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Summary

1. Understanding the factors that limit species distributions along environmental gradients is a

central question of ecology. Here, we evaluate the hypothesis that the traits that result in per-

formance trade-offs between habitats contribute to the turnover of woody species along a

rainfall gradient in the Isthmus of Panama.

2. We studied 24 plant species with contrasting distributions along this rainfall gradient. We

measured 18 morphological and physiological traits, and three performance variables in

seedlings planted in common garden experiments in two contrasting sites across the Isthmus.

3. We found evidence for a trade-off suggesting that better survival during the dry season cor-

responded to a lower growth rate in the forest understorey. This trade-off correlated well with

the distribution of the species along the rainfall gradient and was explained mostly by variation

in photosynthetic capacity.

4. While not all species fit into this trade-off, most dry-distribution species, which we had pre-

viously reported to have higher drought survival, were associated with higher stem hydraulic

conductance and higher capacity for CO2 assimilation. Our interpretation is that this combina-

tion of traits may be associated mostly with desiccation avoidance (deep roots) or desiccation

delay (deciduousness) rather than desiccation tolerance. Despite their higher photosynthetic

capacity, these species had lower growth in the low-light understorey, probably because of

higher maintenance costs (dark respiration rates).

5. Wet-distribution species, on the other hand, had lower photosynthetic capacity and higher

leaf area ratio. This strategy is typical of shade-tolerant species and may explain their higher

growth rates in the low-light understorey.

6. In conclusion, our results suggest that habitat associations along the rainfall gradient in the

Isthmus of Panama may result in part from a trade-off between traits that are favourable to

species that avoid or delay desiccation but that otherwise limit shade tolerance. This trade-off

may limit the capacity of some dry-distribution species to colonize wet forests.

Key-words: biomass allocation, defence, drought tolerance, photosynthesis, plasticity, rainfall

gradient, shade tolerance, trade-offs, tropical forest

Introduction

Species turnover at the landscape and regional scales is an

important component of tropical diversity. For that rea-

son, understanding the factors that limit species distribu-

tion is a central question in ecology. At the regional scale,

dispersal limitation may constrain species ranges and

increase species turnover (Chust et al. 2006). However, it

has also been shown that along environmental gradients,

species turnover is larger than expected solely from dis-

persal limitation (Swaine 1996; Bongers et al. 1999; Clark,

Palmer & Clark 1999; Pyke et al. 2001; Phillips et al.

2003; Davidar et al. 2007), suggesting that plant–habitat
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associations also play an important role in species distribu-

tion. Plant–habitat associations result from adaptations to

environmental conditions that are specific to a site or that

differ among sites. Such adaptations or traits can impose

trade-offs in performance, such that a trait that results in

high performance in one habitat can result in low perfor-

mance in a different one, resulting in species being compet-

itive only in a subset of environmental conditions. In this

study, we use a reciprocal transplant experiment to investi-

gate the mechanisms by which plant traits may explain

species performance and distribution in sites with contrast-

ing rainfall in the Isthmus of Panama.

The Isthmus of Panama contains a nearly continuous

stretch of forest that spans a gradient in rainfall, from

nearly 2000 mm of rainfall per year near the Pacific Ocean

to more than 3000 mm of rainfall per year on the Atlantic

side. Even though this is a moderate gradient and the Isth-

mus is only 60 km wide, extensive plot data show consid-

erable turnover of tree species (Pyke et al. 2001). Indeed,

the correlation of tree distribution with rainfall and sea-

sonality has been well documented in other locations as

well (Bongers et al. 1999; Davidar et al. 2007), and a sub-

stantial amount of empirical evidence supports a central

role for adaptations that confer drought resistance in

determining species distributions (Engelbrecht et al. 2007;

Baltzer et al. 2008; Brenes-Arguedas, Coley & Kursar

2009). While less often considered, pest pressure, light

availability in the understorey and soil fertility may also

correlate with annual rainfall (Wright & van Schaik 1994;

Coley & Barone 1996; Swaine 1996; Givnish 1999; Santi-

ago, Schuur & Silvera 2005). As these variables have also

been shown to contribute to species distribution at the

local scale (Denslow 1987; Fine, Mesones & Coley 2004;

John et al. 2007), they may also contribute to species

distribution along rainfall gradients.

In our reciprocal transplant experiment, we planted rep-

licated plots in two sites in opposite sides of the Isthmus

with contrasting rainfall and seasonality. Plots had seed-

lings from species with contrasting distributions along the

rainfall gradient. We found that water limitations during

the dry season were the main factor limiting the perfor-

mance of wet-distribution species in the drier forest and

that dry-season watering treatments eliminated this

disadvantage (Brenes-Arguedas, Coley & Kursar 2009).

Herbivore damage, low light and poor soils appeared to

have little effect on species distribution along this gradient

(Brenes-Arguedas et al. 2008, 2011; Brenes-Arguedas,

Coley & Kursar 2009). However, wet-distribution species

had faster growth rates than dry-distribution species and

stronger growth responses to better soil and light condi-

tions (Brenes-Arguedas et al. 2008, 2011; Brenes-Arguedas,

Coley & Kursar 2009). Here, we report how the functional

traits of the study species correlate with distribution and

the performance differences seen in those experiments.

How traits may influence performance and distribution

is complex because multiple, distinct trait combinations or

trait syndromes could explain similar performance out-

comes (e.g. Poorter & Markesteijn 2008). For example,

dry-forest species could exhibit traits associated with desic-

cation tolerance or desiccation avoidance, two possible

strategies to survive prolonged droughts. Desiccation toler-

ance can be explained by traits such as high stem density,

cavitation-resistant xylem, tough, thick tissues and good

cell survival at low water content (Kursar et al. 2009).

Alternatively, dry-forest species may avoid desiccation by

having deeper or thicker tap roots that provide water and

carbohydrate storage (Borchert 1994; Poorter & Mark-

esteijn 2008; Markesteijn et al. 2011). Similarly, species

from wetter forests may have adaptations such as longer,

thinner roots that increase resource acquisition in poor

soils (Paz 2003; Poorter & Markesteijn 2008) or higher leaf

area to capture more light in the shady forest understorey.

Adaptations to the understorey may also include those

that reduce pest pressure and increase leaf persistence,

such as tougher and more lignified leaves (Coley 1988; Kit-

ajima 1994; Poorter & Bongers 2006; Alvarez-Clare & Kit-

ajima 2007; Poorter & Kitajima 2007). Species

characterized by high understorey survival or conservative

water-use strategies may have lower growth rates than

resource-demanding species (Kitajima 1994).

Here, we address the following questions: (i) combining

all 24 study species of wet and dry distribution, do individ-

ual traits or trait combinations correlate with differences in

seedling performance, such as drought resistance, growth

rate and leaf damage (ii) can wet- and dry-distribution spe-

cies be distinguished based on their traits or trait combina-

tions? If so, are these traits consistent with adaptations to

the environmental conditions at our dry and wet study

sites? Based on our previous analyses of this system, we

expect that dry-distribution species should have traits that

increase drought performance and that some drought-

resistant strategies may also impose constraints on growth

rate in the understorey of the wet forest (Brenes-Arguedas

et al. 2008, 2011; Brenes-Arguedas, Coley & Kursar 2009).

Materials and methods

STUDY SPEC IES

We measured traits from 24 tree, liana and shrub species with con-

trasting distributions along the rainfall gradient in the Isthmus of

Panama (listed in Table S1 in Supporting Information). All study

species were shade-tolerant and commonly found in the forest un-

derstorey. The species were classified as wet or dry distribution

when their range was limited to the wet or the dry forests or when

they were widespread but clearly more abundant in one of the two

regions. Species with unclear distributions along the rainfall gradi-

ent were not included in this analysis. Seedling collection and clas-

sification are described in detail in Brenes-Arguedas, Coley &

Kursar (2009).

STUDY S ITES

We established 40 common garden plots in each of two forest

sites. One forest site was a forest fragment in Ciudad del Saber,
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Clayton (9°0′50″N, 79°35′W), on the Pacific side of the Isthmus.

The area has lowland, semi-deciduous dry forest, with a clearly

marked 3–4-month dry season and mean annual rainfall of

2010 mm. The other forest site was at Parque Nacional San Lore-

nzo (9°17′N, 79°58′W), on the Atlantic side of the Isthmus. The

area is characteristic of lowland, evergreen wet forest, with a weak

dry season and mean annual rainfall of 3020 mm. The plots were

all placed in the shady forest understorey. In each plot, we planted

one seedling of each of the study species. Seedlings were planted

between July and December 2005 and harvested 1 year later, in

December 2006 to January 2007, to measure traits.

The experimental design for the common garden plots in the

field also included water supplementation and herbivore exclusion

treatments. These experimental manipulations had little effect on

the trait expression (see Table S2 in Supporting Information), and

their effect on species performance has already been described in

detail in Brenes-Arguedas, Coley & Kursar (2009). Hence, for this

study, we ignored the experimental treatments for trait measure-

ments and only mention them when necessary to describe the

measures of performance.

Because the field seedlings were quite small, four traits that

required larger individuals were measured on shade-house-grown

plants. Shade-house plants were kept in 1-L pots, well watered

and partly shaded in the facilities managed by Smithsonian Tropi-

cal Research Institute in Barro Colorado Island, located in the

middle of the Isthmus.

TRA ITS AND PERFORMANCES

From a previous analysis, we know that plant performance differed

significantly between the two experimental sites (Brenes-Arguedas,

Coley & Kursar 2009). Preliminary analysis for this paper also

showed that the expression of many of the plant traits differed

between the dry and the wet sites (Table S2 and Fig. S1, Supporting

information). To account for this, whenever possible, we evaluated

the traits and performance separately for the two sites.

Growth performance (Gr) was measured as gross leaf produc-

tion in the common gardens. We calculated the total number of

new leaves produced by each seedling for the duration of the

experiment and divided by the total number of months the plant

was alive in the experiment. Leaf numbers were converted to leaf

area by multiplying by the mean leaf area of each species such that

leaf growth is in units of cm2 month�1. Gr differed significantly

between sites but not due to watering or herbivore exclusion treat-

ments (Brenes-Arguedas, Coley & Kursar 2009). Hence, we pooled

all experimental treatments and calculated average Gr for each

species in each site. Species ranks in Gr were largely maintained

among sites (r = 0�85, P < 0�0001; Fig. S2, Supporting informa-

tion), but the environmental conditions in the drier site yielded the

highest Gr.

Leaf damage (Dmg) was measured at the end of the experiment,

in November 2006. It is the average percentage of leaf area dam-

aged for the three (or four, for species with opposite leaves) most

apical, fully expanded leaves of the seedlings. It included 100%

leaf loss when evidenced by scars in the stem. Dmg differed

between sites and due to herbivore exclusion treatment but not

due to watering (Brenes-Arguedas, Coley & Kursar 2009). Hence,

for this analysis, we calculated mean Dmg per species at each site,

only using the plots with no herbivore exclusion. Species ranks in

Dmg also correlated between the two study sites (r = 0�55,
P = 0�01; Fig. S2, Supporting information), with plots at the wet

site showing the highest Dmg and discrimination among species

(Brenes-Arguedas, Coley & Kursar 2009).

Drought performance (Dp) is the ratio of percentage seedling

survival in the unwatered relative to the watered plots during the

dry season. This is calculated only for the dry site, because there is

rarely significant dry-season water stress at the wet site. The index

of Dp ranges from zero, for species with the poorest drought per-

formance, to one, for species with the highest drought perfor-

mance (Engelbrecht & Kursar 2003). However, our experiment

occurred in a year with a relatively short dry season in which

many seedlings may not have experienced serious water stress and

seedling mortality was low. Hence, we did not achieve maximum

discrimination among species with respect to Dp. This was espe-

cially notable among the more drought-resistant species which, on

occasion, had values higher than one, suggesting higher mortality

in the watered plots.

Leaf life span (LL) was measured for seedlings without herbi-

vore exclusion or water supplementation in both sites. A total of

190 leaves in both sites were marked upon expansion, and their

survival was followed monthly until June 2006. Leaves still alive

at the end of the measurements and those that died when the

whole plant died were considered censored observations. We

report leaf half-life = log(0�5)/log(1�ea), where a is the parameter

obtained from fitting the regression log(percentage alive) = b + a

(time in years). We pooled the data from the two sites because LL

did not significantly differ between them (analysis not shown), and

sample size was too small for any given site. However, most of the

leaves that we followed were from the dry site. We were able to

quantify LL for only 14 species, as not all species produced or lost

enough leaves during the experiment.

At the end of the field experiment, we harvested six or more

plants per species per site. To ensure that the allocation and tissue

properties of the harvested plants reflected local conditions, we

harvested only seedlings that had shown positive growth. We used

a hand shovel to extract the seedlings from the ground with mini-

mal effects on the roots and carefully separated the soil from the

roots by submerging the seedlings in water.

Leaf toughness (Tgh) was measured as the average force needed

to perforate a leaf. It was determined in the field immediately

upon harvest using a Chatillon pressure gauge with a 3-mm-diam-

eter rod. Due to the small size of the leaves of some species, we

measured toughness only on 16 species.

Harvested seedlings were placed in humidified plastic bags upon

collection and transported to the Barro Colorado Island Labora-

tory. For each harvested seedling, we separated leaves (including

leafy cotyledons when present), stem and roots within 24 h of collec-

tion. We measured the area of one to three, fully expanded, undam-

aged leaves per seedling using a LI-3000 leaf area meter (LiCor

Biosciences, Lincoln NE, USA). The entire root system of half of the

harvested seedlings was spread out in a water-filled container and

digitized with a flatbed scanner within 24 h of collection. The result-

ing images were analysed with Delta-T SCAN (Delta-T, Burwell,

Cambridge, UK) to estimate total root length (mm). Subsequently,

the dry weight to 0�1 mg was obtained for all plant parts (70 °C for

at least 48 h). Here, we report Leaf Mass per Area (LMA), the leaf

dry weight divided by the leaf fresh area; Specific Root Length

(SRL), the root length divided by the root dry mass; Root Length

per Plant Mass (RLPM), the root length divided by the whole-plant

biomass; the Leaf, Stem and Root Mass Fractions (LMF, SMF and

RMF, respectively), the dry weight of each tissue divided by the

whole-plant biomass; and Leaf Area Ratio (LAR), the leaf area

divided by the whole-plant biomass, here calculated as LMF/LMA.

Dry leaf material from three individuals per species from the

unwatered plots of both sites was measured using continuous flow

isotope ratio mass spectrometry (SIRFER Lab, University of

Utah). We measured nitrogen and carbon content per mass (Nmass

and Cmass: g (g DW of leaf)�1) and carbon isotope ratio (d13C).
Nitrogen content per area (Narea) was calculated as Nmass*LMA.

Carbon isotope discrimination (D13Cleaf) was calculated as

(dair�d13C)/(1 + d13C), where dair is the isotopic ratio of ambient

air [here assumed to be �11�4 &, reported for the understorey of

a tropical forest (Farquhar, Ehleringer & Hubick 1989)]. D13C leaf

is always positive, and a high value of D13C leaf corresponds to a

high internal concentration of CO2 in leaves (high ci). We analysed

© 2012 The Authors. Functional Ecology © 2012 British Ecological Society, Functional Ecology, 27, 392–402
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only unwatered seedlings because the stable isotope ratio of

carbon is very sensitive to plant water status.

Stem density (SD) was measured for 2–10 individuals per spe-

cies on potted plants grown in the shade house. A piece of stem 3

–5 cm long was cut in half longitudinally, the bark and pith were

removed, and we determined the volume using Archimedes’ princi-

ple of water displacement. Stem sections were then dried at 70 °C
for at least 48 h or to constant mass, to calculate dry weight per

stem volume.

We measured light–response curves on one to two leaves from

at least four plants per species grown in the shade house under

homogenous light conditions. We used a LI-6400 gas exchange

system (LiCor Biosciences, Lincoln NE, USA), recording at 14

light levels between 0 to 1500 mol m�2 s�1. We computed maxi-

mum assimilation (Amax) and dark respiration (Rdark) using Pho-

tosyn Assistant (Dundee Scientific, Scotland, UK). Rdark is

reported as a positive value, such that larger numbers represent

higher respiration rates.

Whole-stem hydraulic conductance (kws/la) was measured using

a vacuum method (Kolb, Sperry & Lamont 1996). After gas

exchange measurements, three to six plants per species were sub-

merged in water, while stems were cut at the soil surface and

leaves were removed. Total leaf area was determined. The cut stem

was placed in 0�10 M KCl solution, and flow rates were measured

sequentially at 0, �24, �47, �71, �59, �36, �12 and 0 kPa, using

a Sartorius CP2250 balance with an accuracy of 0�05 mg (Preci-

sion Weighing Machines, Bradford, MA, USA). kws/la was calcu-

lated from the linear regression of flow as a function of pressure.

This measurement was normalized by total leaf area, giving leaf

area-specific, whole-stem hydraulic conductance.

For 13 species, we measured desiccation sensitivity (ΨLD50) as the

leaf water potential (Ψ) at which 50%mortality occurs, as described

in detail in Kursar et al. (2009). At least 20 plants of each species

were denied water for several days up to 3 weeks. Each plant was

measured once for Ψ and survival. Ψ was measured on two to five

leaves at mid-morning with 5�6 mm2 leaf discs using leaf-cutter

psychrometers (Merrill Engineering, Logan, UT, USA) interfaced

with a CR7 datalogger (Campbell Instruments, Logan, UT, USA).

We included three discs per leaf for well-watered plants and up to

nine discs for plants with the lowest water status (Bennett & Cortes

1985). The psychrometers were calibrated with nine NaCl solutions

spanning the range of �0�3 to �9 MPa. Water potentials between

�9 and �12 MPa were extrapolated using the relationship between

the water content per leaf disc and Ψ (Tyree et al. 2003). Survival

was estimated by rewatering the plants and scoring for mortality

beginning 2 weeks after rewatering. The ΨLD50 was estimated as

dose–response or by interpolation. These data were incorporated

into our analyses as negative values. Hence, a lower (more negative)

ΨLD50 represents greater resistance to desiccation, whereas higher or

less negative values ofΨLD50 correspond to plants that are more sen-

sitive to desiccation.

DATA ANALYS IS

All data were analysed using R software (R Development Core

Team 2011). The list of traits and plant performance variables that

we analyse in this paper is summarized in Table 1. Actual values

for the traits per species per site are reported in the Supporting

Information (Table S3 and Fig. S2, Supporting information). As

most performance and trait measurements differed between sites,

we ran the same analysis separately for the dry and the wet site.

Both analyses had in common those measurements for which we

had only one value for a species (those from the shade house, Dp

and LL). Reassuringly, analyses from both sites yielded very simi-

lar results.

Identification and description of ‘trait syndromes’ – To take

into account that many traits probably covary due to structural or

Table 1. List of performance variables and traits evaluated in this paper. Trait information includes the abbreviations used throughout

the text (Abbr.), description, units, the number of species for which we had collected the trait (N) and the source of the seedlings used to

collect the trait. As most traits showed some levels of plasticity when planted in the dry or wet site, we calculated separate values for each

site when possible

Abbr. Description Units N Source

Performance Gr Growth: new leaf area produced per month cm2 month�1 24 Dry + wet

Dmg Leaf damage: percentage of leaf area lost at the

end of the experiment in control (uncaged) subplots

% 23 Dry + wet

Dp Drought performance: survival in control (unwatered)

relative to watered treatments in the dry site

% 23 Dry*

Allocational

traits

Tgh Leaf toughness with pressure gauge kPa 17 Dry + wet

LMA Leaf mass per area g cm�2 23 Dry + wet

Cmass Carbon content per leaf dry weight % 23 Dry + wet

LL Leaf life span years 14 Mixed†

LAR Leaf area ratio: leaf area per whole-plant biomass cm2 g�1 23 Dry + wet

LMF Leaf mass fraction: leaf mass per whole-plant biomass g g�1 23 Dry + wet

SMF Stem mass fraction: stem mass per whole-plant biomass g g�1 23 Dry + wet

SD Stem density g cm�3 23 Shade house

RMF Root mass fraction: root mass per whole-plant biomass g g�1 23 Dry + wet

RLPM Root length per whole-plant biomass mm g�1 23 Dry + wet

SRL Root length per root biomass mm g�1 23 Dry + wet

Physiological

traits

Nmass Nitrogen content per leaf dry weight % 23 Dry + wet

Narea Nitrogen content per leaf area g of N cm�2 23 Dry + wet

Amax Maximum carbon assimilation rate lmol m�2 s�1 20 Shade house

Rdark Dark respiration rate lmol m�2 s�1 18 Shade house

ΨLD50 Leaf water potential at which 50% mortality occurs MPa 13 Shade house

kws/la Whole-stem hydraulic conductance per leaf area g s�1 MPa�1 m�2 21 Shade house

D13Cleaf Leaf carbon isotope enrichment above atmospheric d13C & 23 Dry + wet

*Calculated in the dry site only, because the wet site does not show seasonal drought.
†Obtained one value combining data from both sites because of low sample size.
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physiological reasons, we looked for combinations of covarying

traits, or ‘trait syndromes’, using principal component analysis

(PCA; ‘prcomp’ function). Because PCA is not very reliable when

using a small sample size (number of species) relative to the num-

ber of variables (traits), we chose to report two separate PCAs

based on subsets of the variables. We evaluated a number of pos-

sible combinations of traits, but settled for the separation between

allocational and physiological traits, because they were relatively

natural groupings of related traits, and we had no a priori expecta-

tion for a correlation between these two groups of traits. We clas-

sified as allocational those traits that described the structure or

biomass allocation to plant parts (leaves, stems, roots; Table 1).

We classified as physiological those traits that are more direct

measurements of plant function and the chemical analysis of the

leaves (Table 1). We excluded ΨLD50, Tgh and LL from the PCAs,

due to low sample size (Table 1) and used nine allocational and

six physiological traits for the analysis. To report the weight of

each trait in the PC ordination, we calculated the factor structure

correlations, which are the Pearson’s r correlation coefficients

between each trait and the ordination.

CAN TRA ITS EXPLA IN SPEC IES PERFORMANCE IN THE

F IELD?

To improve normality, Gr was log-transformed and the Dmg was

square-root-transformed. Dp was left untransformed. We evalu-

ated how the individual traits or the ‘trait syndromes’ obtained by

the multivariate ordination explained these performance variables

using simple and multivariate linear regressions. For the multiple

regressions, we used stepwise AIC to find the function which best

explained performance with a minimum number of predictors.

PERFORMANCE AND TRA IT D IFFERENCES FOR DRY-

VS . WET -D ISTR IBUT ION SPEC IES

We evaluated differences in trait expression between dry- and wet-

distribution species. We used Wilcoxon’s rank-sum tests on indi-

vidual traits and linear discriminant analysis (LDA) (‘lda’ function

in R package ‘MASS’, Venables & Ripley 2002) on groups of

traits. LDA is an ordination technique aimed at finding multivari-

ate differences between grouped samples. We asked for differences

between nine dry- and nine wet-distribution species for which we

had measured all 15 allocational and physiological plant traits

(except Tgh, LL and ΨLD50).

To further explore trade-offs in performance in the field, we

also ran simple correlations, multiple correlations and LDA on

the performance variables.

Results

Identification and description of ‘trait syndromes’ – We

called syndromes those groups of traits that covary among

species possibly due to structural or physiological reasons.

We identified those using principal component analysis

(PCA). A PCA using only allocational traits from the dry

site summarized 71% of the variation among 22 species

along two ordination axes (Table 2). This PCA was quite

robust to small variations in the analysis (such as exclud-

ing a single species or a single trait). The first axis (Alloca-

tion-PC1, Table 2) explained 40% of the variance among

species and suggested a gradient in tissue persistence. On

the one end, species had thicker, more lignified leaves

(higher LMA and Cmass and lower LAR) and shorter,

thicker tap roots (lower SRL and RLPM) (Table 2). On

the other end, species had longer, thinner tap roots and

lower LMA and lignification. For simplicity, this syn-

drome will be called ‘robustness’ of the plant.

The second axis (Allocation-PC2, Table 2) explained

28% of the variance among species. It suggested a trade-

off between allocation to leaves (high LAR and LMF) vs.

allocation to roots (higher RMF) (Table 2). For simplicity,

this trait syndrome will be called ‘leaf:root allocation’. A

PCA analysis using the same allocational traits from the

wet site yielded the same syndromes, differing only in that

SMF also loaded with RMF in Allocation-PC2 (see Table

S4 in Supporting Information).

A second PCA that described variation among species

based only on physiological measurements and leaf N con-

tent explained 70% of the variation among 18 species along

one single axis. This Physiology-PC1 described a gradient in

photosynthetic capacity indicated by a positive covariance

among all physiological traits except D13Cleaf (Table 2). For

simplicity, we will call this syndrome ‘photosynthetic capac-

ity’. Physiology-PC1 was nearly identical when using traits

from the wet site (see Table S4 in Supporting Information);

however, half of the traits in this syndrome were measured in

the shade house and not in the field.

CAN TRA ITS EXPLA IN SPEC IES PERFORMANCE IN THE

F IELD?

Growth (Gr) – Gr in the dry site correlated in pairwise

comparisons with higher LMF, LAR, lower RMF and,

Table 2. Description of the three plant ‘trait syndromes’ obtained

using principal component analysis (PCA) and of the trait combi-

nation that differentiates dry- vs. wet-distribution species obtained

using linear discriminant analysis (LDA)

Allocation

-PC1

Allocation

-PC2

Physiology

-PC1

LDA

‘robustness’ Leaf:root

allocation

Photosynthetic

capacity

LMA 0�74** 0�20 �0�08
Cmass 0�77** �0�02 0�23
LAR �0�59** 0�71** �0�29
LMF 0�07 0�97** �0�38
SMF 0�35 �0�36 0�12
SD 0�38† �0�34 0�52*
RMF �0�41† �0�65** 0�24
RLPM �0�90** �0�29 �0�04
SRL �0�84** 0�08 �0�14
kws/la 0�82** 0�73**
Nmass 0�76** 0�43†
Narea 0�84** 0�44†
Amax 0�60** 0�41†
Rdark 0�66** 0�51*
D13Cleaf �0�45† �0�12

Values are Pearson’s r correlation coefficients between each ordi-

nation and the traits, such that higher values (in bold) highlight

the traits that define each syndrome. Symbols represent signifi-

cance (†P < 0�1, *P < 0�05, **P < 0�01). Syndromes and correla-

tions were nearly identical in the wet site (Table S4).
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surprisingly, lower kws/la and Amax (Table 3). Accordingly,

in multiple regressions, higher dry-site Gr was best

explained by a simple linear combination of higher LAR

and lower Amax (partial correlation coefficients:

LAR = 0�65, Amax = �0�52; multiple regression r2 = 0�62,
P < 0�001). As expected, dry-site Gr also correlated with

the two trait syndromes that involved those traits. Hence,

higher Gr correlated with higher leaf:root allocation as

described by Allocation-PC2 (Table 3 and Fig. 1a) and

with lower photosynthetic capacity as described by Physi-

ology-PC1 (Table 3 and Fig. 1b). The syndrome of plant

‘robustness’ (Allocation-PC1) did not correlate with Gr

(Table 3).

Gr in the wet site was explained by similar traits as in

the dry site, which lends support to the observed trends. In

the multiple regressions, higher wet-site Gr was best

explained by higher LAR, and lower Amax, kws/la and SD

(partial correlation coefficients: LAR = 0�58, kws/

la = �0�57, Amax = �0�49, SD = �0�44; multiple regression

r2 = 0�67, P < 0�001). However, in pairwise comparisons,

higher wet-site Gr correlated only with lower kws/la, Amax,

Nmass and Rdark and greater sensitivity to desiccation

(higher ΨLD50), but not with allocational traits (Table 3).

The inconsistency between the multiple regression and the

partial correlations indicates that LAR and SD only corre-

late with wet-site Gr after variation in Amax and kws/la is

eliminated from the analysis. Consistently, wet-site Gr cor-

related with the Physiology-PC1 of photosynthetic capac-

ity but not with any of the Allocation-PCs (see Table S4 in

Supporting Information). For both sites, we also observed

a trend for higher Gr to correspond with lower Dmg

(Table 3).

Leaf Damage (Dmg) – The correlates of Dmg were quite

different between the dry and the wet sites. Higher Dmg in

the dry site correlated in the pairwise comparisons only

with lower LMF and higher RMF (Table 3), with the sin-

gle most important predictor in the multiple regressions

being higher RMF (r2 = 0�21, P = 0�02). Consistently,

lower dry-site Dmg correlated with higher leaf:root alloca-

tion (Table 3, Fig. 1c), but did not correlate with plant

‘robustness’ or photosynthetic capacity (Table 3, and

Fig. 1d). On the other hand, higher wet-site Dmg corre-

lated in pairwise comparisons with lower LL, Tgh, LMA,

LMF and higher Nmass (Table 3). The single most

important predictor using multiple correlations was LMA

Table 3. Correlates of plant performance in the dry and wet sites

Dry site Wet site

Gr Dmg Dp Gr Dmg

A. Pairwise correlations

Dmg �0�36† �0�38†
Dp �0�24 0�03 �0�39† �0�28
LL 0�03 �0�40 0�08 0�14 �0�65*
Tgh 0�23 �0�27 0�00 0�22 �0�43†
LMA �0�03 �0�38† 0�16 0�03 �0�63**
Cmass �0�05 �0�14 0�17 �0�14 �0�22
LAR 0�47* �0�07 0�03 0�33 0�06
LMF 0�53** �0�44* 0�23 0�28 �0�47*
RMF �0�44* 0�50* �0�28 �0�23 0�35
RLPM �0�19 0�38† �0�39† 0�16 0�37†
SRL 0�06 0�15 �0�30 0�29 0�19
SMF �0�08 �0�07 0�04 �0�12 0�22
SD �0�15 0�16 0�11 �0�06 �0�22
kws/la �0�47* 0�27 0�73** �0�58** 0�01
Nmass �0�33 0�32 0�10 �0�45* 0�45*
Narea �0�32 0�00 0�31 �0�35 �0�10
Amax �0�53* 0�22 0�29 �0�51* 0�32
Rdark �0�47† �0�02 0�13 �0�55* 0�06
D13Cleaf 0�17 0�14 0�13 0�35† 0�05
ΨLD50 0�53† �0�48† 0�02 0�57* �0�30
B. Correlations with multi-trait syndromes

‘robustness’ �0�12 �0�25 0�30 �0�36 �0�35
Leaf:root

allocation

0�44* �0�61** 0�27 0�31 �0�51*

Photosynthetic

capacity

�0�56* 0�28 0�54* �0�63** 0�14

Values are Pearson’s r product–moment correlations, with sym-

bols indicating the strength of the correlation (†P < 0�1,
*P < 0�05, **P < 0�01). Trait acronyms are described in Table 1,

and trait syndromes obtained by PCA are described in Table 2.

Bold highlights the traits that are the most important correlates in

multiple regressions.

(a) (b)

(c) (d)

(e) (f)

Fig. 1. Scatterplots showing the correlation between trait syn-

dromes and performance in the dry site. Trait syndromes are leaf:

root allocation (Allocation-PC2, a, c, e) and photosynthetic capac-

ity (Physiology-PC1, b, d, f), as described in Table 2. Dotted lines

show the trend for significant correlations as reported in Table 3.

Symbols represent species distributions, such that dry- (open) and

wet-distribution (solid) species significantly differed with respect to

photosynthetic capacity (P = 0�01), but not with respect to leaf:

root allocation (P = 0�06).
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(r2 = 0�36, P = 0�002). Similar to the dry site, wet-site

Dmg correlated with leaf:root allocation but not with

‘robustness’ (Table 3).

Drought performance (Dp) – Better Dp in the dry site

was best explained in the pairwise correlations and in mul-

tiple regressions by a single variable, higher kws/la
(r2 = 0�45, P < 0�001; Table 3). Consistently, Dp corre-

lated well with the syndrome of photosynthetic capacity

(Table 2 and Fig. 1f), but not with ‘robustness’ or leaf:

root allocation (Table 3 and Fig. 1e). As Dp is a dry-site

measure, we did not evaluate correlations of Dp against

wet-site functional traits.

PERFORMANCE AND TRA IT D IFFERENCES FOR DRY-

VS . WET -D ISTR IBUT ION SPEC IES

When each trait from the dry site was analysed indepen-

dently, dry-distribution species had significantly higher

kws/la and Amax (Fig. 2a). There was also a marginally sig-

nificant trend indicating that some dry-distribution species

had higher Rdark (Fig. 2a). Multivariate combinations of

traits provided a much stronger discrimination between

the two groups of species. An LDA combining all alloca-

tional and physiological traits from the dry site signifi-

cantly differentiated dry- and wet-distribution species such

that all species were correctly classified. This LDA ordina-

tion was similar to the Physiology-PC1 and indicated that

most of the discrimination was driven by higher kws/la, SD

and Rdark (Table 2). Dry-distribution species had higher

values of this LDA than wet-distribution species (Fig. 2b,

c), indicating that they had higher photosynthetic capacity

and SD. The same LDA using traits from the wet site

yielded very similar results (see Table S4 in Supporting

Information), which is not surprising because the most

important traits in this discrimination were measured in

the shade house and not in the field.

Further examination showed that both physiological and

allocational traits were important for discriminating dry-

from wet-distribution species. Indeed, the power to differen-

tiate the two groups of species with this LDA involving all

traits from the dry site (100% correct classifications,

r = 0�90, P < 0�0001) was larger than the power of an LDA

using only physiological traits (88% correct classifications,

r = 0�76, P = 0�0003; not shown), or of an LDA using only

allocational traits (86% correct classifications, r = 0�68,
P = 0�0005; not shown). The same analysis using wet-site

traits was indistinguishable and is not shown here.

Trade-offs – Some evidence suggests the existence of a

trade-off between Gr and Dp. Indeed, the LDA that com-

bined all traits and the Physiology-PC1 of photosynthetic

capacity both correlated with higher Gr and lower Dp

(Fig. 2b, c). Also, an LDA based only on performance

variables (Gr, Dp and Dmg, not shown) significantly dis-

criminated dry- vs. wet-distribution species and indicated

that wet-distribution species had higher Gr (r = 0�95,
P < 0�001) and lower Dp (r = �0�47, P = 0�02) than

dry-distribution species.

While these results all suggest a trade-off between Gr

and Dp, a simple correlation between them was not signifi-

cant in either of the two sites (Table 3). Indeed, some of

the species with poor Dp (especially Triplaris cumingiana

and Brosimum utile) also had very slow Gr (see Table S3

in Supporting Information). This changed when we used

multiple correlations. Indeed, Gr in the wet site correlated

with Dp if we first eliminated among-species variation in

Dmg (partial correlation coefficients=-0�56, P = 0�002).
The same was not seen for Gr in the dry site.

Discussion

CAN PLANT TRA ITS OR TRA IT SYNDROMES EXPLA IN

SPEC IES PERFORMANCE?

Growth rate (Gr): When comparing species with contrast-

ing distributions along the rainfall gradient, the determi-

nants of Gr were multiple and complex. However, they

were fairly consistent in both sites. Higher Gr was best

explained by a combination of high LAR and, surprisingly,

low stem hydraulic conductance (kws/la) and photosynthetic

capacity (Amax) (Table 3).

The relationship between Gr and LAR is consistent with

other studies that measured growth under the low-light

conditions of the forest understorey (Kitajima 1994; Reich

et al. 1998; Poorter 1999). Higher LAR probably increases

light interception in the low-light forest understorey. As

soils in central Panama are relatively rich in nutrients, it is

reasonable that higher growth rates correlate with higher

investment in the acquisition of above-ground resources.

Consistently, Gr in the dry site also correlated with the

trait syndrome that described variation in leaf:root alloca-

tion (Fig. 1a). The fact that this relationship was not also

significant for growth in the wet site might be due to differ-

ences in resources between the sites. The need to access

poor soil resources in the wetter site might neutralize any

advantage gained by higher light interception.

What was more surprising was the negative correlation

between Gr in both sites and the traits that describe photo-

synthetic capacity (Table 3 and Fig. 1b). To obtain large

enough plants for assimilation curves and hydraulic mea-

surements, we had to use shade-house-grown plants, accli-

mated to higher light levels than our field plants (about

20% vs. 2% of full sun). However, leaf nitrogen content of

field-grown plants correlated with assimilation (Nmass vs.

Amax: r = 0�57, P = 0�01), suggesting that the species ranks

in assimilation measured in the greenhouse were probably

similar to those in the field. Hence, we believe that the neg-

ative correlation of Gr with photosynthetic capacity is real,

and we interpret it to be a consequence of the low light

availability. Given that plants in the understorey rarely see

high light, maintaining the capacity for high rates of pho-

tosynthesis may be inefficient due to consequent higher

rates of maintenance respiration. Indeed, other studies

have shown that the minimum light level required to gain

sufficient carbon for maintenance may not be met for
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many species in the low-light, tropical understorey

(Montgomery & Chazdon 2002; Baltzer & Thomas 2007;

Janse-ten Klooster, Thomas & Sterck 2007). Hence, species

with low photosynthetic capacity and high leaf area (LAR

and LMF) grow better in the understorey because they

efficiently capture and convert low light into positive car-

bon gain. Other studies have found that maximum assimi-

lation has little bearing on growth in the understorey

(Kitajima 1994; Bonal et al. 2007). As those studies com-

pared species at a single site, the discrepancy with our

results may reflect our use of species with distinct and con-

trasting distributions.

Drought performance: Species with higher Dp tended to

have higher stem hydraulic conductance (kws/la), which

could be seen as less conservative water use. Also, unlike

some of our previous work (Kursar et al. 2009), we found

no correlation between Dp and sensitivity to desiccation

(ΨLD50). It is possible that the correlation between Dp and

kws/la is an artefact of having normalized stem conductance

by leaf area, as lower LARs may increase kws/la for species

towards the drier end of a rainfall gradient. However, we

found no evidence that LAR differed among our dry- and

wet-distribution species (Fig. 2a). Additionally, plants with

better drought survival in our study also had a higher pho-

tosynthetic capacity (Fig. 1f). Because kws/la correlated

with Amax and Nmass (Amax: r = 0�46, P = 0�04; Nmass:

r = 0�57, P = 0�01), this is consistent with a mechanism

where a higher rate of water transport to the leaves is nec-

essary to maintain a high assimilation capacity (Brodribb

& Feild 2000; Campanello, Gatti & Goldstein 2008).

Indeed, comparison with recent literature suggests that a

high capacity for CO2 assimilation and water transport

may be a common trait of species that avoid desiccation

(with deep roots and perennial leaves) or that delay desic-

cation (with shallow roots, stored water and leaf shedding

or stomatal closure in response to a small decrease in plant

water status). Pineda-Garc�ıa, Paz & Tinoco-Ojanguren

(2011) reported that among dry-forest, deciduous species,

assimilatory capacity and water transport were higher for

dry- vs. wet-habitat specialists, with Reich et al. (1999),

Maherali, Pockman & Jackson (2004) and Sterck et al.

(2011) reporting analogous results. We were unable to clas-

sify our dry-distribution species as avoiding or delaying

desiccation vs. tolerant of desiccation. But, in view of these

results, we believe that we probably had a higher represen-

tation of desiccation avoiding/delaying species than in our

previous study (Kursar et al. 2009). Furthermore, we

found a weak negative correlation between the photosyn-

thetic capacity and carbon isotope discrimination (D13Cleaf,

Physiology-PC1, Table 2), suggesting that a higher photo-

synthetic capacity of species that avoid or delay desicca-

tion may result in higher integrated water-use efficiency

over the long term.

Leaf damage: Unlike Gr and Dp, the correlates of leaf

damage (Dmg) were not consistent among sites. In the wet

site, where seedlings experienced higher Dmg and where

we could better assess among-species variation in suscepti-

bility to pest attack (Brenes-Arguedas, Coley & Kursar

2009), Dmg correlated with a larger variety of traits than

in the dry site (Table 3). Hence, higher wet-site Dmg cor-

related with lower LMA, high Cmass, low leaf nitrogen

content (Nmass) and longer leaf life span (LL). These have

often been reported as key defensive traits (Coley 1983,

1987; Poorter & Bongers 2006; Alvarez-Clare & Kitajima

2007). However, these traits did not contribute to explain

Dmg in the dry site, and the syndrome of ‘robustness’ that

(a)

(b) (c)

Fig. 2. Differences in performance and

traits in the dry site for wet- (solid) vs.

dry-distribution (open) species. (a) Median

performance and trait values for dry- and

wet-distribution species. Vertical lines rep-

resent the inter-quartile range. To visualize

in the same axis, variables were standard-

ized (mean = 0, SD = 1). Symbols repre-

sent the P-value for the Wilcoxon’s rank-

sum test of the difference between dry- and

wet-distribution species on each trait inde-

pendently (**P < 0�01, *P < 0�05 and

†P < 0�1). (b) Leaf growth rate (Gr) and

(c). Drought performance (Dp) of each spe-

cies plotted against the LDA ordination

that best describes the difference between

dry- and wet-distribution species based on

plant traits (Table 2). The dotted line

represents the best fit regression (r2 = 0.30,

P = 0.02 and r2 = 0.31, P = 0.02, respec-

tively).
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involved these traits (Allocation-PC1, Table 2) did not

correlate with Dmg in either of the two sites. Instead,

Dmg in both sites correlated negatively with the syndrome

of leaf:root allocation (Allocation-PC2, Fig. 1c), which

may simply indicate that plants that suffer more Dmg end

up with less leaf area. While we do not have enough infor-

mation to satisfactorily interpret these results, we did not

find that dry- and wet-distribution species differ with

respect to these traits, or to the ‘robustness’ syndrome.

Hence for the purpose of this paper, neither of the traits

associated with the observed damage contributed to our

understanding of species distributions. This is consistent

with our earlier reports that wet- and dry-distribution

species did not differ in pathogen mortality or leaf damage

(Fig. 2a and Brenes-Arguedas, Coley & Kursar 2009).

PERFORMANCE AND TRA IT D IFFERENCES FOR DRY-

VS . WET -D ISTR IBUT ION SPEC IES

Drought performance, growth rates and associated traits

(mainly kws/la) were all significant correlates of species dis-

tribution in our experiments. Specifically, our results sug-

gest that there is a trade-off between Gr and Dp, that this

trade-off is mediated by stem hydraulic conductance and

assimilatory capacity (Figs. 1, 2) and that this accounts for

some of the differences between dry- and wet-distribution

species. The fact that a direct test for a correlation between

Gr vs. Dp showed only weak evidence for a trade-off

(Table 3) suggests that this trade-off does not involve all

of the study species.

Why would dry-distribution species have higher photo-

synthetic capacity? A high photosynthetic capacity might

permit high carbon gain during periods when both light

and soil water availabilities are high (Eamus & Prior

2001). In deciduous or semi-deciduous forests, light and

high water availability could both be high during transi-

tions between rainy and dry seasons, one or two times per

year. In fact, other studies have shown that a Gr response

to increased light can be observed only during the rainy

season (Gerhardt 1996). Because the strategy of high pho-

tosynthetic capacity may be a liability in conditions of

water limitation, it should be associated with strategies of

desiccation delay or desiccation avoidance. Additionally, a

high assimilatory capacity could result in greater long-

term, water-use efficiency and higher biomass accumula-

tion per water used (Farquhar, Ehleringer & Hubick

1989). In wet forests, instead, the forest understorey may

be darker, and high-light conditions are normally found

only following the formation of light gaps. As these events

occur irregularly and after intervals of decades during

which seedlings or saplings must survive in very low light,

maintaining a high assimilatory capacity during long peri-

ods in between light gaps may not be efficient (see discus-

sion of growth rate, above).

This does not explain why dry-distribution species that

have a high assimilatory capacity cannot produce leaf area

quickly in sites with higher light availability in the dry for-

ests (Brenes-Arguedas, Coley & Kursar 2009), or colonize

gaps in wet forests. We speculate that their slower growth

may be due to the associated strategies of drought resis-

tance. For example, species may shed more leaves during

the dry season to prevent water loss, and this would be

reflected in our measure of growth that was based on leaf

area production. Also, we found no difference between

dry- and wet-distribution species in the morphological

traits that might represent the capacity for resource acqui-

sition (Allocation-PC1 or ‘robustness’). Hence, the physio-

logical advantages of dry-forest species in high light may

not be sufficient to overcome the absence of allocational

traits that are advantageous in high light.

Overall, these results can be interpreted as a trade-off

between shade tolerance and drought performance (Smith

& Huston 1989). Indeed, the conservative assimilatory

capacity of some wet-distribution species, combined with

higher LAR, may qualify as better shade tolerance, as it

permits higher carbon gain and better Gr in low light

(Janse-ten Klooster, Thomas & Sterck 2007). Hence, spe-

cies with strategy of avoiding or delaying desiccation can

be considered to be limited in their shade tolerance by

their less conservative assimilatory capacity.

We included four lianas among the dry-distribution spe-

cies. While we acknowledge that this bias may mean that

some of our conclusions are the result of the comparison

between lianas and trees, it is important to note that lianas

compose a larger fraction of the woody species in dry

forests relative to the wet forests. Hence, our results still

represent a comparison between the two habitats. Also, we

found no evidence in our data that our liana seedlings

behaved any differently from the tree seedlings in the dry

forest. For instance, while lianas might grow faster than

trees (Cornelissen, Castro-D�ıez & Carnelli 1998), our liana

growth rates were half those of some of the other dry-

distribution species, and their inclusion contributed to the

result that Gr was higher for the wet-distribution species.

Also, the average kws/la for the four lianas equalled that of

the five other dry-distribution species for which we have

kws/la data. Because liana seedlings are self-supporting,

they must invest in stem and roots as much as the seed-

lings of tree species and may not be very different from

them at these early developmental stages.

Conclusions

This study was motivated by the hypothesis that traits that

result in performance trade-offs between habitats should

provide important insights into the mechanisms and the

extent to which plant–habitat associations determine the

turnover of species along an environmental gradient (Sud-

ing, Goldberg & Hartman 2003). Our principal result sug-

gests that for at least some of the study species, a trade-off

between poor drought resistance vs. a greater capacity to

grow in the low-light forest understorey correlates with the

turnover in species composition along the rainfall gradient

in the Isthmus of Panama. Interestingly, here we find that
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relative to the dry-distribution species, wet-distribution

species had higher growth rates, as would be expected for

more light-demanding species. However, unlike light-

demanding species, our wet-distribution species had lower

maximum photosynthetic capacities, as would be expected

for more shade-tolerant species. On the other hand, dry-

distribution, drought-resistant species had a higher capac-

ity for CO2 assimilation and water transport through the

stem. Higher assimilation may be associated with traits for

avoiding or delaying desiccation and with limited shade

tolerance.

Much recent work has focused on defining functional

traits and explaining their correlation with plant perfor-

mance and habitat distribution (Cavender-Bares, Kitajima

& Bazzaz 2004; Poorter & Bongers 2006; Sterck, Poorter

& Schieving 2006; Poorter & Markesteijn 2008; Dent &

Burslem 2009; Wright et al. 2010; Markesteijn et al. 2011).

Consistent with many other studies, we find that morpho-

logical traits were informative; nevertheless, our analysis

suggests that physiological traits best explained both the

trade-offs and the differences between dry- and wet-

distribution species.
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