens (Ochnaceae). Most
of their individuals grow < 0.5 mm year ' and understory
survival exceeds 99%.

The second dimension (28% explained variation) distin-
guished species that have above-average growth and survival
in all canopy layers but suffer low recruitment, especially in
terms of per-basal area recruitment rates, from species that
grow and survive poorly but have many recruits. This second
axis describes a continuum from long-lived pioneers (positive
extreme) to ‘short-lived breeders’ (negative extreme). The most
extreme long-lived pioneers were Cavanillesia platanifolia
(Malvaceae), Hura crepitans (Euphorbiaceae) and Anacardium
excelsum (Anacardiaceae). In the canopy, they grow
> 5 mm year ' on average and survival is > 99%. They have
< 0.2 sapling recruits per m? of adult basal area. The short-
lived breeders included many shrubs of the genera Piper (e.g.
P. cordulatum, P. perlasense, Piperaceae) and Psychotria (e.g.
P. horizontalis, P. marginata, Rubiaceae). They grow
< 1 mm year ', survival tends to be < 95%, but they have
several thousand recruits per m? of adult basal area.

The overall demographic strategies remained similar when
performing the wPCA only including tall species (maximum
height > 18 m) or short-statured species (maximum height
< 18 m, Fig. 2). They were also robust to possible pseudo-
replication associated with phylogenetically related species
(Fig. S4) and phylogenetic correction (Tables S4—S7).

When including seedling demographic rates of 198 species,
seedling growth and survival consistently formed part of the
fast-slow continuum (axis 1, 38%, Fig. 1c,d). The second
dimension was dominated by a trade-off between tree perfor-
mance (> 1 cm dbh) vs. seedling performance and recruit
numbers (axis 2, 25%). Including the number of seeds and
first-year seedling recruits for 74 species did not alter the over-
all demographic dimensions (Fig. le,f). Consistent with previ-
ous results, per-basal area seed and seedling numbers were
mostly associated with the second dimension (axis 2, 25%),
with long-lived pioneers having low numbers of seeds,

© 2018 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.
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Figure 1 Demographic variation of tropical trees and shrubs at BCI, Panama, is characterised by the growth-survival trade-off (1st dimension) and a trade-
off extending from long-lived pioneers to short-lived breeder syndromes (‘stature-recruitment axis’, 2nd dimension). Shown are wPCA loadings of annual
dbh growth and survival rates of individuals > I cm dbh in four canopy layers and the number of sapling recruits (a,b 282 species), additionally annual
seedling height growth and survival (c,d 198 species), and additionally the number of seeds and seedling recruits (e,f 74 species). Measures of reproduction
are per-basal area rates in a, ¢ and e, and per-capita rates in b, d and f.
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Figure 2 The two most important demographic dimensions are consistent for all species (282 species, left), tall species (maximum height > 18 m, 117
species, middle) and short species (maximum height < 18 m, 155 species, right). Shown are wPCA loadings of annual survival and dbh growth rates of
individuals > 1 cm dbh in four canopy layers and the number of sapling recruits for tree and shrub species at BCI, Panama. Recruitment rates are per-

basal area rates (a) and per-capita rates (b).

seedlings and sapling recruits. However, in terms of per-capita
rates, long-lived pioneers had many seeds and recruits per-
capita, but few sapling recruits (Fig. 1f). All findings were
robust to excluding species not present in all canopy layers
from the analysis (Figs. S5 and S6).

Correspondence between trait and demographic dimensions

Demographic dimensions were most strongly related to maxi-
mum height (r”* = 57%), wood density (33%) and seed mass
(27%, Table 1, Fig. 3a). Wood density was only related to the
first demographic dimension, maximum height mostly to the
second demographic dimension and seed mass to both dimen-
sions (Fig. 3a). Two significant principal components
explained 35 and 20% of variation among traits (Table S8).
The first component had large positive loadings for LMA and
LDMC, moderately positive loadings of wood density and
negative loadings of Leaf P and Leaf N (Table S8). We inter-
pret this dimension as ‘shade tolerance’. The second compo-
nent had large positive loadings for maximum height, seed
mass and leaf area, and describes a ‘size’ dimension. These
two trait dimensions were significantly related to demographic
dimensions. The correlation between the two ordinations was
0.53 (Significance assessed by permutation tests = 0.001). Trait
dimensions corresponded so closely with demographic dimen-
sions that their offset is barely visible (Fig. 3b).

DISCUSSION

We performed a comprehensive assessment of demographic
trade-offs for 282 coexisting tropical tree and shrub species by

Table 1 Fitted trait vectors in the demographic ordination space (Fig. la)
for 188 species with complete trait information

Traits Dimension 1 Dimension 2 ”?
Maximum height —0.22 0.98 0.57%%%*
Wood density 1.00 —0.05 0.33%**
Seed mass 0.61 0.79 0.27%**
LMA 1.00 0.01 0.07**
LDMC 0.89 0.45 0.1 [##*
Leaf P —0.74 0.67 0.15%%*
Leaf N —0.96 0.28 0.05%*
Leaf area —0.49 0.87 0.07**

The second and third columns are direction cosines. Significance levels are
based on random permutations of the data (*P < 0.05, **P <0.01,
#kk P < (0.001). Demographic dimension 1 describes the growth-survival
trade-off. Dimension 2 describes a trade-off extending from long-lived
pioneers to short-lived breeder syndromes. Traits are leaf mass per area
(LMA), leaf dry matter content (LDMC), leaf phosphorous concentration
(Leaf P) and leaf nitrogen concentration (Leaf N).

including demographic rates from seed to adult and all species
— even rare ones — through a weighted PCA that incorporated
uncertainty in demographic rates. As expected, the most
important dimension of demographic variation was a fast—
slow continuum of lifestyles (Reich 2014), created by a trade-
off between fast growth and high per-capita recruitment rates
vs. high survival (e.g. Turner 2001; Wright ez al. 2010; Uriarte
et al. 2012). This demographic dimension captured a moder-
ate proportion of the demographic diversity (37%). Growth
and survival rates from seedling to adult and across the four
canopy layers were consistently aligned with this axis of
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Figure 3 Correspondence between functional traits and demographic
dimensions in 188 tree and shrub species at BCI, Panama, with complete
trait information. (a) Trait vectors fitted onto the demographic ordination
produced by the wPCA. Arrows point in the direction of most rapid
change of traits in demographic space. Traits are the same as in Table 1.
(b) Procrustes analysis comparing the ordination of species in trait space
(dashed lines) vs. demographic space (solid lines). Both ordinations
overlap so closely that their offset is barely visible.

life-history variation. Our results thus confirm the generality
of the growth-survival trade-off (Welden ef a/. 1991; Kitajima
1994; Gilbert et al. 2006; lida et al. 2014; Philipson et al.
2014).

This demographic fast-slow continuum was aligned with a
trait dimension that describes the fast-slow continuum at leaf
level, created by a trade-off between leaf traits maximising
short-term carbon gain vs. long-term leaf persistence (high
leaf N and P vs. high LMA and LDMC, Poorter & Bongers
2006; Sterck et al. 2006; Reich 2014; Lasky et al. 2015). How-
ever, even if wood density was not loading strongly on this
trait dimension, it was the single best predictor of a species’
position along the demographic fast-slow continuum, whereas

the predictive power of individual leaf traits was low (e.g.
Poorter et al. 2008; Wright et al. 2010; Ruger et al. 2012; Vis-
ser et al. 2016).

Basal area-corrected measures of reproductive effort or suc-
cess — the number of seeds, seedling or sapling recruits — were
largely independent from the fast—slow continuum and defined
the second dimension. They were associated with high seedling
performance (growth and survival) and traded off against
growth and survival at the tree (> 1 cm dbh) stage. This
means that species that bias resource allocation towards
growth and survival > 1 cm dbh, allocate disproportionately
few resources to reproduction and seedling performance and
vice versa. Thus, the second dimension describes a continuum
extending from ‘long-lived pioneers’ (fast growth and high
survival when > 1 cm dbh but poor seedling performance, low
recruitment) to ‘short-lived breeders’ (opposite characteristics).
Interestingly, in terms of per-capita reproductive rates, the
long-lived pioneers have many seeds and seedlings, but due to
the low seedling performance, only few of them make it to the
sapling stage.

This demographic dimension was aligned with a ‘size
dimension’ in functional traits (high maximum height, seed
mass and leaf area, cf. Diaz er al. 2016), with adult stature
being the best predictor. Thus, tall species tend to maximise
canopy performance at the expense of recruitment rates,
whereas short species tend to maximise recruitment and seed-
ling performance at the expense of performance > 1 cm dbh
(King et al. 2006; Visser et al. 2016). We call this a ‘stature—
recruitment axis’ in line with the prediction of the forest
architecture hypothesis that small species can coexist with tall
species through higher recruitment rates (Kohyama 1993).

The demographic strategy of long-lived pioneers has been
described before (e.g. Ford & Ishii 2001). Conspicuous exam-
ples from temperate forests include Douglas fir (Pseudotsuga
menziesii, Ishii & Ford 2002) and giant sequoia (Sequoiaden-
dron giganteum, York et al. 2011). These are tall canopy or
emergent tree species — often wind-dispersed — that depend on
large-scale disturbances to regenerate, and then grow quickly
into the canopy and survive there as giant trees for several
centuries (e.g. York et al. 2011). Long-lived pioneers maintain
their populations by building up a ‘demographic storage’, i.e.
by conserving existing seed sources that are placed above the
main canopy and can thus supply distant disturbed areas with
seeds via wind or animal dispersal (6 and 13 out of the 20
most extreme long-lived pioneers in our study respectively;
Wright et al. 2016). In contrast, tropical short-lived pioneers
form seed banks (Dalling et al. 1997) and shade-tolerant spe-
cies form seedling banks to exploit the limited opportunities
for successful establishment (Comita et al. 2007).

We show that the ‘stature-recruitment axis’ is an important
dimension of demographic variation (28% of demographic
variation) that is orthogonal to the well-known fast—slow con-
tinuum. We also describe the other extreme of this strategy
axis, which we call ‘short-lived breeders’. ‘Short-lived breed-
ers’ are often understory shrubs with slow growth, low sur-
vival, but high recruitment rates. Small shrub species often
start reproducing below the 1 cm dbh threshold, and thus
their ‘sapling recruits’ are often fully reproductive and their
adult basal area is likely to be underestimated. Also, many of
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these species already approach their maximum dbh shortly
after passing the 1 cm dbh threshold and may experience ele-
vated mortality due to senescence (pers. obs.) which is also
underpinned by their higher seedling survival. This suggests a
possible bias with unrealistically high estimates for recruit-
ment and low estimates for survival for some ‘short-lived
breeders’. For this reason, we excluded shrub and understory
tree species from the analysis and repeated the wPCA. The
same two demographic dimensions emerged (Fig. 2). This
confirms the robustness of our results to potential biases
caused by unrealistic estimates for the smallest shrub species.

The endpoints of the two dimensions loosely correspond to
traditional classifications of tropical tree species that assign
species according to their shade tolerance (pioneer-climax
axis) and maximum size into four groups, i.e. ‘small pioneer’
(fast growth, low survival), ‘canopy’ (slow growth, high sur-
vival), ‘large pioneer’ (fast growth, high survival), ‘understory’
(slow growth, low survival; Turner 2001 based on Lieberman
et al. 1990 and Favrichon 1994). However, while Turner
(2001) equates shade tolerance with growth and maximum size
with longevity (i.e. survival), our results show that growth
and survival are in fact related to both shade tolerance and
maximum size. Moreover, we incorporate measures of repro-
duction into this classification scheme and back it up with
extensive demographic data. Thus our classification scheme
may lead to an improved understanding of forest dynamics
and support forest management. In particular, long-lived pio-
neers play an important role in forest succession, carbon stor-
age and timber production (e.g. Grau et al. 1997; De Ridder
et al. 2013), and their management could benefit from greater
insight into their life histories.

Our discovery of two important demographic dimensions
among coexisting tropical tree species also agrees with find-
ings of global analyses of demographic characteristics from
matrix models for > 600 plant species covering all vascular
plant life forms (Salguero-Goémez et al. 2016; Salguero-Gomez
2017). However, there are also several differences. First, the
second dimension in these global analyses (reproductive strat-
egy continuum) is dominated by the number of recruits pro-
duced during an individual’s lifespan and the degree of
iteroparity (spread of reproduction throughout an individual’s
lifespan). Unfortunately, we have no information about these
life-history characteristics, but Tachigali versicolor, the one
monocarpic (i.e. semelparous) species in the plot, is almost
located at the centre of the second dimension (score —0.14).

Second, in the analyses of Salguero-Goémez et al. (2016) and
Salguero-Gémez (2017), (progressive) growth and measures of
longevity were mostly related to the first dimension (fast-slow
continuum), but not to the second dimension. In our case,
growth and survival are related to both dimensions, and
together with per-basal area recruitment rates evenly
‘partition’ the two-dimensional demographic plane, i.e. their
‘arrows’ are separated by about 120° respectively (Fig. 1a).
This is consistent with a three-way trade-off between acquisi-
tion, maintenance and regeneration (Grime & Pierce 2012).
Most importantly, however, we focus on a community of co-
occurring species making our results relevant to questions of
community ecology, such as species coexistence and commu-
nity dynamics. This might also explain why the demographic

syndromes we identified do not correspond to the C-S-R strat-
egy scheme (Grime & Pierce 2012), which was developed for
species experiencing different degrees of disturbance.

We found a surprisingly strong correspondence between the
orientation of the first two dimensions capturing the largest
proportion of between-species variation in functional traits
and demographic rates, respectively (Fig. 3b). This indicates
that fundamental plant strategies scale up from organ to indi-
vidual and population scales and lends unprecedented support
to the hope of trait-based ecology that functional traits enable
predictions concerning community assembly and ecosystem
dynamics (McGill et al. 2006). Moreover, among the tree spe-
cies at BCI, wood density and adult stature are two nearly
independent dimensions of plant economics and architecture
(r = —0.1, cf. Wright ez al. 2010) and the strongest predictors
of the two independent demographic dimensions identified in
this study. Thus, we second Visser et al. (2016) in advocating
the use of a WH(S) scheme (wood, height, seed), rather than
the LHS scheme (leaf, height, seed) proposed by Westoby
(1998), to capture and predict differences in demographic
strategies of tropical trees. These traits are easily measurable
and can be used as proxies for demographic rates, which are
much more labour-intensive and time-consuming to collect.
Thus, they offer a promising route to ‘diversify’ dynamic glo-
bal vegetation models using trait-based demographic strategies
(e.g. Purves & Pacala 2008). This may greatly improve predic-
tions of forest dynamics, which is one of the major sources of
uncertainty in climate predictions (Purves & Pacala 2008).
However, the relationships between functional trait dimen-
sions and demographic dimensions established here for one
tropical forest might not hold across forests with different cli-
mates, disturbance regimes or floristic compositions. Thus, an
enhanced understanding of the importance of the fast—slow
continuum vs. the stature-recruitment axis — and their rela-
tionships with functional traits — in a global context is
urgently needed.

ACKNOWLEDGEMENTS

NR was funded by a research grant from Deutsche
Forschungsgemeinschaft DFG (RU 1536/3-1). BR, NR and
CW acknowledge the support of the German Centre for inte-
grative Biodiversity Research (iDiv) funded by Deutsche
Forschungsgemeinschaft DFG (FZT 118). The BCI plot has
been made possible through the support of the U.S. National
Science Foundation, the John D. and Catherine D. McArthur
Foundation, and the Smithsonian Tropical Research Institute.
LSC acknowledges support from the NSF Long Term
Research in Environmental Biology programme for seedling
data collection (LTREB 1464389). MDYV acknowledges sup-
port from the Netherlands Organization for Scientific
Resecarch  (NWO-ALW 801-440 01-009) and the Carbon
Mitigation Initiative at Princeton University for the tree
reproductive status census. Functional trait data were funded
by the F. H. Levinson Fund. We thank the dozens of field
assistants and botanists who have collected data in the BCI
plot over the past 35 years. We thank Stephanie Bohlman for
sharing crown observations from aerial photographs of trees
at BCI, Adam Clark for helpful discussions and Roberto

© 2018 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.



Letters

Demographic trade-offs in tropical trees 1083

Salguero-Gémez and three anonymous reviewers for insightful
comments that improved the MS considerably.

AUTHORSHIP

NR, DP and CW designed the study. LSC, RC, MDV and
SIJW provided demographic and trait data. BR provided the
code for the weighted PCA. NR analysed the data and wrote
the first draft of the manuscript. All authors contributed sub-
stantially to revisions.

DATA ACCESSIBILITY STATEMENT

Previously archived BCI data sets are available from Dryad
(datadryad.org) or the Smithsonian DSpace repository (reposi-
tory.si.edu). Tree censuses (>1 cm dbh), seed rain, and seedling
establishment data are achieved at DSpace with DOIs 10.5479/
data.bci.20130603, 10.5479/si.data.201511251137, 10.5479/si.
data.201511251134, respectively, while seedling census data is
archived at Dryad https://dx.doi.org/10.5061/dryad.fm654
(Visser et al. 2016).

REFERENCES

Adler, P.B., Salguero-Gémez, R., Compagnoni, A., Hsu, J.S., Ray-
Mukherjee, J., Mbeau-Ache, C. et al. (2014). Functional traits explain
variation in plant life history strategies. Proc. Natl Acad. Sci. USA,
111, 740-745.

Anderson-Teixeira, K., Davies, S.J., Bennett, A.C., Gonzalez-Akre, E.B.,
Muller-Landau, H.C., Wright, S.J. et al. (2015). CTFS-ForestGEO: a
worldwide network monitoring forests in an era of global change. Glob.
Change Biol., 21, 528-549.

Baraloto, C., Goldberg, D.E. & Bonal, D. (2005). Performance trade-offs
among tropical tree seedlings in contrasting microhabitats. Ecology, 86,
2461-2472.

Bohlman, S. & Pacala, S. (2012). A forest structure model that determines
crown layers and partitions growth and mortality rates for landscape-
scale applications of tropical forests. J. Ecol., 100, 508-518.

Brown, J.H. & Sibly, R.M. (2006). Life-history evolution under a
production constraint. Proc. Natl Acad. Sci. USA, 103, 17595-17599.
Comita, L.S., Aguilar, S., Pérez, R., Lao, S. & Hubbell, S.P. (2007).
Patterns of woody plant species abundance and diversity in the seedling

layer of a tropical forest. J. Veg. Sci., 18, 163-174.

Condit, R. (1998). Tropical Forest Census Plots: Methods and Results
from Barro Colorado Island Panama and a Comparison with Other Plots.
Springer-Verlag, Berlin.

Dalling, J.W., Swaine, M.D. & Garwood, N.C. (1997). Soil seed bank
community dynamics in a seasonally moist lowland tropical forest,
Panama. J. Trop. Ecol., 13, 659-680.

De Ridder, M., Van den Bulcke, J., Van Acker, J. & Beeckman, H.
(2013). Tree-ring analysis of an African long-lived pioneer species as a
tool for sustainable management. For. Ecol. Manage., 304, 417-426.

Delchambre, L. (2014). Weighted principal component analysis: a
weighted covariance eigendecomposition approach. Mon. Not. R.
Astron. Soc., 446, 3545-3555.

Diaz, S., Kattge, J., Cornelissen, J.H., Wright, L.J., Lavorel, S., Dray, S.
et al. (2016). The global spectrum of plant form and function. Nature,
529, 167-171.

Favrichon, V. (1994). Classification des espeéces arborées en groupes
fonctionnels en vue de la réalisation d’'un modele de dynamique de
peuplement en forét guyanaise. Rev. Ecol. (Terre Vie), 49, 379-403.

Ford, E.D. & Ishii, H. (2001). The method of synthesis in ecology. Oikos,
93, 153-160.

Gilbert, B., Wright, S.J., Muller-Landau, H.C., Kitajima, K. &
Hernandéz, A. (2006). Life history trade-offs in tropical trees and
lianas. Ecology, 87, 1281-1288.

Grau, H.R., Arturi, M.F., Brown, A.D. & Acenolaza, P.G. (1997).
Floristic and structural patterns along a chronosequence of secondary
succession in Argentinean subtropical montane forests. For. Ecol.
Manage., 95, 161-171.

Grime, J.P. & Pierce, S. (2012). The Evolutionary Strategies that Shape
Ecosystems. Wiley-Blackwell, Chichester, pp. 240.

Hubbell, S.P. & Foster, R.B. (1983). Diversity of canopy trees in a
neotropical forest and implications for conservation. In: Tropical Rain
Forest: Ecology and Management (eds Sutton, S.L., Whitmore, T.C. &
Chadwick, A.C.). Blackwell Scientific, Oxford, pp. 25-41.

lida, Y., Kohyama, T.S., Swenson, N.G., Su, S.-H., Chen, C.-T., Chiang,
J.-M. et al. (2014). Linking functional traits and demographic rates in a
subtropical tree community: the importance of size dependency. J.
Ecol., 102, 641-650.

Ishii, H. & Ford, E.D. (2002). Persistence of Pseudotsuga menziesii
(Douglas-fir) in temperate coniferous forests of the Pacific Northwest
Coast, USA. Folia Geobot., 37, 63-69.

King, D.A., Wright, S.J. & Connell, J.H. (2006). The contribution of
interspecific variation in maximum tree height to tropical and
temperate diversity. J. Trop. Ecol., 22, 11-24.

Kitajima, K. (1994). Relative importance of photosynthetic and allocation
traits as correlates of seedling shade tolerance of 15 tropical tree
species. Oecologia, 98, 419-428.

Kitajima, K. & Poorter, L. (2008). Functional basis for resource niche
partitioning by tropical trees. In: Tropical Forest Community Ecology
(eds Carson, W.P. & Schnitzer, S.A.). Scientific, Oxford, pp. 160-181.

Kohyama, T. (1993). Size-structured tree populations in gap-dynamic
forest — the forest architecture hypothesis for the stable coexistence of
species. J. Ecol., 81, 131-143.

Kohyama, T., Suzuki, E., Partomihardjo, T., Yamada, T. & Kubo, T.
(2003). Tree species differentiation in growth, recruitment and
allometry in relation to maximum height in a Bornean mixed
dipterocarp forest. J. Ecol., 91, 797-806.

Koons, D.N., Metcalf, C.J.E. & Tuljapurkar, S. (2008). Evolution of
delayed reproduction in uncertain environments: a life-history
perspective. Am. Nat., 172, 797-805.

Kooyman, R.M. & Westoby, M. (2009). Costs of height gain in rainforest
saplings: main-stem scaling, functional traits and strategy variation
across 75 species. Ann. Bot., 104, 987-993.

Lasky, J.R., Bachelot, B., Muscarella, R., Schwartz, N., Forero-Montana,
J., Nytch, CJ. et al. (2015). Ontogenetic shifts in trait-mediated
mechanisms of plant community assembly. Ecology, 96, 2157-2169.

Latham, R.E. (1992). Co-occurring tree species change rank in seedling
performance with resources varied experimentally. Ecology, 73, 2129-2144.

Legendre, P. & Legendre, L. (2012). Numerical Ecology. 3rd edn. Elsevier,
Amsterdam.

Lieberman, D., Hartshorn, G.S., Lieberman, M. & Peralta, R. (1990).
Forest dynamics at La Selva Biological Station, 1969-1985. In: Four
Neotropical Rainforests (ed Gentry, A.H.). Yale University Press, New
Haven. pp. 509-521.

Loehle, C. (2000). Strategy space and the disturbance spectrum: a life-
history model for tree species coexistence. Am. Nat., 156, 14-33.

Lusk, C.H. (2004). Leaf area and growth of juvenile temperate evergreens
in low light: species of contrasting shade tolerance change rank during
ontogeny. Funct. Ecol., 18, 820-828.

McGill, B.J., Enquist, B.J., Weiher, E. & Westoby, M. (2006). Rebuilding
community ecology from functional traits. Trends Ecol. Evol., 21, 179—
185.

Muller-Landau, H.C. (2010). The tolerance-fecundity trade-off and the
maintenance of diversity in seed size. Proc. Natl Acad. Sci. USA, 107,
4242-4247.

Muller-Landau, H.C., Wright, S.J., Calderén, O., Condit, R. & Hubbell,
S.P. (2008). Interspecific variation in primary seed dispersal in a
tropical forest. J. Ecol., 96, 653-667.

© 2018 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.


https://doi.org/10.5479/data.bci.20130603
https://doi.org/10.5479/data.bci.20130603
https://doi.org/10.5479/si.data.201511251137
https://doi.org/10.5479/si.data.201511251134
https://doi.org/10.5479/si.data.201511251134
https://dx.doi.org/10.5061/dryad.fm654

1084 N. Ruger et al.

Letters

Peres-Neto, P.R. & Jackson, D.A. (2001). How well do multivariate data
sets match? The robustness and flexibility of a Procrustean
superimposition approach over the Mantel test. Oecologia, 129, 169—
178.

Philipson, C.D., Dent, D.H., O’Brien, M.J., Chamagne, J., Dzulkifli, D.,
Nilus, R. et al. (2014). A trait-based trade-off between growth and
mortality: evidence from 15 tropical tree species using size-specific
relative growth rates. Ecol. Evol., 4, 3675-3688.

Poorter, L. & Bongers, F. (2006). Leaf traits are good predictors of plant
performance across 53 rain forest species. Ecology, 87, 1733-1743.

Poorter, L., Wright, S.J., Paz, H., Ackerly, D.D., Condit, R.S., Ibarra-
Manriquez, G. et al. (2008). Are functional traits good predictors of
demographic rates? Evidence from five Neotropical forests. Ecology, 89,
1908-1920.

Purves, D.W. & Pacala, S.W. (2008). Predictive models of forest
dynamics. Science, 320, 1452—1453.

R Development Core Team. (2016). R: a language and environment for
statistical computing [WWW Document]. Available at: http://www.r-
project.org. Last accessed 21 September 2017.

Reich, P.B. (2014). The world-wide “fast-slow” plant economics
spectrum: a traits manifesto. J. Ecol., 102, 275-301.

Riiger, N., Berger, U., Hubbell, S.P., Vieilledent, G. & Condit, R. (2011).
Growth strategies of tropical tree: disentangling light and size effects.
PLoS ONE, 6, €25330.

Riiger, N., Wirth, C., Wright, S.J. & Condit, R. (2012). Functional traits
explain light and size response of growth rates in tropical tree species.
Ecology, 93, 2626-2636.

Salguero-Gémez, R. (2017). Applications of the fast-slow continuum and
reproductive strategy framework of plant life histories. New Phytol.,
213, 1618-1624.

Salguero-Gomez, R., Jones, O.R., Jongejans, E., Blomberg, S.P.,
Hodgson, D.J., Mbeau-Ache, C.\ efal. (2016). The fast-slow
continuum and reproductive strategies structure plant life history
variation worldwide. Proc. Natl Acad. Sci. USA, 113, 230-235.

Stan Development Team (2016). RStan: the R interface to Stan, version
2.12.1. Available at: http://mc-stan.org. Last accessed 20 April 2018

Stearns, S.C. (1999). The Evolution of Life Histories. Oxford University
Press, New York.

Sterck, F.J., Poorter, L. & Schieving, F. (2006). Leaf traits determine the
growth-survival trade-off across rain forest tree species. Am. Nat., 167,
758-765.

Sterck, F.J., Duursma, R.A., Pearcy, R.W., Valladares, F., Cieslak, M. &
Weemstra, M. (2013). Plasticity influencing the light compensation
point offsets the specialization for light niches across shrub species in a
tropical forest understorey. J. Ecol., 101, 971-980.

Turner, I.M. (2001). The Ecology of Trees in the Tropical Rain Forest.
Cambridge University Press, Cambridge.

Uriarte, M., Clark, J.S., Zimmerman, J.K., Comita, L.S., Forero-
Montana, J. & Thompson, J. (2012). Multidimensional trade-offs in
species responses to disturbance: implications for diversity in a
subtropical forest. Ecology, 93, 191-205.

Violle, C., Navas, M.L., Vile, D., Kazakou, E., Fortunel, C., Hummel, 1.
et al. (2007). Let the concept of trait be functional!. Oikos, 116, 882—
892.

Visser, M.D., Bruijning, M., Wright, S.J., Muller-Landau, H.C.,
Jongejans, E., Comita, L.S. ef al. (2016). Functional traits as predictors
of vital rates across the life cycle of tropical trees. Funct. Ecol., 30,
168-180.

Welden, C.W., Hewett, S.W., Hubbell, S.P. & Foster, R.B. (1991).
Sapling survival, growth, and recruitment — relationship to canopy
height in a neotropical forest. Ecology, 72, 35-50.

Westoby, M. (1998). A leaf-height-seed (LHS) plant ecology strategy
scheme. Plant Soil, 199, 213-227.

Wilson, J.B., Peet, R.K., Dengler, J. & Pirtel, M. (2012). Plant species
richness: the world records. J. Veg. Sci., 23, 796-802.

Wright, S.J., Muller-Landau, H.C., Calderén, O., & Hernandéz, A.
(2005). Annual and spatial variation in seedfall and seedling
recruitment in a neotropical forest. Ecology, 86, 848-860.

Wright, S.J., Kitajima, K., Kraft, N.J.B., Reich, P.B., Wright, 1.J.,
Bunker, D.E. ef al. (2010). Functional traits and the growth-mortality
trade-off in tropical trees. Ecology, 91, 3664-3674.

Wright, S.J., Calderén, O., Hernandéz, A., Detto, M. & Jansen, P.A.
(2016). Interspecific associations in seed arrival and seedling
recruitment in a Neotropical forest. Ecology, 97, 2780-2790.

York, R.A., Battles, J.J., Eschtruth, A.K. & Schurr, F.G. (2011). Giant
sequoia (Sequoiadendron giganteum) regeneration in experimental
canopy gaps. Restor. Ecol., 19, 14-23.

Zhu, Y., Queenborough, S.A., Condit, R., Hubbell, S.P., Ma, K.P. &
Comita, L.S. (2018). Density-dependent survival varies with species life-
history strategy in a tropical forest. Ecol. Lett., 21, 506-515.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in
the supporting information tab for this article.

Editor, Roberto Salguero-Gomez
Manuscript received 2 October 2017
First decision made 14 November 2017
Second decision made 7 March 2018
Manuscript accepted 30 March 2018

© 2018 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd.


http://www.r-project.org
http://www.r-project.org
http://mc-stan.org

