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A B S T R A C T

Biological traits may co-determine differences in geographical range sizes among closely related species. In
plants, trait values linked to a conservative resource-use strategy have been hypothesised to be associated with
small range sizes. However, the empirical support is mixed and limited to extra-tropical species so far. Here, we
analyse the relationship between range size and eight functional traits linked to the plant economics spectrum in
congeneric pairs of neotropical tree species of Costa Rica with contrasting range sizes. In the lowland tropical
rainforests of southern Costa Rica, we sampled 345 trees from 35 species in 14 genera and measured leaf
thickness, leaf dry matter content, specific leaf area, wood specific gravity (WSG), leaf nitrogen (N), leaf
phosphorus, leaf potassium and leaf N:P ratio. For each species, we estimated range size as the extent of oc-
currence using known localities of occurrence. We correlated range sizes with trait data scaled within-genus and
with the principal components of the multivariate trait space. WSG was higher and leaf N was lower in species
with small range sizes in univariate regression models, although these traits were only weakly related to range
size. None of the other six traits was correlated with range size. Results were similar for a model using the
principal components of the multivariate trait space, which explained 36% of the variation in species’ extent of
occurrence. Again, the traits most strongly associated with the selected components were WSG and leaf N.
Although high WSG and low leaf N can be interpreted as indicators of conservative resource-use, we could not
detect strong relationships between the respective trait syndrome and range size in our sample of species. Traits
related to conservative resource use may hence be involved in determining the range size of the species analysed,
but other factors are apparently more important.

1. Introduction

“Who can explain why one species ranges widely and is very numerous,
and why another allied species has a narrow range and is rare?

(Darwin, 1859).

Why some species are rare and have limited distributions while their
close relatives are abundant and widespread is a question that has in-
trigued many naturalists through time (Wallace, 1876; Brown et al.,
1996). Indeed, pronounced variation in geographical range sizes among
closely related species is a frequent phenomenon (Brown et al., 1996).
Evolutionary age (Brown et al., 1996; Grossenbacher et al., 2015),
speciation in isolated places like oceanic islands or mountain peaks
(Whittaker and Fernández-Palacios, 2007) as well as specialisation to
rare habitat types (Morueta-Holme et al., 2013) are factors relevant for
explaining these differences. However, relatively few species become

widespread at any time over the course of their existence even if no
(evident) geographical barriers to their distribution exist (e.g.
Witkowski and Lamont, 1997; Walck et al., 2001; Murray and Lepschi,
2004). In addition to evolutionary age and geographical constraints,
other factors hence likely affect the range expansion and, eventually,
range size, such as maladaptation at the range limits (Gilbert et al.,
2017), dispersal limitation (Hargreaves et al., 2014), interspecific
competition (Svenning et al., 2014) and the growth rate of the popu-
lation (Sexton et al., 2009). All these factors are mediated by intrinsic
biological traits linked to the dispersal ability (e.g. number and size of
propagules), the mating system (e.g. selfers vs. outcrossers,
Grossenbacher et al., 2015) or the tradeoffs between resource allocation
for fecundity or survivorship, or for growth or survivorship (Sexton
et al., 2009; Adler et al., 2014).

Biological traits of plants have been structured along two functional
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dimensions. The first one of these dimensions is related to a continuum
between colonisation and exploitation strategies and associated with
traits such as maximum adult height and diaspore size (Diaz et al.,
2016). Differences in these traits are highly relevant for range expan-
sion, and thus likely for range size, as they control the spatial redis-
tribution of seeds and hence possible migration speed (e.g. Schurr et al.,
2007; Dullinger et al., 2012). However, traits of the dispersal syndrome
are often strongly conserved within phylogenies (Jordano, 1995; Lord
et al., 1995; see also Supplementary material, Table A1, Appendix A1
and Fig. A1). While these traits may hence contribute importantly to
range size variation across the tree of life, they are less likely candidates
for explaining the often vast range size differences among closely re-
lated species.

The second dimension is related to a continuum between acquisitive
and conservative strategies (Diaz et al., 2016), also known as the plant
economics spectrum (Reich, 2014). The plant economics spectrum has
been shown to be associated with individual growth and carbon as-
similation rates (Reich et al., 1998; Chave et al., 2009) and is expressed
by traits of leaves (Wright et al., 2004), roots (Roumet et al., 2016) and
wood (Chave et al., 2009). Differences in these traits, several of which
are phylogenetically labile (e.g. Kraft and Ackerly, 2010; Siefert et al.,
2015), translate into variation in population growth rates and their
elasticity to vital rates like individual growth, fecundity and survival. In
particular, species ‘on the slow side’ of the leaf and wood economics
spectra also tend to have slow life history traits and slow population
growth rates (Adler et al., 2014; Reich, 2014). Population growth rate,
in turn, is theoretically correlated to the pace by which species can
spread in geographical space (e.g. Hastings et al., 2005). Moreover,
‘slow’ species are often well adapted to stressful environments but are
competitively inferior under more benign conditions and higher re-
source availability (Grime, 2001). As species have to establish in re-
sident communities during range expansion, traits that increase com-
petitiveness should also increase expansion rates. Indeed, such a link
has been repeatedly demonstrated in invasion biology (Hamilton et al.,
2005; van Kleunen et al., 2010).

Taken together, there is hence reason to assume that, on average,
species with slow life history traits and conservative resource use
strategies should have smaller (native) ranges than their ‘fast living’
counterparts (Morin and Chuine, 2006). Typical features of such con-
servative strategists are low height, slow growth, high wood density, a

high leaf dry matter content and/or long leaf lifespan, and a low re-
source acquisition capacity as indicated by a low maximum photo-
synthetic rate which is, in turn, related to low specific leaf area and low
leaf nutrient content (Reich et al., 1998, 2003; Chave et al., 2009).
Nevertheless, the empirical evidence for a link between these traits and
small range sizes is mixed. While some studies could demonstrate the
expected correlation (Snyder et al., 1994; Walck et al., 1999; Gorman
et al., 2014), others could not (Witkowski and Lamont, 1997; Lavergne
et al., 2003, 2004). However, comparative studies have so far been
limited to certain life forms and biomes, especially to herbs and shrubs
of temperate or subtropical regions (Snyder et al., 1994; Walck et al.,
1999, 2001; Lavergne et al., 2004). By contrast, we still know little
about the potential role of biological traits for limiting the range size of
trees in the tropics. This lack of studies is surprising as the tropics
harbor many endemic species (Myers, 1988; Stevens, 1989; Morueta-
Holme et al., 2013) and knowledge of functional traits of tropical trees
has increased in recent years (e.g. Chave et al., 2006; Poorter et al.,
2008; Reich, 2014; Diaz et al., 2016; Garnier et al., 2016).

As a contribution to filling this gap, we here present a comparative
analysis of functional trait differences between 35 tropical tree species,
growing sympatrically in a tropical rainforest region in southern Costa
Rica. The species are grouped into 14 genera, with each genus con-
taining at least one species locally endemic (southern Costa Rica and
western Panama) and one species with a wider geographic distribution.
We measured leaf thickness (LT), specific leaf area (SLA), leaf dry
matter content (LDMC), wood specific gravity (WSG), and leaf nitrogen
(N), phosphorus (P) and potassium (K) concentrations, all traits related
to the leaf or wood economics spectra (Wright et al., 2005; Chave et al.,
2009; Reich, 2014; Diaz et al., 2016). We hypothesised that trait values
associated with faster resource acquisition will be positively correlated
to range size and that narrow range species will have trait profiles
suggesting a conservative resource-use strategy. With respect to our
hypothesis, we hence expected that narrow-range species have higher
WSG, LT and LDMC and lower SLA, leaf nutrients (leaf N, P, K) and
higher foliar N:P than widespread species.

Fig. 1. Study area and sites where trees were sampled. The map in the box represents the distribution of mean annual rainfall according to Worldclim (Hijmans et al., 2005).
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2. Methods

2.1. Study site

The study was conducted in the surroundings of four field stations in
the Peninsula de Osa and Golfo Dulce area of southern Costa Rica
(8°16′–8°55′N, 83°4′–83°47W, Fig. 1). The region has an average an-
nual temperature of 27 °C in the lowlands (Fig. A2 of Supplementary
material). Annual precipitation sums to between 2800 and 5400mm
(Hijmans et al., 2005). There is rainfall throughout the year, but ∼90%
falls between April and December. The dry season between January and
March is much shorter than the five or six dry months common
throughout most of the pacific lowlands of Central America (Fig. A2 of
Supplementary material).

The Pacific slope in the southern part of Costa Rica and western
Panama is characterized by high species richness and a relatively high
level of endemism (Benavides, 2008, but see discussion in Cornejo
et al., 2012). In the region there are more than 2700 vascular plant
species (Huber et al., 2008), more than 150 of which are endemic, some
of them only known from few sites (Benavides, 2008). With almost 750
species of trees (Quesada et al., 1997) the area is recognised for its high
tree diversity in the Americas (Williams et al., 1996).

Floristic affinities are strongest with South American lowland
rainforests, especially the north-west of South America (Cornejo et al.,
2012). The origin of endemic species has not been studied so far. The
region has a long, complex and dynamic history of geological events
from the Late Cretaceous until the Pleistocene which makes it difficult
to disentangle the causes of speciation and endemism (Bagley and
Johnson, 2014). Its result was a patchy landscape with mountains
deeply incised by river valleys, hills, terraces, plains and swamps
(Malzer and Fiebig, 2008; Scheucher et al., 2008; Bagley and Johnson,
2014). The local climate differs from the surroundings because the
Talamanca Cordillera towards the North, with mountains as high as
3820m, creates a vortex effect that increases precipitation and de-
creases rainfall seasonality (Coen, 1983). High precipitation and low
rainfall seasonality in the region may have attenuated the climatic
fluctuations of the Late Pleistocene (Leigh et al., 2014) and thus
probably enhanced chances of in-situ survival for species of the regional
flora (Morueta-Holme et al., 2013). Mountains and slopes in the region
are dominated by Ultisols formed from marine basalts, highly weath-
ered and poor in phosphorus. Plains and valleys are dominated by In-
ceptisols formed from alluvial deposits from the Quaternary, the soils
being richer in phosphorus than Ultisols (Alvarado and Mata, 2015).

2.2. Field work

We selected 35 tree species belonging to 14 genera (Table 1 and
Table A1 of Supplementary material). For each genus, we selected be-
tween two and four species. Within each genus, one or two species had
a limited distribution, either restricted to the central and southern Pa-
cific slope of Costa Rica, or, in some cases, reaching western Panama or
the Caribbean slope in Costa Rica, while one or two species had a wider
geographical range (Table 1). The selection of endemic species was
limited to tree genera that have sympatric species with different range
sizes in the area. For reasons of feasibility, our selection focused on
endemic species with known populations in 20 1-ha plots (Wanek et al.,
unpublished data) (Table 1). Among possible widespread congeners, we
selected those that were found growing in the immediate neighbour-
hood of the selected endemics (see below).

The field work was conducted during the rainy season 2015 (March
to October). We tried to collect samples from at least ten individuals per
species. Some of the species were too rare, however, to accomplish a
full sample (Table 1). Eighty-five individuals were collected at known
localities in permanent plots (Wanek et al., unpublished data) and 260
by chance on the way to these plots. For all collected trees, we took
geographical coordinates by means of a GPS device (Garmin 60 CSX,

mean RSE: 6m). After having sampled an individual of an endemic
species we tried to locate an individual of its widespread congener as
close to it as possible (average ± standard deviation of the minimum
distance between congeneric tree individuals: 0.35 ± 0.86 km). Within
species, vice versa, we tried to collect data from individuals as spatially
separate as possible to avoid sampling siblings (average ± standard
deviation of the minimum distance between conspecific tree in-
dividuals: 1.45 ± 1.34 km). Average minimum distances between
conspecific trees did not differ significantly between widespread and
endemic species (Table A2 of Supplementary material).

Our sampling design intended to keep differences in environmental
conditions between sites of widespread and endemic species as low as
possible. To test whether this ‘standardization’ had been successful, at
least with respect to climatic conditions, we extracted data on six bio-
climatic variables for each tree’s sampling site from WorldClim
(Hijmans et al., 2005): annual mean temperature, mean diurnal range
of temperature, isothermality (ratio of day-to-night temperature oscil-
lation to summer-to-winter oscillation), mean annual precipitation,
precipitation seasonality and precipitation of warmest quarter. Using a
linear mixed-effect model with genus as random factor, we then com-
pared these climatic descriptors between endemic and widespread
species. The results corroborate that climatic conditions did not differ
among the sampling sites of endemic and widespread species (see Table
A3 in Supplementary material).

For all collected trees, we measured eight functional traits: leaf
thickness, specific leaf area, leaf dry matter content, wood specific
gravity, and leaf macronutrient content: leaf nitrogen, phosphorus, and
potassium; as well as leaf N:P ratio. LT, SLA, and LDMC were measured
on five leaves per individual. Macronutrient contents (leaf N, P, K) were
determined from a pooled sample of these five leaves and the leaf N:P
ratio calculated from these contents. WSG was measured from a wood
core per tree individual. Details on measurement methods are provided
in the section: Field methods and trait measurements in the
Supplementary material (Appendix A2 of Supplementary material).

2.3. Geographical range size

We defined a species’ geographical range size as the extent of oc-
currence (EOO) (Gaston and Fuller, 2009). For each species, we col-
lected geographical coordinates of occurrences from different sources
through the Global Information Biodiversity Facility (GBIF) (Appendix
B), and own field records. We removed the following types of occur-
rence data: a) uncertain occurrences i.e. those separated widely in space
from other occurrence points and with locality descriptions that suggest
that species were planted in parks or gardens, b) duplicated occurrences
inside of the same 1×1 km cell in a raster map and c) occurrences
without detailed information about locality. We constructed a polygon
based on an α-hull around the localities of occurrences (Burgman and
Fox, 2003) using the R package “alphahull” (Pateiro-López and
Rodríguez-Casal, 2010). For each species, the α-hull was constructed
using 8 as α value, i.e. we aimed to obtain the smallest possible polygon
with all internal angles greater than 0 which includes all occurrence
points of the respective species. The EOO was then calculated from the
intersection of the α-hull and the continental contour map (projected by
a Lambert Equal Area Projection).

2.4. Statistical analysis

For each individual, we calculated the average of LT, SLA, and
LDMC from the five leaves sampled. To correct for phylogenetic relat-
edness, we scaled the individual tree values of each trait by subtracting
the mean of the genus and dividing by the standard deviation of the
genus. This removed differences in mean trait values among genera
from the data. Put in another way, we standardised for phylogeny to
focus on the question whether the extent of range size difference be-
tween closely related species is related to how distinct they are in terms
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of functional traits (and not to phylogenetically determined trait dif-
ferences among the genera in the sample). The means of the thus scaled
trait values per species were then related (as predictor variables) to the
species’ extent of occurrence by means of generalised linear models
(GLM). Traits that were significant in univariate models were used to
construct a multiple regression model to explain EOO.

Because multicollinearity could obscure the effects of variables, we
tested if the principal components built from the eight functional traits
could explain the EOO. We performed a principal component analysis
(PCA) using the trait values scaled within-genus for each individual and
extracted the centroid scores for each species. We tested if the species
centroid scores in each one of the first five principal components ex-
plained EOO using a stepwise regression to select the best model or
models according to Akaike’s Information Criterion.

We ran GLMs assuming a Gaussian distribution of the response
variable (EOO) log-transformed as evaluated by qq-plots of model re-
siduals. Statistical significance of regression terms was assessed by
likelihood ratio tests. For the multivariate model, we evaluated the
goodness of model fit by calculating an adjusted D2-value that accounts
for the number of degrees of freedom spent for the predictor variables
(Guisan and Zimmermann, 2000). All analyses were run in R 3.3.1 (R
Development Core Team, 2016).

3. Results

We analysed 345 individual trees belonging to 35 species (Table 1).
Mean trait values of species ranged from 38.0 to 1645 cm2 for LA, from
0.16 to 0.61mm for LT, from 66.4 to 236 cm2 g−1 for SLA, from 195 to
472 mg g−1 for LDMC, from 0.25 to 0.85 for WSG, from 1.17 to 3.07%
for leaf N, from 0.04 to 0.24% for leaf P, from 0.26 to 1.70% for leaf K,
and from 10.6 to 33.3 for foliar N:P (Tables A4 and A5 of

Supplementary material).
The EOO of our study species varied between 5.37·101–2.38·104 km2

for the narrow range species within each genus, and from 2.80·104 to
1.34·107 km2 for the wide range species within each genus (Table 1).
EOO sizes of narrow and wide range species within a genus differed by
a minimum of 2.7·104 km2 in the genus Unonopsis, while the ratio be-
tween the maximum and minimum EOO range was between 15 in the
genus Chrysochlamys and 2.18·105 in the genus Faramea (Table 1).

Among the single-trait models, only WSG and leaf N were sig-
nificantly related to EOO, WSG being negatively related (p=0.016,
r2= 0.16) and leaf N positively related to EOO (p= 0.029, r2= 0.13;
Table 2, Fig. 2). Therefore, species with lower WSG and higher leaf N
tended to have wider range sizes (Fig. 2). A multivariate model with

Table 1
The species sampled, the number of individuals sampled per species (N), and its global extent of occurrence. Shades indicate the species with small range sizes within each genus.

Table 2
Coefficients estimated ± 1 standard error (β), and the associated test statistics (Chi2) of
the likelihood ratio tests, together with their p-values, for the generalised linear models
relating the extent of occurrence to one of the following functional traits in 35 tropical
tree species of Costa Rica: wood specific gravity (WSG), specific leaf area (SLA), leaf
thickness (LT), leaf dry matter content (LDMC), leaf nitrogen content (N), leaf phosphorus
content (P), leaf potassium content (K), and leaf N:P ratio. Significance level of p < 0.05
is indicated by an *.

Functional Trait β Std. Error Chi2 p (>Chi2)

WSG −1.013 0.397 15.46 0.011*
SLA 0.635 0.390 6.99 0.10
LT −0.538 0.376 5.47 0.15
LDMC 0.117 0.428 0.21 0.78
N 0.982 0.433 12.69 0.029*
P 0.378 0.511 1.52 0.46
K −0.151 0.703 0.13 0.83
N:P 0.276 0.549 0.41 0.61
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both traits together explained 17% of the variance in EOO (D2= 0.17),
however only WSG remained as a significant term (β ±
SE=−0.793 ± 0.413, Chi2= 15.46, p= 0.009). Leaf N was not
significant in the multivariate model (β ± SE=0.695 ± 0.442,
Chi2= 5.62, p=0.116) and was negatively correlated with WSG
(r=−0.34. p=0.04; Fig. A3 of Supplementary material).

Similar results were obtained when the analysis was done with
principal components. Trait values of 345 tree individuals (35 species)
after standardizing within genus followed the leaf economics spectrum,
with the first principal component being negatively related to LDMC
and positively to SLA, leaf N, P and K (Fig A3 and Table A6 of
Supplementary material). The third component of the PCA, which was
strongly related to WSG (Table A6 of Supplementary material), ex-
plained 23% (D2=0.23) of the variation in EOO (Table 3). When all
the PC-axes were tested in a stepwise model using the AIC, the lowest
AIC was obtained in a model including the axes 2, 3 and 5. Altogether,
this model explained 36% of the variation in EOO (D2= 0.36).

However, only PC-axes 3 and 5 had coefficient estimates significantly
different from 0 (Table 3, Fig. 3). These two axes were strongly related
to WSG and leaf N, respectively (Table A6 of Supplementary material).

4. Discussion

Our results suggest that range size differences between closely re-
lated neotropical tree species can partly be explained by differences in
traits related to the plant economics spectrum. As expected, narrow
range species tended to have higher wood specific gravity and lower
leaf N contents than their widespread congeners. However, we did not
find any support for our hypotheses in the other six traits studied.
Relationships between range size and biological traits related to the
plant economics spectrum hence do exist in the sampled set of species
but appear rather weak overall.

In our data, the hypothesised relationship is most clearly corrobo-
rated by the resource allocation trade-off conceptualised as the wood
economics spectrum. Wood specific gravity has been shown to be ne-
gatively related to relative growth rate and positively to survival in
tropical trees (Poorter et al., 2008; Greenwood et al., 2017). Tropical
trees with high WSG hence generally follow a conservative strategy,
prefer less competitive and more stressful environments such as dry,
shaded or nutrient-poor habitats (Augspurger, 1984; Poorter and
Markesteijn, 2008; Heineman et al., 2016) and are, presumably, char-
acterized by slow life cycles and population growth rates (Adler et al.,
2014). Moreover, WSG is phylogenetically conserved among tropical
tree species (Chave et al., 2006; Swenson and Enquist, 2007) which
makes differences in this trait a particularly sensitive indicator of
adaptation to different levels of stress or competition. The fact that
WSG significantly differed among endemic and widespread species
hence strongly suggests that adaptation to competitive environments is
likely fostering range expansion in tropical trees. By contrast, high WSG
may have fostered survival in glacial refugia but hampered subsequent
spread afterwards. Indeed, some endemic species in our dataset are
likely glacial relicts (Morueta-Holme et al., 2013).

Leaf nitrogen content is related directly to photosynthetic capacity
of the leaf (Evans, 1989) and the rate of carbon assimilation (Reich
et al., 1998, 2003; Wright et al., 2004). The direct relation with pho-
tosynthesis makes leaf N one of the strongest indicators of plant

Fig. 2. The relationship between the log10-
transformed extent of occurrence (EOO) and
the following functional traits studied in 35
tropical tree species of Costa Rica: wood
specific gravity (WSG), specific leaf area
(SLA), leaf thickness (LT), leaf dry matter
content (LDMC), leaf nitrogen (N), phos-
phorus (P), potassium (K), and leaf N:P ratio
(NP). The solid line represents the fit of the
model when the estimated regression coef-
ficients were statistically different from zero
(p < 0.05). Values on the trait axes are
centred to 0 and scaled to unit variance
(within each genus), and therefore without
units.

Table 3
Coefficients estimated ± 1 standard error (β), and the associated test statistics (Chi2) of
the likelihood ratio tests, together with their p-values, for generalised linear models re-
lating the principal components calculated from eight functional traits (wood specific
gravity, WSG; specific leaf area, SLA; leaf thickness, LT; leaf dry matter content, LDMC;
leaf nitrogen content, N; leaf phosphorus content, P; leaf potassium content, K; and leaf
N:P ratio, NP) to the extent of occurrence of 35 neotropical tree species of Costa Rica.
Models a) Univariate models; b) a multivariate model with relevant axes selected by
stepwise regression using the Akaike Information Criterion. For each PC-axis the traits
that explain most variation are given in parentheses, with the sign showing the direction
of the trait-axis correlation. Significance levels are indicated by asterisks (* p < 0.05; **
p < 0.01; *** p < 0.001).

Factor Estimate Std. Error Chi2 p (>Chi2)

Univariate models with PCA made with within-genus scaled trait values
PC 1 (P, −LDMC, N) 0.328 0.252 4.584 0.193
PC 2 (−LT, NP, SLA) 0.370 0.327 3.518 0.257
PC 3 (−WSG) −1.396 0.415 23.982 0.001**
PC 4 (−K, LDMC, −NP) 0.405 0.583 1.359 0.487
PC 5 (N, −K, LT) 0.758 0.612 4.180 0.215

Multivariate model with PCA made with within-genus scaled trait values
PC 2 (−LT, NP, SLA) 0.50 0.264 3.456 0.166
PC 3 (−WSG) −1.62 0.386 25.085 <0.001***
PC 5 (N, −K, LT) 1.246 0.503 10.8 0.019*
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economic strategies. Since endemic and widespread congeners were
growing close together, the low leaf N of endemics is likely not due to
low soil N availability but rather controlled by some other inherent
differences in N demand or allocation. Low leaf N comes with higher LT
and LDMC and lower SLA (Fig. A3 of Supplementary material), pointing
to greater investment in structural leaf support, thickening of cell walls,
higher lignification and other traits that enhance the durability of
tissue, better defend against herbivores and increase the leaf lifespan
(Wright et al., 2002). This extra carbon investment dilutes leaf N,
causing lower leaf N contents on a mass basis (Reich et al., 1998); and
all of these investments are commonly associated with conservative
resource use of plants in stressful environments (Grime, 2001). The
lower leaf N in our endemic species can hence also be interpreted as an
indicator of conservative resource use (Diaz et al., 2016) and is hence in
line with our hypothesis.

Phosphorus is considered the most limiting nutrient in the tropical
lowlands (Vitousek, 1984) and a strong association between the avail-
ability of soil P and the distribution patterns of tropical tree species
have already been documented (Condit et al., 2013; Dalling et al., 2016;
Zalamea et al., 2016). In particular, species unable to translate high P
supply into high growth rates may be disadvantaged by competition
under more favourable soil conditions (Zalamea et al., 2016). Such
restrictions are typical for conservative resource use strategists (Grime,
2001) and may hence impose constraints on range expansion. Never-
theless, in our data, foliar P was not a predictor of range size. It may,
however, be that P was limiting for most species in our sample because
of the generally low soil P availability in the tropics (Alvarez-Clare and
Mack, 2011) and that leaf P is hence only loosely related to specieś
resource use strategies. An unequivocal answer to the question whether
narrow range species have lower leaf P will hence have to standardise
for P supply in the soil.

Several other functional traits commonly related to a conservative
resource-use strategy were also not related to range size in our study.
They were, however, correlated with WSG and/or leaf N (e.g. SLA was
positively correlated with leaf N, LT negatively with leaf N, and LDMC
was positively correlated with WSG, Fig. A3 of Supplementary mate-
rial). We hence do not exclude the possibility that these traits are part of
a syndrome characterising species with narrow range size. However,
the possible relationship of such a conservative resource use syndrome
and range size is apparently not strong enough to be detectable with the
given sample of 14 congeneric species pairs.

As a caveat, we emphasize that our sampling strategy involves es-
timates of mean trait values that are likely more precise for the entire
population of the endemic than of the widespread species. Indeed, most
of the widespread species occupy a considerable latitudinal gradient
with varied climatic and edaphic conditions, and predominant trait
values in the study area might hence deviate from trait means across
their entire range (Reich et al., 2003). However, we do not see any

reason to expect that traits of widespread species in our study area are
generally biased towards values indicating either a more or a less
conservative resource use strategy as compared to their total-range
means. As a corollary, geographical restriction of sampling may have
decreased our ability to find generic differences among endemic and
widespread species, but it has unlikely biased our results towards either
masking or exaggerating existing differences.

5. Conclusions

Taken together, our results indicate that the functional trade-offs
involved in adaptation to stressful and low-resource vs. benign and
high-resource environments have contributed to the restricted range
size of endemic tree species in tropical wet forests to a certain extent.
However, the impact of these adaptations on current range size differ-
ences among closely related tree species is weak to moderate, at best,
and apparently modified by other factors of comparable or stronger
influence. Nevertheless, these moderate correlations have ramifications
for conservation biology. Endemic species are of major concern since
restricted range size and small populations make species particularly
prone to extinction (Harnik et al., 2012). The fact that the endemic
tropical tree species studied here are characterized by a trend towards
conservative resource use strategies lets these species appear even more
vulnerable because the slow growth rates, low fecundity and low co-
lonisation abilities associated with such conservative resource use (van
Kleunen et al., 2010; Adler et al., 2014; Visser et al., 2016) likely also
decrease their ability to cope with changing environmental conditions.

Funding

This work was supported by a fellowship from The Rufford Small
Grants Foundation [15981-1] and Consejo Nacional para
Investigaciones Científicas y Tecnológicas de Costa Rica (CONICIT) [FI-
183-13]. Part of the costs for laboratory analysis was covered by the
Centro de Investigaciones Agronómicas (CIA) of the University of Costa
Rica. Funding for the first author studies at the University of Vienna
was provided by CONICIT [FI-183-13] and the University of Costa Rica
[OAICE-CAB-175-2014].

Acknowledgments

We thank Alvaro Picado, Bolivar Marín, Marvin López and Yanil
Bravo for their help in the field and laboratory work. We are grateful to
the Government of Costa Rica and Guido Saborío from Sistema
Nacional de Areas de Conservación (SINAC) for authorizations and
support, the SINAC staff at the Rancho Quemado field station,
Fundación Neotrópica, Osa Conservation, La Gamba Tropical Research
Station, Programa de Investigaciones Osa-Golfo Dulce and Escuela de

Fig. 3. Species scores and correlation plot of the
third and fifth component of the principal component
(PC) analysis calculated with eight functional traits
(wood specific gravity, WSG; specific leaf area, SLA;
leaf thickness, LT; leaf dry matter content, LDMC;
leaf nitrogen content, N; leaf phosphorus content, P;
leaf potassium content, K; and leaf N:P ratio, NP) of
35 tropical tree species of Costa Rica. The two com-
ponents were significant predictors (p < 0.05) of
the species’ range size in a multivariate model.

E. Chacón-Madrigal et al. Perspectives in Plant Ecology, Evolution and Systematics 32 (2018) 30–37

35



Biología of the University of Costa Rica for all the logistic support and
research facilities.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ppees.2018.01.003.

References

Adler, P.B., Salguero-Gómez, R., Compagnoni, A., Hsu, J.S., Ray-Mukherjee, J., Mbeau-
Ache, C., Franco, M., 2014. Functional traits explain variation in plant life history
strategies. Proc. Natl. Acad. Sci. U. S. A. 111, 740–745. http://dx.doi.org/10.1073/
pnas.1315179111.

Alvarado, A., Mata, R., 2015. Soils of Costa Rica: an agroecological approach. In:
Kappelle, M. (Ed.), Costa Rican Ecosystems. University of Chicago Press, Chicago, pp.
64–96.

Alvarez-Clare, S., Mack, M.C., 2011. Influence of precipitation on soil and foliar nutrients
across nine Costa Rican forests. Biotropica 43, 433–441. http://dx.doi.org/10.1111/j.
1744-7429.2010.00732.x.

Augspurger, C.K., 1984. Seedling survival of tropical tree species: interactions of dispersal
distance, light-gaps, and pathogens. Ecology 65, 1705–1712. http://dx.doi.org/10.
2307/1937766.

Bagley, J.C., Johnson, J.B., 2014. Phylogeography and biogeography of the lower Central
American Neotropics: diversification between two continents and between two seas.
Biol. Rev. 89, 767–790. http://dx.doi.org/10.1111/brv.12076.

Benavides, C., 2008. Efecto del ambiente en la distribución geográfica de plantas
endémicas de Costa Rica y determinación de las zonas aptas para la conservación.
Universidad de Costa Rica.

Brown, J.H., Stevens, G.C., Kaufman, D.M., 1996. The geographic range: size, shape,
boundaries, and internal structure. Annu. Rev. Ecol. Syst. 27, 597–623. http://dx.doi.
org/10.1146/annurev.ecolsys.27.1.597.

Burgman, M.a., Fox, J.C., 2003. Bias in species range estimates from minimum convex
polygons: implications for conservation and options for improved planning. Anim.
Conserv. 6, 19–28. http://dx.doi.org/10.1017/S1367943003003044.

Chave, J., Muller-Landau, H.C., Baker, T.R., Easdale, T.A., Hans Steege, T.E.R., Webb,
C.O., 2006. Regional and phylogenetic variation of wood density across 2456 neo-
tropical tree species. Ecol. Appl. 16, 2356–2367. http://dx.doi.org/10.1890/1051-
0761(2006)016[2356:RAPVOW]2.0.CO;2.

Chave, J., Coomes, D., Jansen, S., Lewis, S.L., Swenson, N.G., Zanne, A.E., 2009. Towards
a worldwide wood economics spectrum. Ecol. Lett. 12, 351–366. http://dx.doi.org/
10.1111/j.1461-0248.2009.01285.x.

Coen, E., 1983. Climate. In: Janzen, D.H. (Ed.), Costa Rican Natural History. University
Chicago Press, pp. 35–46.

Condit, R.R., Engelbrecht, B.M.J., Pino, D., Pérez, R., Turner, B.L., 2013. Species dis-
tributions in response to individual soil nutrients and seasonal drought across a
community of tropical trees. Proc. Natl. Acad. Sci. U. S. A. 110, 5064–5068. http://
dx.doi.org/10.1073/pnas.1218042110.

Cornejo, X., Mori, S.A., Aguilar, R., Stevens, H., Douwes, F., 2012. Phytogeography of the
trees of the Osa Peninsula, Costa Rica. Brittonia 64, 76–101. http://dx.doi.org/10.
1007/s12228-011-9194-0.

Dalling, J.W., Heineman, K., Lopez, O.R., Wright, S.J., Turner, B.L., 2016. Nutrient
availability in tropical rain forests: the paradigm of phosphorus limitation. In:
Goldstain, G., Santiago, L.S. (Eds.), Tropical Tree Physiology. Springer International
Publishing, pp. 261–273. http://dx.doi.org/10.1007/978-3-319-27422-5_12.

Darwin, C., 1859. The Origin of Species by Means of Natural Selection. John Murray,
London, United Kingdom. http://dx.doi.org/10.1097/00043764-198911000-00006.

Diaz, S., Kattge, J., Cornelissen, J.H., Wright, I.J., Lavorel, S., Dray, S., Reu, B., Kleyer, M.,
Wirth, C., Prentice, I.C., Garnier, E., Bonisch, G., Westoby, M., Poorter, H., Reich,
P.B., Moles, A.T., Dickie, J., Gillison, A.N., Zanne, A.E., Chave, J., Wright, S.J.,
Sheremet’ev, S.N., Jactel, H., Baraloto, C., Cerabolini, B., Pierce, S., Shipley, B.,
Kirkup, D., Casanoves, F., Joswig, J.S., Gunther, A., Falczuk, V., Ruger, N., Mahecha,
M.D., Gorne, L.D., 2016. The global spectrum of plant form and function. Nature 529,
167–171. http://dx.doi.org/10.1038/nature16489.

Dullinger, S., Willner, W., Plutzar, C., Englisch, T., Schratt-Ehrendorfer, L., Moser, D., Ertl,
S., Essl, F., Niklfeld, H., 2012. Post-glacial migration lag restricts range filling of
plants in the European Alps. Glob. Ecol. Biogeogr. 21, 829–840. http://dx.doi.org/10.
1111/j.1466-8238.2011.00732.x.

Evans, J.R., 1989. Photosynthesis and nitrogen relationships in leaves of C3 plants.
Oecologia 78, 9–19. http://dx.doi.org/10.1007/BF00377192.

Garnier, E., Navas, M.-L., Grigulis, K., 2016. Plant Functional Diversity: Organism Traits,
Community Structure and Ecosystem Properties. Oxford University Press, Oxford, UK.

Gaston, K.J., Fuller, R.A., 2009. The sizes of species’ geographic ranges. J. Appl. Ecol. 46,
1–9. http://dx.doi.org/10.1111/j.1365-2664.2008.01596.x.

Gilbert, K.J., Sharp, N.P., Angert, A.L., Conte, G.L., Draghi, J.A., Guillaume, F.,
Hargreaves, A.L., Matthey-Doret, R., Whitlock, M.C., 2017. Local adaptation interacts
with expansion load during range expansion: maladaptation reduces expansion load.
Am. Nat. 189. http://dx.doi.org/10.1086/690673.

Gorman, C.E., Potts, B.M., Schweitzer, J.A., Bailey, J.K., 2014. Shifts in species interac-
tions due to the evolution of functional differences between endemics and non-en-
demics: an endemic syndrome hypothesis. PLoS One 9, e111190. http://dx.doi.org/
10.1371/journal.pone.0111190.

Greenwood, S., Ruiz-Benito, P., Martínez-Vilalta, J., Lloret, F., Kitzberger, T., Allen, C.D.,

Fensham, R., Laughlin, D.C., Kattge, J., Bönisch, G., Kraft, N.J.B., Jump, A.S., 2017.
Tree mortality across biomes is promoted by drought intensity, lower wood density
and higher specific leaf area. Ecol. Lett. 20, 539–553. http://dx.doi.org/10.1111/ele.
12748.

Grime, J.P., 2001. Plant Strategies, Vegetation Processes and Ecosystem Properties. John
Wiley & Sons.

Grossenbacher, D., Briscoe Runquist, R., Goldberg, E.E., Brandvain, Y., 2015. Geographic
range size is predicted by plant mating system. Ecol. Lett. 18, 706–713. http://dx.doi.
org/10.1111/ele.12449.

Guisan, A., Zimmermann, N.E., 2000. Predictive habitat distribution models in ecology.
Ecol. Model. 135, 147–186. http://dx.doi.org/10.1016/S0304-3800(00)00354-9.

Hamilton, M.A., Murray, B.R., Cadotte, M.W., Hose, G.C., Baker, A.C., Harris, C.J., Licari,
D., 2005. Life-history correlates of plant invasiveness at regional and continental
scales. Ecol. Lett. 8, 1066–1074. http://dx.doi.org/10.1111/j.1461-0248.2005.
00809.x.

Hargreaves, A.L., Samis, K.E., Eckert, C.G., 2014. Are species’ range limits simply niche
limits writ large? A review of transplant experiments beyond the range. Am. Nat. 183,
157–173. http://dx.doi.org/10.1086/674525.

Harnik, P.G., Simpson, C., Payne, J.L., 2012. Long-term differences in extinction risk
among the seven forms of rarity. Proc. R. Soc. B Biol. Sci. 279, 4969–4976. http://dx.
doi.org/10.1098/rspb.2012.1902.

Hastings, A., Cuddington, K., Davies, K.F., Dugaw, C.J., Elmendorf, S., Freestone, A.,
Harrison, S., Holland, M., Lambrinos, J., Malvadkar, U., Melbourne, B.A., Moore, K.,
Taylor, C., Thomson, D., 2005. The spatial spread of invasions: new developments in
theory and evidence. Ecol. Lett. 8, 91–101. http://dx.doi.org/10.1111/j.1461-0248.
2004.00687.x.

Heineman, K.D., Turner, B.L., Dalling, J.W., 2016. Variation in wood nutrients along a
tropical soil fertility gradient. New Phytol. 211, 440–454. http://dx.doi.org/10.
1111/nph.13904.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high re-
solution interpolated climate surfaces for global land areas. Int. J. Climatol. 25,
1965–1978.

Huber, W., Weissenhofer, A., Zamora, N., Weber, A., 2008. Plant diversity and biogeo-
graphy of the Golfo Dulce region, Costa Rica. Stapfia 88, 97–104.

Jordano, P., 1995. Angiosperm fleshy fruits and seed dispersers: a comparative analysis of
adaptation and constraints in plant-animal interactions. Am. Nat. 145, 163–191.
http://dx.doi.org/10.1086/285735.

Kraft, N.J.B., Ackerly, D.D., 2010. Functional trait and phyloge- netic tests of community
assembly across spatial scales in an Amazonian forest. Ecol. Monogr. 80, 401–422.
http://dx.doi.org/10.1890/09-1672.1.

Lavergne, S., Garnier, E., Debussche, M., 2003. Do rock endemic and widespread plant
species differ under the Leaf-Height-Seed plant ecology strategy scheme? Ecol. Lett.
6, 398–404. http://dx.doi.org/10.1046/j.1461-0248.2003.00456.x.

Lavergne, S., Thompson, J.D., Garnier, E., Debussche, M., 2004. The biology and ecology
of narrow endemic and widespread plants: a comparative study of trait variation in
20 congeneric pairs. Oikos 107, 505–518. http://dx.doi.org/10.1111/j.0030-1299.
2004.13423.x.

Leigh, E.G., O’Dea, A., Vermeij, G.J., 2014. Historical biogeography of the isthmus of
Panama. Biol. Rev. 89, 148–172. http://dx.doi.org/10.1111/brv.12048.

Lord, J., Westoby, M., Leishman, M., 1995. Seed size and phylogeny in six temperate
floras: constraints, niche conservatism, and adaptation. Am. Nat. 146, 349–364.
http://dx.doi.org/10.1086/285804.

Malzer, O., Fiebig, M., 2008. Outline of the geology of the Golfo Dulce region (Costa Rica)
and its surroundings in Central America. Stapfia 88, 23–30.

Morin, X., Chuine, I., 2006. Niche breadth, competitive strength and range size of tree
species: a trade-off based framework to understand species distribution. Ecol. Lett. 9,
185–195. http://dx.doi.org/10.1111/j.1461-0248.2005.00864.x.

Morueta-Holme, N., Enquist, B.J., McGill, B.J., Boyle, B., Jørgensen, P.M., Ott, J.E., Peet,
R.K., Šímová, I., Sloat, L.L., Thiers, B., Violle, C., Wiser, S.K., Dolins, S., Donoghue,
J.C., Kraft, N.J.B., Regetz, J., Schildhauer, M., Spencer, N., Svenning, J.-C., 2013.
Habitat area and climate stability determine geographical variation in plant species
range sizes. Ecol. Lett. 16, 1446–1454. http://dx.doi.org/10.1111/ele.12184.

Murray, B.R., Lepschi, B.J., 2004. Are locally rare species abundant elsewhere in their
geographical range? Austral Ecol. 29, 287–293. http://dx.doi.org/10.1111/j.1442-
9993.2004.01365.x.

Myers, N., 1988. Threatened biotas: hot spots in tropical forests. Environmentalist 8,
187–208. http://dx.doi.org/10.1007/BF02240252.

Pateiro-López, B., Rodríguez-Casal, A., 2010. Generalizing the convex hull of a sample:
the R package alphahull. J. Stat. Softw. 34, 1–28. http://dx.doi.org/10.18637/jss.
v034.i05.

Poorter, L., Markesteijn, L., 2008. Seedling traits determine drought tolerance of tropical
tree species. Biotropica 40, 321–331. http://dx.doi.org/10.1111/j.1744-7429.2007.
00380.x.

Poorter, L., Wright, S.J., Paz, H., Ackerly, D.D., Condit, R., Ibarra-Manríquez, G., Harms,
K.E., Licona, J.C., Martínez-Ramos, M., Mazer, S.J., Muller-Landau, H.C., Peña-
Claros, M., Webb, C.O., Wright, I.J., 2008. Are functional traits good predictors of
demographic rates? Evidence from five neotropical forests. Ecology 89, 1908–1920.
http://dx.doi.org/10.1890/07-0207.1.

Quesada, F.J., Jiménez Madrigal, Q., Zamora Villalobos, N., Aguilar Fernández, R.,
González Ramírez, J., 1997. Árboles de la Península de Osa. Instituto Nacional de
Biodiversidad, Santo Domingo, Heredia.

R Development Core Team, 2016. R: A Language and Environment for Statistical
Computing.

Reich, P.B., Ellsworth, D.S., Walters, M.B., 1998. Leaf structure (specific leaf area)
modulates photosynthesis-nitrogen relations: evidence from within and across species
and functional groups. Funct. Ecol. 12, 948–958. http://dx.doi.org/10.1046/j.1365-

E. Chacón-Madrigal et al. Perspectives in Plant Ecology, Evolution and Systematics 32 (2018) 30–37

36

https://doi.org/10.1016/j.ppees.2018.01.003
http://dx.doi.org/10.1073/pnas.1315179111
http://dx.doi.org/10.1073/pnas.1315179111
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0010
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0010
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0010
http://dx.doi.org/10.1111/j.1744-7429.2010.00732.x
http://dx.doi.org/10.1111/j.1744-7429.2010.00732.x
http://dx.doi.org/10.2307/1937766
http://dx.doi.org/10.2307/1937766
http://dx.doi.org/10.1111/brv.12076
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0030
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0030
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0030
http://dx.doi.org/10.1146/annurev.ecolsys.27.1.597
http://dx.doi.org/10.1146/annurev.ecolsys.27.1.597
http://dx.doi.org/10.1017/S1367943003003044
http://dx.doi.org/10.1890/1051-0761(2006)016[2356:RAPVOW]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2006)016[2356:RAPVOW]2.0.CO;2
http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0055
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0055
http://dx.doi.org/10.1073/pnas.1218042110
http://dx.doi.org/10.1073/pnas.1218042110
http://dx.doi.org/10.1007/s12228-011-9194-0
http://dx.doi.org/10.1007/s12228-011-9194-0
http://dx.doi.org/10.1007/978-3-319-27422-5_12
http://dx.doi.org/10.1097/00043764-198911000-00006
http://dx.doi.org/10.1038/nature16489
http://dx.doi.org/10.1111/j.1466-8238.2011.00732.x
http://dx.doi.org/10.1111/j.1466-8238.2011.00732.x
http://dx.doi.org/10.1007/BF00377192
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0095
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0095
http://dx.doi.org/10.1111/j.1365-2664.2008.01596.x
http://dx.doi.org/10.1086/690673
http://dx.doi.org/10.1371/journal.pone.0111190
http://dx.doi.org/10.1371/journal.pone.0111190
http://dx.doi.org/10.1111/ele.12748
http://dx.doi.org/10.1111/ele.12748
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0120
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0120
http://dx.doi.org/10.1111/ele.12449
http://dx.doi.org/10.1111/ele.12449
http://dx.doi.org/10.1016/S0304-3800(00)00354-9
http://dx.doi.org/10.1111/j.1461-0248.2005.00809.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00809.x
http://dx.doi.org/10.1086/674525
http://dx.doi.org/10.1098/rspb.2012.1902
http://dx.doi.org/10.1098/rspb.2012.1902
http://dx.doi.org/10.1111/j.1461-0248.2004.00687.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00687.x
http://dx.doi.org/10.1111/nph.13904
http://dx.doi.org/10.1111/nph.13904
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0160
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0160
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0160
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0165
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0165
http://dx.doi.org/10.1086/285735
http://dx.doi.org/10.1890/09-1672.1
http://dx.doi.org/10.1046/j.1461-0248.2003.00456.x
http://dx.doi.org/10.1111/j.0030-1299.2004.13423.x
http://dx.doi.org/10.1111/j.0030-1299.2004.13423.x
http://dx.doi.org/10.1111/brv.12048
http://dx.doi.org/10.1086/285804
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0200
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0200
http://dx.doi.org/10.1111/j.1461-0248.2005.00864.x
http://dx.doi.org/10.1111/ele.12184
http://dx.doi.org/10.1111/j.1442-9993.2004.01365.x
http://dx.doi.org/10.1111/j.1442-9993.2004.01365.x
http://dx.doi.org/10.1007/BF02240252
http://dx.doi.org/10.18637/jss.v034.i05
http://dx.doi.org/10.18637/jss.v034.i05
http://dx.doi.org/10.1111/j.1744-7429.2007.00380.x
http://dx.doi.org/10.1111/j.1744-7429.2007.00380.x
http://dx.doi.org/10.1890/07-0207.1
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0240
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0240
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0240
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0245
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0245
http://dx.doi.org/10.1046/j.1365-2435.1998.00274.x


2435.1998.00274.x.
Reich, P.B., Wright, I.J., Cavender-Bares, J., Craine, J.M., Oleksyn, J., Westoby, M.,

Walters, M.B., 2003. The evolution of plant functional variation: traits, specctra, and
strategies. Int. J. Plant Sci. 164, S143–S164. http://dx.doi.org/10.1086/374368.

Reich, P.B., 2014. The world-wide fast-slow plant economics spectrum: a traits manifesto.
J. Ecol. 102, 275–301. http://dx.doi.org/10.1111/1365-2745.12211.

Roumet, C., Birouste, M., Picon-Cochard, C., Ghestem, M., Osman, N., Vrignon-Brenas, S.,
Cao, K., Stokes, A., 2016. Root structure-function relationships in 74 species: evi-
dence of a root economics spectrum related to carbon economy. New Phytol. 210,
815–826. http://dx.doi.org/10.1111/nph.13828.

Scheucher, L.E., Vortisch, W., Laguna-Morales, J., 2008. Geological and mineralogical
investigations of the lithologies and their weathering products in a study area south-
west of the field station La Gamba Golfo Dulce, Costa Rica. Stapfia 88, 31–45.

Schurr, F.M., Midgley, G.F., Rebelo, A.G., Reeves, G., Poschlod, P., Higgins, S.I., 2007.
Colonization and persistence ability explain the extent to which plant species fill their
potential range. Glob. Ecol. Biogeogr. 16, 449–459. http://dx.doi.org/10.1111/j.
1466-8238.2006.00293.x.

Sexton, J.P., McIntyre, P.J., Angert, A.L., Rice, K.J., 2009. Evolution and ecology of
species range limits. Annu. Rev. Ecol. Evol. Syst. 40, 415–436. http://dx.doi.org/10.
1146/annurev.ecolsys.l.

Siefert, A., Violle, C., Chalmandrier, L., Albert, C.H., Taudiere, A., Fajardo, A., Aarssen,
L.W., Baraloto, C., Carlucci, M.B., Cianciaruso, M.V., Dantas, de L., de Bello, V.,
Duarte, F., Fonseca, L.D.S., Freschet, C.R., Gaucherand, G.T., Gross, S., Hikosaka, N.,
Jackson, K., Jung, B., Kamiyama, V., Katabuchi, C., Kembel, M., Kichenin, S.W.,
Kraft, E., Lagerström, N.J.B., Bagousse-Pinguet, A., Le, Y., Li, Y., Mason, N., Messier,
J., Nakashizuka, T., Overton, J.M., Peltzer, D.A., Pérez-Ramos, I.M., Pillar, V.D.,
Prentice, H.C., Richardson, S., Sasaki, T., Schamp, B.S., Schöb, C., Shipley, B.,
Sundqvist, M., Sykes, M.T., Vandewalle, M., Wardle, D.A., 2015. A global meta-
analysis of the relative extent of intraspecific trait variation in plant communities.
Ecol. Lett. 18, 1406–1419. http://dx.doi.org/10.1111/ele.12508.

Snyder, K.M., Baskin, J.M., Baskin, C.C., 1994. Comparative ecology of the narrow en-
demic Echinacea tennesseensis and two geographically widespread congeners: re-
lative competitive ability and growth characteristics. Int. J. Plant Sci. 155, 57–65.
http://dx.doi.org/10.1086/297147.

Stevens, G.C., 1989. The latitudinal gradient in geographical range: how so many species
coexist in the tropics. Am. Nat. 133, 240–256. http://dx.doi.org/10.1086/284913.

Svenning, J.C., Gravel, D., Holt, R.D., Schurr, F.M., Thuiller, W., Münkemüller, T.,
Schiffers, K.H., Dullinger, S., Edwards, T.C., Hickler, T., Higgins, S.I., Nabel, J.E.M.S.,
Pagel, J., Normand, S., 2014. The influence of interspecific interactions on species
range expansion rates. Ecography (Cop.) 37, 1198–1209. http://dx.doi.org/10.1111/
j.1600-0587.2013.00574.x.

Swenson, N.G., Enquist, B.J., 2007. Ecological and evolutionary determinants of a key
plant functional trait: wood density and its community-wide variation across latitude
and elevation. Am. J. Bot. 94, 451–459. http://dx.doi.org/10.3732/ajb.94.3.451.

van Kleunen, M., Weber, E., Fischer, M., 2010. A meta-analysis of trait differences be-
tween invasive and non-invasive plant species. Ecol. Lett. 13, 235–245. http://dx.doi.

org/10.1111/j.1461-0248.2009.01418.x.
Visser, M.D., Bruijning, M., Wright, S.J., Muller-Landau, H.C., Jongejans, E., Comita, L.S.,

de Kroon, H., 2016. Functional traits as predictors of vital rates across the life cycle of
tropical trees. Funct. Ecol. 30, 168–180. http://dx.doi.org/10.1111/1365-2435.
12621.

Vitousek, P.M., 1984. Litterfall, nutrient cycling, and nutrient limitation in tropical for-
ests. Ecology 285–298. http://dx.doi.org/10.2307/1939481.

Walck, J.L., Baskin, J.M., Baskin, C.C., 1999. Relative competitive abilities and growth
characteristics of a narrowly endemic and a geographically widespread Solidago
species (Asteraceae). Am. J. Bot. 86, 820–828.

Walck, J.L., Baskin, J.M., Baskin, C.C., 2001. Why is Solidago shortii narrowly endemic
and S. altissima geographically widespread? A comprehensive comparative study of
biological traits. J. Biogeogr. 28, 1221–1237. http://dx.doi.org/10.1046/j.1365-
2699.2001.00620.x.

Wallace, A.R., 1876. The Geographical Distribution of Animals. With a Study of the
Relations of Living and Extinct Faunas as Elucidating the Past Changes of the Earth’s
Surface: In Two Volumes. Macmillan & Co, London. http://dx.doi.org/10.1086/
271871.

Whittaker, R.J., Fernández-Palacios, J.M., 2007. Island Biogeography: Ecology,
Evolution, and Conservation. Oxford University Press, Oxford.

Williams, P.H., Prance, G.T., Humphries, C.J., Edwards, K.S., 1996. Promise and problems
in applying quantitative complementary areas for representing the diversity of some
Neotropical plants (families Dichapetalaceae, Lecythidaceae, Caryocaraceae,
Chrysobalanaceae and Proteaceae). Biol. J. Linn. Soc. 58, 125–157. http://dx.doi.
org/10.1111/j.1095-8312.1996.tb01428.x.

Witkowski, E.T.F., Lamont, B., 1997. Does the rare Banksia goodii have inferior vegeta-
tive, reproductive or ecological attributes compared with its widespread co-occurring
relative B. gardneri? J. Biogeogr. 24, 469–482. http://dx.doi.org/10.1111/j.1365-
2699.1997.00131.x.

Wright, I.J., Westoby, M., Reich, P.B., 2002. Convergence towards higher leaf mass per
area in dry and nutrient-poor habitats has different consequences for leaf life span. J.
Ecol. 90, 534–543. http://dx.doi.org/10.1046/j.1365-2745.2002.00689.x.

Wright, I.J., Westoby, M., Reich, P.B., Oleksyn, J., Ackerly, D.D., Baruch, Z., Bongers, F.,
Cavender-Bares, J., Chapin, T., Cornellissen, J.H.C., Diemer, M., Flexas, J., Gulias, J.,
Garnier, E., Navas, M.L., Roumet, C., Groom, P.K., Lamont, B.B., Hikosaka, K., Lee, T.,
Lee, W., Lusk, C., Midgley, J.J., Niinemets, Ü., Osada, H., Poorter, H., Pool, P.,
Veneklaas, E.J., Prior, L., Pyankov, V.I., Thomas, S.C., Tjoelker, M.G., Villar, R., 2004.
The worldwide leaf economics spectrum. Nature 428, 821–827. http://dx.doi.org/10.
1038/nature02403.

Wright, I.J., Reich, P.B., Cornelissen, J.H.C., Falster, D.S., Garnier, E., Hikosaka, K.,
Lamont, B.B., Lee, W., Oleksyn, J., Osada, N., Poorter, H., Villar, R., Warton, D.I.,
Westoby, M., 2005. Assessing the generality of global leaf trait relationships. New
Phytol. 166, 485–496. http://dx.doi.org/10.1111/j.1469-8137.2005.01349.x.

Zalamea, P., Turner, B.L., Winter, K., Jones, F.A., Sarmiento, C., Dalling, J.W., 2016.
Seedling growth responses to phosphorus reflect adult distribution patterns of tro-
pical trees. New Phytol. 1–9. http://dx.doi.org/10.1111/nph.14045.

E. Chacón-Madrigal et al. Perspectives in Plant Ecology, Evolution and Systematics 32 (2018) 30–37

37

http://dx.doi.org/10.1046/j.1365-2435.1998.00274.x
http://dx.doi.org/10.1086/374368
http://dx.doi.org/10.1111/1365-2745.12211
http://dx.doi.org/10.1111/nph.13828
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0270
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0270
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0270
http://dx.doi.org/10.1111/j.1466-8238.2006.00293.x
http://dx.doi.org/10.1111/j.1466-8238.2006.00293.x
http://dx.doi.org/10.1146/annurev.ecolsys.l
http://dx.doi.org/10.1146/annurev.ecolsys.l
http://dx.doi.org/10.1111/ele.12508
http://dx.doi.org/10.1086/297147
http://dx.doi.org/10.1086/284913
http://dx.doi.org/10.1111/j.1600-0587.2013.00574.x
http://dx.doi.org/10.1111/j.1600-0587.2013.00574.x
http://dx.doi.org/10.3732/ajb.94.3.451
http://dx.doi.org/10.1111/j.1461-0248.2009.01418.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01418.x
http://dx.doi.org/10.1111/1365-2435.12621
http://dx.doi.org/10.1111/1365-2435.12621
http://dx.doi.org/10.2307/1939481
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0325
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0325
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0325
http://dx.doi.org/10.1046/j.1365-2699.2001.00620.x
http://dx.doi.org/10.1046/j.1365-2699.2001.00620.x
http://dx.doi.org/10.1086/271871
http://dx.doi.org/10.1086/271871
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0340
http://refhub.elsevier.com/S1433-8319(17)30140-3/sbref0340
http://dx.doi.org/10.1111/j.1095-8312.1996.tb01428.x
http://dx.doi.org/10.1111/j.1095-8312.1996.tb01428.x
http://dx.doi.org/10.1111/j.1365-2699.1997.00131.x
http://dx.doi.org/10.1111/j.1365-2699.1997.00131.x
http://dx.doi.org/10.1046/j.1365-2745.2002.00689.x
http://dx.doi.org/10.1038/nature02403
http://dx.doi.org/10.1038/nature02403
http://dx.doi.org/10.1111/j.1469-8137.2005.01349.x
http://dx.doi.org/10.1111/nph.14045

	Traits indicating a conservative resource strategy are weakly related to narrow range size in a group of neotropical trees
	Introduction
	Methods
	Study site
	Field work
	Geographical range size
	Statistical analysis

	Results
	Discussion
	Conclusions
	Funding
	Acknowledgments
	Supplementary data
	References




