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Abstract 

In tropical regions, climate change is predicted to lead to increased drought frequency and 

intensity. The extent to which this will shift the functional diversity of tropical tree communities is 

unknown due to a limited understanding about the response of seedlings to variable soil 

moisture. We addressed this issue using an experimental approach in the Luquillo Experimental 

Forest, Puerto Rico. We exposed seedlings of eight tree species, representing different 

successional stages, to an experimental soil moisture gradient. We evaluated (1) How species-

mean trait values relate to species-specific demographic responses to drought, (2) How 

intraspecific variation in functional traits relates to a soil moisture gradient, (3) The extent to 

which demographic response to short-term experimental drought mirrored long-term 

demographic response of seedlings to natural variation in soil moisture. Growth and survival of 

species with more `conservative` functional strategies tended to be more sensitive to a change 

in soil moisture and more tolerant to drought compared to species with more `acquisitive` 

strategies. In addition, traits of individual seedlings within species varied with respect to soil 

moisture, suggesting a potential role for phenotypic plasticity in response to drought. 

Specifically, this response was significant for three species (Inga laurina, Guarea guidonia, 

Schefflera morototoni) and was primarily associated with relative carbon investment in leaves 

and roots. Species demographic responses to soil moisture in experimental and long-term 

studies were weakly positively correlated but more variables are at play under natural conditions, 

which partly decouples these responses. Overall, our results suggest that tree species with 

`conservative` functional strategies are likely to become more common under increasing drought 

frequency and intensity in the Luquillo Mountains of Puerto Rico. However, understanding the 

broader implications of our findings will require considering the effects of other disturbances, 

including hurricanes, which may have contrasting effects. Furthermore, intraspecific variation in 

functional traits is likely to influence how the seedlings of tropical tree species cope with drought. 
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Introduction 

Climate change is expected to cause directional shifts and increasing variability in temperature 

and precipitation (Collins et al. 2013). Tropical regions, in particular, are expected to undergo 

longer hot and dry spells, decreased annual rainfall, and increased intensity of extreme weather 

events (Meehl et al. 2007). As a result, climate change will likely have profound effects on the 

diversity and species composition of tropical forests.  

Species differences in terms of drought tolerance could lead to a directional shift towards more 

drought tolerant species (Lash et al. 2002, Duque et al. 2015, Esquivel-Muelbert et al. 2019). To 

date, however, we have limited understanding of drought strategies of tropical wet forest tree 

species (Coomes et al. 2000). Understanding the drought tolerance of different tree species in 

these complex communities is a crucial gap in our current knowledge for understanding the 

future of tropical forests. 

Light availability is considered a key factor for niche differentiation among humid tropical forest 

tree species. Species associated with early and late stages of succession have different sets of 

physiological and functional traits (Gilbert et al.2006, Wright et al. 2010, Markesteijn et al. 2011a, 

Markesteijn et al. 2011b ). For example, species that colonize sites with high resource 

availability (‘pioneer’ species) tend to be light-demanding and often have traits that maximize 

short-term productivity at the expense of long-term survival (e.g., low wood density, low leaf 

mass per area). In contrast, late successional species tend to be shade-tolerant and have 

functional strategies that benefit long-term survival at the expense of short-term growth (Gilbert 

et al. 2006, Markesteijn et al. 2011a, Markesteijn et al. 2011b ). As a result, niche differentiation 

along a gradient of light availability suggests a trade-off between growth and survival; high 

growth rates under high resources conditions (e.g., `acquisitive` functional strategies) versus 

high survival under low resource conditions (e.g., `conservative` functional strategies).  

A growth-survival trade-off along a light availability gradient may also be linked to the hydraulic 

architecture of plant species due to the intrinsic connections between hydraulic conductivity and 

photosynthesis (Santiago et al. 2004, Zhu et al. 2013). In particular, all land plants face 

fundamental constraints during photosynthesis: efficiently acquiring water while maintaining 

hydraulic conductivity (Markesteijn et al. 2011a, Markesteijn et al. 2011b, Hiromi et al. 2012). 

Early successional species tend to achieve fast growth by producing ‘cheap’ tissues (i.e., low 

carbon investment) and having a highly efficient hydraulic architecture (Castro-Diez et al. 1998, 

Van Gelder et al. 2006). Efficient hydraulic systems are, however, typically more susceptible to 

cavitation and mortality caused by drought (Castro-Diez et al. 1998, Van Gelder et al. 2006, 

Niinemets et al. 2006). In contrast, shade-tolerant species may attain survival advantages during 

drought by involving hydraulic architectures that are less efficient but more resistant to negative 

impacts of drought. In other words, some authors have suggested a trade-off between hydraulic 

efficiency and hydraulic safety, which may be linked to successional associations. 
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In addition to these trait-mediated differences among species in terms of hydraulic architecture, 

intraspecific trait variation could play a role in how individuals of different species are able to 

cope with environmental variability (Vitasse et al. 2010, Gratani 2014, Bongers et al. 2017). 

Recent research has revealed phenotypic plasticity in the hydraulic architecture of plants which 

could play a crucial role in plant population-level response to changing environmental conditions 

(Jump et al. 2005, Pritzkow et al. 2019). For example, some plant species can increase 

hydraulic safety during drought through an increased carbon investment into leaf tissue (higher 

LMA) (Pritzkrow et al. 2019). The adjustment of traits associated with hydraulic safety during 

drought is likely to reduce the risk of hydraulic failure and therefore the risk to cavitation and 

mortality caused by drought (Jacobsen et al. 2014, Martorell et al. 2014, Pritzkow et al. 2019).  

To assess how traits related to hydraulic strategies and intraspecific trait variation could 

influence the demographic response (i.e. survival and growth) of tropical tree seedlings to 

drought, we established a drought experiment in El Yunque National forest, Puerto Rico. The 

demographic response of tropical tree seedlings to drought was assessed through species -

specific sensitivity to a change in soil moisture, which represents the slope of the relationship 

between demographic rates and a continuous soil moisture gradient. Additionally, we used 

tolerance to define the range of soil moisture that affects the performance. Tolerance is defined 

as the value of soil moisture that corresponds to a 50% survival probability (Supplemental Fig. 

1). 

We focused on tree seedlings since they represent a major bottleneck to recruitment and may 

be particularly sensitive to drought given their underdeveloped root systems (Dagleish et al. 

2009, Walck et al. 2011). Long-term species composition and diversity is expected to depend on 

seed germination requirements and early survival rates (Lloret et al. 2004, Walck et al. 2011, 

Wright et al. 2018). Therefore, seedlings are particularly suitable for understanding the relative 

drought tolerance of different tree species (Lloret et al. 2004). To evaluate the extent to which 

demographic response to short-term experimental drought mirrored long-term demographic 

response to natural variation in soil moisture, we used nine years of annual seedling census 

data from the Luquillo Long-Term Ecological Research site. 

We addressed the following research questions: 

1. How do species-mean trait values relate to the species-specific demographic response 

to drought? 

We expect that species sensitivity to a change in soil moisture and tolerance to drought will be 

related to their successional association due to the intrinsic connections between plant water 

and carbon economies. Specifically, we expect species with traits associated to more 

`conservative` functional strategies (e.g., high LMA, high wood density, high root tissue density) 

to be more sensitive to a change in soil moisture and more tolerant to drought (i.e., lower 

reduction of survival probability) compared to species with more `acquisitive` strategies 

(Supplemental Fig. 1) (Markesteijn et al. 2011a, Markesteijn et al. 2011b, Hiromi et al. 2012). 
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2.  Do tropical tree seedlings exhibit intraspecific trait variation that is related to soil 

moisture? 

We expect that trends in intraspecific trait variation mirrors interspecific patterns, which would 

suggest that individual seedlings in plots with lower soil moisture have traits which are 

associated to more `conservative` functional strategies (Table 1) (Pritzkow et al. 2019, Lanuza et 

al. 2020). 

Table 1: Hypotheses about how tropical tree seedling traits are predicted to respond to drought.  

 
  Trait Name 

 
Units 

Predicted response 
to drought 

                                     
Rationale 

     
References 

 
 Leaf mass per 

area (LMA) 

 
g/m2 

                   
+ 

High LMA values relate to 
high leaf tissue density 
which tends to increase 
tolerance towards water 

limitations. 

Niinemets 
2001,                                     

La riva et al. 
2016 

                    
 

Leaf area (LA) 

 
 

cm2 

 
 
– 

The leaf boundary layer is 
thinner for smaller leaves, 

which lowers the risk of 
heat damage under high 
air temperatures and low 

soil water potential. 

 
Wright et al. 

2017,                       
Marechaux et 

al. 2019 

                   
 

Leaf thickness 

 
 

mm 

                   

 
? 
                 

 
Leaf thickness is positively 
correlated with irradiance 

and shows a mixed 
response to drought. 

Niinemets 
2001,                                     

La riva et al. 
2016,                           

Tng et al. 
2018 

 
 

Stem wood 
density (WD) 

 
 
g/cm3 

 
 

+ 

 
Dense wood tends to be 

correlated with a lower risk 
of drought induced 

cavitation. 

Castro-Diez 
et al. 1998, 
Hacke et al. 

2001,                             
Markesteijn 
et al. 2011 

 
Leaf dry matter 

content 
(LDMC) 

 
 

% 

 
+ 

High LDMC values imply a 
low amount of water in leaf 

fresh mass and tend to 
relate with thicker and 
more rigid cell walls. 

 
Markesteijn 
et al. 2011 

 
 
 

Stem dry 
matter content 

(SDMC) 

 
 
 

% 

 
 
 

+ 

High SDMC values imply a 
low amount of water in 

stem fresh mass and tend 
to be correlated with a 
lower risk of drought 
induced cavitation. 

 
Castro-Diez 
et al. 1998, 
Hacke et al. 

2001                            
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Root dry mass 
fraction 

 
 
 
 
 

% 

 
 
 
 

+ 

Under increasing drought 
stress, plants tend to 

allocate proportionately 
more biomass towards 
their root system. The 
increase in root mass 

fraction positively 
influences the ability to 
retrieve water from the 

soil. 

 
 

Poorter et al. 
2012,                       

Larson et al. 
2016,        

Eziz et al. 
2017                                

 
 
 
 

Specific root 
length (SRL) 

 
 
 
 
 

cm/g 

 
 
 
 
– 

 
 

Low SRL values imply a 
higher investment in root 
tissue per length which 

tend to relate with a longer 
root lifespan and a 

possible lower risk of 
drought induced 

cavitation. 

Eissenstat 
1997,                                                      

Hernandez et 
al. 2010, 

McCormack 
et al. 2012, 

Pérez-
Harguindegu
y et al. 2013,         
Larson et al. 

2016,                  

 
Root tissue 

density 

 
g/cm3 

 
+ 

Dense root tissue implies 
narrow vessels with thick 
cell walls and a lower risk 

of drought induced 
cavitation. 

Köcher et al. 
2012, 

Eldhuset et 
al. 2013 

 
 

Root diameter 

 
 

mm 

 
 

+ 

High root diameter values 
imply a higher investment 
in root tissue per length 

which tend to relate with a 
longer root lifespan. 

McCormack 
et al. 2012, 
Wang et al. 

2016 

 
 
 
 

Root length 

 
 
 
 

cm 

 
 
 
 
–  

Reduced transpiration and 
respiration rates under 
increasing soil moisture 
stress tend to associate 

with a reduction in carbon 
transportation from the 

leaves to the root system, 
which implies a decrease 

in root length. 

Ruehr et al. 
2009,             

Eldhuset et 
al. 2013, 

Brunner et al. 
2015,                

Blessing et 
al. 2016 

 
 
 

Number of root 
tips 

 
 
 
 

# 

 
 
 
–  

Reduced transpiration and 
respiration rates under 
increasing soil moisture 
stress tend to associate 

with a reduction in carbon 
transportation from the 

leaves to the root system, 
which implies a decrease 

in number of root tips. 

 Ruehr et al. 
2009,           

Eldhuset et 
al. 2013, 

Brunner et al. 
2015,     

Blessing et 
al. 2016 
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Root depth 

 
 
 
 
 

cm 

 
 
 
 
 
–  

 
Reduced transpiration and 

respiration rates under 
increasing soil moisture 
stress tend to associate 

with a reduction in carbon 
transportation from the 

leaves to the root system, 
which implies a decrease 

in root depth. 

 
 

Ruehr et al. 
2009,           

Eldhuset et 
al. 2013,    

Blessing et 
al. 2016 

3. How does the growth and survival response to experimental drought correspond to 

growth and survival with respect to natural variation in soil moisture? 

We expect that the demographic response to short term experimental drought will be mirrored in 

the long-term demographic response to natural variation in soil moisture.  

Methods 

Study site 

This study was conducted in El Yunque National Forest, a tropical rain forest situated in NE 

Puerto Rico (18°19′N, 65°47′W). El Yunque is characterized by a seasonal climate (Minimum 

rainfall of 200 mm month–1), with the wet season falling during the Atlantic Ocean hurricane 

season (June – November), an average temperature of 23 °C and a mean annual rainfall of 

3623 mm (Thompson et al. 2002, Daly et al. 2003, Waide et al. 2013, Jennings et al. 2014, 

Umana et al. 2015). 

Study species and seedling propagation  

Among species that were fruiting at the time of seed collection (Dec 2018 – Mar 2019), we 

selected a set of eight study species representative of different successional associations (Table 

2). Fruits or seeds were collected from the ground in the area surrounding El Verde field station, 

with exception to Schefflera morototoni and Urera baccifera. Fruits of S. morototoni were caught 

in nets below eight adult individuals. Fruits of U. baccifera were collected by placing buckets 

below fruiting stems. Seeds were cleaned from any fruit, placed in trays containing local soil, 

covered by a shade cloth, and watered approximately daily until seedling emergence. Within a 

week of seedling emergence, individual seedlings were transplanted to round pots (ca. 10 cm 

diameter × 12 cm deep) and placed under a shade cloth. The timing of germination varied 

across species (Table 2).  
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Table 2. Species included in this study and their successional status (Taylor 1993, Uriarte et al. 2005, 

Comita et al. 2010). 

Species 6-letter code Successional status Germination peak 

Cecropia schreberiana 
(Urticaceae) 

CECSCH Pioneer Late March 

Schefflera morototoni 
(Araliaceae) 

SCHMOR Pioneer Late February/early 
March 

Urera baccifera         
(Urticaceae) 

UREBAC Pioneer Late March 

Manilkara bidentata 
(Sapotaceae)  

MANBID Late Mid March 

Guarea Guidonia       
(Meliaceae) 

GUAGUI Late Late February 

Tetragastris balsamifera 
(Burseraceae) 

TETBAL Late Late February. 

Inga Laurina         
(Leguminosae) 

INGLAU Secondary Early January 

Prestoea acuminata var. 
montana                   

(Arecaceae) 

PREMON Secondary Late February/early 
March 

Experimental set-up 

The experiment was conducted along the top of two ridges within 1 km of El Verde Field Station. 

The two sites were positioned on topographically similar ridges in order to minimize inputs of 

rainwater from lateral flow. In late May 2019, we established 60, 1.2 m × 1.2 m seedling plots 

that were sheltered from rain through the use of rainout shelters. Both sites consisted of 30 

seedling plots that were divided in two treatments: drought and control. Two individuals of each 

species were planted in each seedling plot giving a total of 16 individual plants per shelter (Fig. 

1). Seedling plots were positioned at least 1 m away from tree trunks, exposed rock, or other 

plots. Seedlings were planted by digging a hole that matched the dimensions of the pot the 

seedlings were grown in, the seedlings and the accompanying soil were removed from the pots 
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and placed in these holes. Seedlings were planted towards the middle of each shelter to limit the 

influence of rain from the edges. After planting, seedlings acclimated for 3 weeks prior to 

erecting rain-out shelters over each plot, and seedlings that died during the acclimation period 

were replaced. 

 

Fig 1:  A diagram of the seedling plot setup (left) and a seedling plot with rainout shelter (right) 

Rain-out shelters were constructed of PVC frames with a 1.2 m × 1.2 m SUNTUF® corrugated 

polycarbonate roof panel (Palram Industries Ltd. Kutztown, PA, USA) affixed parallel to the slope 

of the ground. A PVC gutter was attached to the downslope side of the roof. To account for 

potential artifacts of the roofed drought treatment (e.g., changes in light or temperature (Vogel et 

al. 2013)), we included roofed controls in our experiment. Precipitation runoff from the roofs of 

control plots was collected in a bucket and, within approximately 24 hours, was evenly 

distributed under the shelter. For droughted shelters, precipitation from the gutter ran into an 

approximately 1 m hose directed away from the plot. We dug trenches on the upslope edge of 

droughted rain-out shelters, where a small (~13 cm wide) strip of polycarbonate corrugated roof 

panel was buried approximately 10 cm deep, leaving a 3 cm lip above ground to prevent 

downslope water flow during rains. A sham trenching was performed for control shelters where 

the soil was similarly disturbed but without the burying of the polycarbonate corrugated roof 

panel. Roofs were scrubbed with a soft brush as needed (at least monthly) to prevent algae and 

lichen growth. 

Plot characteristics 

To quantify environmental heterogeneity in each of the 60 plots, we measured soil moisture 

every two weeks and understory light availability at the end of the experiment. Soil moisture 

values varied during the experiment but, in general, rank order among plots stayed consistent 

(Fig. 2). Based on the nature of variation among plots, we treated moisture as a continuous 

variable rather than a binary variable (drought vs. control) and the grand mean of soil moisture 

per plot was used as the covariate in all analyses. Volumetric water content of soil to a depth of 

12 cm was measured through a handheld soil moisture probe (Campbell Scientific HS2 system, 
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Queensland, Australia). Measurements were taken 2 cm away (toward the shelter edge) from 

each corner seedling. Understory light availability was measured in the middle of the seedling 

plots with a hemispheric camera and a densiometer.  

We destructively sampled a subset of the surviving individuals at the end of the experiment to 

measure intrinsic water use efficiency (iWUE), which is defined as the ratio of photosynthetic 

rate and conductance for water vapor and serves as an indicator of the trade-off between 

photosynthetic carbon assimilation and water loss (Fig. 3) (Dawen et al. 2017, Driscoll et al. 

2020). Values of iWUE were calculated from carbon isotope values of leaf tissue by using the 

equations from Lambers, Chapin & Pons (2008). 

Demographic census 

We recorded survival each week and size (i.e., basal stem diameter, number and length of 

leaves) each month from May 2019 until January 2020. To calculate leaf area growth during 

each monthly interval, we first established species-specific relationships between leaf length and 

leaf area using a set of seedlings from the same cohort that were grown in a shade house. The 

seedlings were destructively sampled so that the area of each leaf could be measured by 

digitally scanning the leaf surface and measuring its area using ImageJ (Rueden et al. 2017). 

We used these relationships to estimate total leaf area growth (cm2 day-1) for each seedling 

during each monthly interval. 

At the end of the experiment (23 January to 4 February 2020), we destructively harvested the 

566 surviving seedlings. Seedlings were carefully excavated to keep roots intact, washed 

thoroughly with water, and measured for a set of traits including shoot and root lengths, basal 

diameter (using Vernier callipers), and leaf thickness (using a micrometer). Seedlings were 

sectioned by organ (i.e. leaves, stem, and roots), weighed for fresh mass, and then scanned 

with a flatbed scanner (Canon CanoScan Lide 400, Hayes, UK) to determine surface area. All 

plant parts were dried at 70°C until constant mass (for ≥72 hours) before recording dry mass. 

Total area of fresh leaves was determined with ImageJ (Rueden et al. 2017). Additional 

morphological analyses (total root length, average root system diameter, root volume, stem 

volume and number of root tips) were completed with WinRhizo (2012 version, Regent 

Instrument, Quebec, Canada). For each seedling, we quantified the following traits: leaf area 

(cm2), leaf mass per area (LMA, kg m-2), leaf thickness (mm), leaf dry matter content (%), wood 

dry matter content (%), stem specific density (g cm3), and percent (%) dry mass fraction 

allocated to roots, stems, and leaves (%), specific root length (SRL, cm g-1), root tissue density 

(RTD, g cm-3), total length of root system (cm), average root diameter (mm), maximum rooting 

depth (cm), total amount of root tips (Table 1). Most seedlings of one species (Manilkara 

bidentata) still had cotyledons during the experiment and these were included in all 

measurements. 

Among the harvested seedlings, 120 individuals of six species were selected for tissue nutrient 

analysis. Two species (U. baccifera and Cecropia shreberiana) were not included because of 

low overall survival, especially at the dry end of the gradient. Dried leaf tissues were 

homogenized in individual 15 mL plastic vials using sterile stainless-steel beads and a Mini-G 
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1600 tissue homogenizer (SPEX Sample Prep, Metuchen, NJ). Samples were analyzed for C 

isotopes using a Carlo Erba NA 1500 Elemental Analyzer (Thermo Scientific, Waltham, MA, 

USA), fitted with a Costech zero-blank autosampler at the Duke Environmental Stable Isotope 

Laboratory in Durham, North Carolina. C isotopes serve as an indicator for stomatal 

conductance throughout the lifetime of plants and are used for calculations of iWUE values 

(Supplemental Fig. S2).   

Long-Term Seedling Data 

The long-term seedling data consisted of nine annual seedling censuses from 2007 to 2016. In 

2007, 360, 1 m2 seedling plots were established on each side of a trail that runs north-south 

through the Luquillo Forest Dynamics Plot (LFDP). Seedlings in these plots have been mapped, 

identified to species, and measured for stem height annually since 2007 (Uriarte et al. 2017).  

Table 3: The sample size of experimental and long-term seedling data used to calculate the growth and survival response to an 
experimental and natural soil moisture gradient. During the setup of the seedling plots, one individual of U. baccifera was 
mistaken for S. morototoni, which resulted in 121 individuals of U. baccifera and 119 of S. morototoni. 

Species (Family) NGrowth  

(Long-term) 

NSurvival 

(Long-term) 

NGrowth 

(Experimental) 

NSurvival 

(Experimental) 

Cecropia 

schreberiana 

(Urticaceae) 

5 122 180 120 

Schefflera 

morototoni 

(Araliaceae) 

129 799 646 119 

Urera baccifera         

(Urticaceae) 

2 6 371 121 

Manilkara 

bidentata 

(Sapotaceae) 

635 1030 918 120 

Guarea Guidonia       

(Meliaceae) 

3521 7019 858 120 
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Tetragastris 

balsamifera 

(Burseraceae) 

671 925 791 120 

Inga Laurina         

(Leguminosae) 

1069 1398 941 120 

Prestoea 

acuminata var. 

montana                   

(Arecaceae) 

7628 17601 741 120 

 

To quantify environmental heterogeneity in each of the 360 plots, soil moisture and understory 

light availability were measured. Understory light availability was measured during every census 

in the centre of the seedling plots with a hemispheric camera. Soil moisture was measured over 

a 4-year period (2012–2016), using an adaptive sampling scheme (Uriarte et al. 2017). Soil 

moisture measurements were taken at the same location in each plot through a handheld soil 

moisture probe (Campbell Scientific HS2 system, Queensland, Australia).  

Statistical analyses 

To evaluate plant water status for the 120 individuals that underwent a tissue nutrient analysis, 

we used a linear regression to relate Intrinsic water use efficiency (iWUE) with soil moisture. 

Seeding survival and growth under experimental drought 

We modelled species-specific survival and growth using different approaches but covariates and 

random effects were consistent. Specifically, we included soil moisture (%), canopy openness 

(%), and starting leaf area (cm2) as covariates in both growth and survival models, and seedling 

plot as a random effect. We used Akaike’s Information Criteria (AIC) to select the form of the 

random effect (Zuur et al. 2009). 

For species-specific survival models, we fit mixed effects Cox proportional-hazards models using 

the R-packages ‘survival’ and ‘coxme’ (Therneau 2020a, Therneau 2020b). We first used the 

`surv` function from the survival package to create a survival object, which contained all the 

survival census information and was used as the response variable in a mixed linear model. We 

then used the `coxme` function to fit a mixed effects Cox model, which is a regression model 

that is used for investigating the association between the survival time and one or more predictor 

variables. Specifically, we modelled survival of seedling i in plot p as: 

Survivalip(t) ~ Survivalo(t) x exp(Soilp + Canopyp + Leafi + 𝜖p) 
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We modelled growth of individual seedlings using linear mixed models (with the R package 

`lme4`; Bates et al. 2015) with daily growth rate (cm2 day-1) as the response variable: 

Growthip ~ Soilp + Canopyp + Leafi + 𝜖p 

Relationship of traits to demographic rates 

Because many of the leaf, stem, and root traits were correlated (Pearson’s r ranged from -0.52 

to 0.93; Supplemental Table 1), we used Principal Component Analysis (PCA) to reduce the 

dimensionality of the measured traits (Oksanen et al. 2019). We included 11 root and leaf traits 

in the PCA (Fig. 6A, Table 4) but excluded stem traits since seedlings of the palm in our study 

lack a true stem. Note that a PCA based on only seven species with woody stems produced 

qualitatively similar results (Supplemental Fig. S3) 

To assess the relationship between seedling traits and demographic rates, we fitted multiple 

linear regression models to relate mean PC axis 1 and 2 values for each species (1) with the 

estimated effect of soil moisture on survival and growth rate (i.e., ‘sensitivity’ of demographic 

rates to a change in soil moisture), (2) with soil moisture values that equal 50% probability of 

survival (i.e., ‘tolerance’ of demographic rates to drought).  

Intraspecific trait variation along the soil moisture gradient 

Separately for each species, we used linear regression to assess the relationship between soil 

moisture and each of the 13 seedling traits, as well as the two PC axes. 

Response to experimental drought versus long-term soil moisture 

Separately for each species, we modelled long-term survival and growth using logistic regression 

and linear regression, respectively. Both models consisted of the same covariates: soil moisture 

and starting height. In contrast to the experimental data, we used seedling stem height growth in 

the analysis of long-term data because data on leaf area growth was not available. 

logit(Survivalip) ~ Soilp + Heighti 

Growthip ~ Soilp + Heighti 

Where survival or growth of individual i in plot p is a function of soil moisture in plot p and height 

of individual i at the start of the census interval. To draw a comparison between an experimental 

soil moisture gradient and a long-term natural soil moisture gradient, we checked if the species 

rank order between the estimated effects of soil moisture on survival and growth rate stayed 

consistent. 
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Results 

Average soil moisture ranged from 9-49%, while canopy openness ranged from 2-20% across 

the experimental plots (Fig. 2). We found a negative correlation (R2 = 0.75, p < 0.001) between 

intrinsic water-use efficiency (iWUE) and soil moisture (Fig. 3), suggesting that seedings were 

water limited at the dry end of the soil moisture gradient. 

Seeding survival and growth under experimental drought 

From the 960 seedlings in the drought experiment, 566 survived until the end, with species-

specific survival ranging from < 1% to 97 % (Supplemental Fig. 4). For the seedlings that 

survived until the end, growth ranged from -3.02 to 9.53 cm2, with negative growth indicating leaf 

loss. 

The eight species varied in their growth and survival rates along the experimental soil moisture 

gradient (Figs. 4, 5). Throughout the experiment, four species had low total mortality (< 20%), 

two had intermediate mortality (30-40%), and two had high mortality (>80%). In general, 

species-specific survival was positively correlated with soil moisture but the effect varied 

substantially among species (Fig. 5A).  

Species specific growth rates also tended to be positively correlated with soil moisture (Figs. 4, 

5B). Predicted growth rates were negative for most species in plots with soil moisture values < 

20% (Fig. 5B).  

 

Figure 2: Soil moisture (%) for 60 seedling plots for the duration of the experiment (blue = control 

treatment, red = drought treatment). Our analyses are based on mean values of soil moisture during the 

study period for each plot. 
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Figure 3: Scatterplot displaying association between intrinsic water-use efficiency (iWUE) and soil 

moisture. Solid (dashed) lines show fitted relationships for species with a significant (non-significant) 

relationship. Two species (U. baccifera and C. schreberiana) were excluded since they lacked surviving 

individuals at the lower end of the soil moisture gradient. 
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Figure 4: Growth trajectories of individual total leaf area during the experiment. Lines are colored on a 

continuous scale indicating plot soil moisture. 

 

Figure 5: Predicted (A) survival (%) and (B) leaf area growth (cm2 day -1) for eight seedling species across 

an experimental soil moisture gradient. Solid lines indicate a statistically significant effect of soil moisture 

on survival or growth. Shaded area in (B) indicates predicted negative growth rates. 
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Relationship of functional traits to demographic rates 

Principal component axis 1 (PC1) explained 35.9% of the total trait variation among seedlings 

and primarily represented an axis of increasing seedling size (i.e., larger total root system length, 

more root tips) and relative carbon investment in leaves and roots (i.e., higher values of LDMC, 

RTD, LMA).  Principal component axis 2 (PC2) explained an additional 17.5% of the variation 

and was primarily associated with lower relative carbon investment in leaves and roots (i.e., 

negatively associated with LDMC, RTD, LMA and positively with SRL), as well as root 

architectural traits (i.e., positively associated with SRL and negatively with RTD) (Fig. 6, Table 

4). The PCA displays substantial variation among individual seedlings within species as well as 

separation in trait space among species (Fig. 6B). Along PC1, the eight species are roughly 

arranged along a spectrum of `acquisitive`  to `conservative` functional strategies.  

We found a significant positive correlation between PC1 and sensitivity of growth to a change in 

soil moisture (R2 = 0.49, p = 0.031) (Fig. 7B) and a marginally significant positive correlation with 

sensitivity of survival to a change in soil moisture (R2 = 0.47, p = 0.059) (Fig. 7A). Additionally, 

we found a significant negative correlation between PC1 and tolerance to drought (R2 = 0.71, p 

= 0.022) (Fig. 8A). PC2 was not correlated with sensitivity of survival and growth to a change in 

soil moisture (Fig. 7C, D) and with tolerance to drought (Fig. 8B). In other words, demographic 

rates of species with more `conservative` functional strategies tended to be more sensitive to a 

change in soil moisture and more drought tolerant compared to species with more `acquisitive` 

strategies. 

 

Figure 6: Principal Component Analysis of traits measured on all plants that survived to the end of the 

experiment. (A) The relative contribution of each variable to Dimension 1 and 2 (see details in Table 4). 

(B) The distribution of individual seedlings in PC space; ellipses encompass 95% of species-specific 

variation (Oksanen et al. 2019, Kassambara et al. 2020 ) 
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Table 4: Contribution of traits (%) to the PCA Dimensions. 

Trait name (units) Abbreviation Dim.1 Dim.2 

Leaf area (cm2) LeafArea 4.17 3.88 

Leaf mass per area 
(g/m2) LMA 12.65 8.19 

Leaf dry matter content 
(%) LDMC 15.98 5.79 

Leaf thickness (mm) LeafThicknessMean 1.15 11.98 

Root dry mass fraction 
(%) RootDryMassFraction 0.96 8.67 

Root length (cm) RootLength 15.84 13.19 

Root depth (cm) RootDepth 13.04 6.85 

Average root diameter 
(mm) RootAvgDiam 2.40 8.33 

Total amount of root tips Roottips 15.28 13.49 

Specific root length 
(cm/g) SRL 7.37 14.00 

Root tissue density 
(g/cm3) RTD 11.16 5.63 

 

Figure 7: Scatterplots displaying the relationship between the PC1 (A, B) and PC2 (C, D), and sensitivity 

of survival (A, C) or leaf area (LA) growth (B, D) to a change in soil moisture. On the y-axis, points (and 

error bars) represent mean values (and 95% percentiles) among individuals of each species on the PC 

axis. On the x-axis, points (and error bars) represent mean estimated coefficients (and 95% confidence 

intervals) from the survival and growth models.  
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Figure 8: Scatterplots displaying the relationship between the PC1 (A) and PC2 (B), and the point of 50 % 

survival probability (i.e., tolerance to drought) (A, B). On the y-axis, points represent mean values among 

individuals of each species on the PC axis.  

 

Intraspecific trait variation along the soil moisture gradient 

Trait variation expressed by individual seedlings within species was associated with soil 

moisture (Fig. 9, Table 5, Supplemental Figs. 5, 6). For most species, PC1 displayed a positive 

correlation with soil moisture but this trend was only significant for Inga laurina (Fig. 9A, Table 

5). The positive correlation between PC1 and soil moisture indicates that seedlings tended to be 

larger in plots with higher soil moisture (Fig. 6). 

Additionally, we found mixed results for the relation between PC2 and soil moisture with positive 

(I. laurina, M. bidentata, Tetragastris balsamifera , Prestoea montana)  and negative (Guarea 

guidonia, S. morototoni, U. baccifera) trends (Fig. 9B, Table 5). This relation was significant for 

only three species (I. laurina, G. guidonia, S. morototoni). A negative correlation between PC2 

and soil moisture indicates that relative investment in roots increased, while a positive 

correlation indicates a decrease in relative investment in roots and leaves (Fig. 6). 
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Table 5: Trait responses to a soil moisture gradient. Colored arrows indicate the direction of significant 

responses to soil moisture ( ↑↓ p<0.001 ; ↑↓ p<0.01; ↑↓ p<0.05), grey arrows indicate a non-significant 

response. 

  

 

Figure 9: Position of individual seedlings on  PC1 (A) and PC2 (B) versus soil moisture. Solid lines 

indicate a statistically significant relationship (p<0.05) within a species. 

INGLAU TETBAL MANBID GUAGUI PREMON SCHMOR UREBAC

Leaf mass per area (LMA) ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑
Leaf area (LA) ↑ ↑ ↓ ↑ ↑ ↑ ↑ ↑

Leaf thickness ≈ ↓ ↓ ↓ ↑ ↑ ↓ ↓

Stem wood density (WD) ↓ ↓ ↓ ↓ ↓ NA ↓ ↓
Leaf dry matter content ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑
Stem dry matter content ↓ ↓ ↓ ↓ ↓ NA ↑ ↓

Root dry mass fraction ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓
Specific root length ↑ ↓ ↑ ↓ ↑ ↑ ↓ ↑
Root tissue density ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑

Root diameter ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↓
Root length ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Number of root tips ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑
Root depth ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓

PC1 ? ↑ ↓ ↑ ↑ ↑ ↑ ↑

PC2 ? ↑ ↑ ↑ ↓ ↑ ↓ ↓

Predicted response to soil 

moisture
Trait Name

Experimental response to soil moisture



20 
 

Response to experimental drought versus long-term soil moisture 

Under experimental conditions, most species-specific survival rates were positively correlated 

with soil moisture (Fig. 5A, 10A). In general, this trend is also reflected in the long-term data for 

seedling survival (Fig. 10B). However, the experimental and long-term estimated effect of 

moisture on survival were not significantly correlated (Pearson’s r = -0.31, p-value = 0.46). 

In contrast to survival, long-term growth rates for stem height were not strongly associated with 

soil moisture (Fig. 11B). This trend is not reflected in seedling leaf area growth rates under 

experimental conditions, they tended to be positively correlated with soil moisture (Fig. 11A). 

Additionally, the experimental and long-term estimated effect of moisture on growth rate were 

not significantly correlated (Pearson’s r = 0.35, p-value = 0.44).  

Two species (U. baccifera and C. shreberiana) displayed wide confidence intervals in the 

estimated effects of soil moisture on their long-term demographic rates (Figs. 10B, 11B), which 

emerges from the low number of individuals and low overall survival in the long-term dataset 

(Table 3). 

 

Figure 10. Estimated coefficients for the effect of soil moisture on survival based on (A) an experimental 

soil moisture gradient and (B) long-term survival along a natural soil moisture gradient (2007-2016). Solid 

points indicate estimated coefficients that are significantly different from zero. 
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Figure 11. Estimated coefficients for the effect of soil moisture on growth based on (A) an experimental 

soil moisture gradient and (B) a long-term natural soil moisture gradient (2007-2016). Solid points indicate 

estimated coefficients that are significantly different from zero. Measurements of growth differ between 

experimental and long-term data. Change of leaf area is used in the experimental data, while change in 

stem height is used in the long-term data.  

Discussion 

We used a drought experiment to examine how tropical tree species representative of different 

successional strategies perform under water stress. Our main results were that (1) species-

specific demographic responses were related to their functional traits, (2) trait values of 

individual seedlings were associated with soil moisture, (3) demographic response to short-term 

experimental drought was not strongly mirrored in the long-term demographic response to 

natural variation in soil moisture. 

Species-specific response to experimental drought and their relationship with species 

mean trait values. 

We expected species with different successional associations to have diverse demographic 

responses to the soil moisture gradient (Bettina et al. 2003, Markesteijn et al. 2011a, Markesteijn 

et al. 2011b, Hiromi et al. 2012). In fact, variation among species in functional traits supported 

that our drought experiment consisted of different successional associations which lead to a 

diverse demographic response to soil moisture. Variation in functional traits among species is 

often associated with ‘conservative’ vs. ‘acquisitive’ functional strategies, our experimental 

species could be roughly arranged along these successional associations (Castro-Diez et al. 

1998, Gilbert et al. 2006, Van Gelder et al. 2006, Markesteijn et al. 2011a, Markesteijn et al. 

2011b). Additionally, species demographic response to soil moisture was related to these traits, 

but not every species had a significant response to soil moisture. This can be attributed to 

multiple factors, including that some species had low or high numbers of total surviving 



22 
 

individuals over the whole soil moisture gradient which led to in a non-significant response to 

variation in soil moisture.  

Recent research has suggested that species’ successional association could be linked to their 

sensitivity to a change in soil moisture and tolerance to drought (Markesteijn et al. 2011a, 

Markesteijn et al. 2011b, Hiromi et al. 2012). This would imply that variation in functional traits 

could be linked to species demographic response to soil moisture (Niinemets et al. 2006, 

Markesteijn et al. 2011a, Markesteijn et al. 2011b, Hiromi et al. 2012). We hypothesized that 

species with more `conservative` functional strategies would be more sensitive to a change in 

soil moisture and more tolerant to experimental drought due to traits that are positively 

correlated with hydraulic safety, like higher root tissue density and leaf mass per area values 

(Niinemets 2001, Köcher et al. 2012, Eldhuset et al. 2013, La riva et al. 2016). This hypothesis 

was supported by the fact that species-specific sensitivity of growth to soil moisture was 

positively correlated with the position of the species on PC1. This correlation suggests that 

species with traits associated to more `conservative` functional strategies are expected to be 

more sensitive to a change in soil moisture. Additionally, 50% probability of survival was 

negatively correlated with the position of the species on PC1, which suggests that species with 

traits associated to more `conservative` functional strategies are expected to be more tolerant to 

drought. This altogether would imply that species with more `conservative` functional strategies 

would be expected to function relatively better under drought in comparison to species with more 

`acquisitive` strategies. 

Do tropical tree seedlings exhibit intraspecific trait variation that is related to soil 

moisture? 

Intraspecific trait variation is likely to play a role in how individuals of different tropical tree 

species are able to cope with environmental variability (Vitasse et al. 2010, Gratani 2014, 

Bongers et al. 2017). Recent research has revealed intraspecific trait variation in the hydraulic 

architecture of plant populations which could play a crucial role in plant population-level 

response to drought (Jump et al. 2005, Pritzkow et al. 2019). For example, plant species were 

able to increase hydraulic safety during the dry season by an increased carbon investment into 

leaf tissue (higher LMA values) (Pritzkow et al. 2019). We hypothesized that trends in 

intraspecific trait variation would mirror the interspecific patterns, which would suggest that 

individual seedlings in plots with lower soil moisture have traits associated to more 

`conservative` functional strategies. This hypothesis was partially supported by the results from 

the drought experiment. PC2 displayed a mixed response to soil moisture with positive and 

negative trends, which could imply that our experimental species had contradicting strategies to 

cope with drought. On one side, the positive relation between individual-level variation in PC2 

and soil moisture suggests that, for some species, individual seedlings increase hydraulic safety 

under drought by investing relatively more in root and leaf tissue under a decrease in soil 

moisture. This result implies that intraspecific variation in functional traits correlated with 

hydraulic safety, could possibly positively influence drought tolerance (Eissenstat 1997, 

Niinemets 2001, Hernandez et al. 2010, Markesteijn et al. 2011a, Markesteijn et al. 2011b, 

Köcher et al. 2012, McCormack et al. 2012, Eldhuset et al. 2013, Pérez-Harguindeguy et al. 

2013, La riva et al. 2016, Larson et al. 2016). On the other hand, the negative relation between 

individual-level variation in PC2 and soil moisture suggests that, for some species, individual 

seedlings are able to adjust their relative investment in root tissue under drought by increasing 

fine roots with high SRL. This result implies that intraspecific variation in functional traits 
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correlated with root architecture, could possibly positively influence seedlings water uptake and 

drought avoidance (Verslues et al. 2006, Poorter al. 2008, Brunner et al. 2015). Both of these 

trends suggest that intraspecific variation in functional traits could positively influence how 

species cope with drought. 

 

How does the species-specific sensitivity to experimental drought correspond to 

variation in long-term growth and survival for the same species with respect to natural 

variation in soil moisture? 

To evaluate the extent to which demographic response to short-term experimental drought 

mirrored long-term demographic response to natural variation in soil moisture, we evaluated 

annual growth and survival of tree seedlings from a long-term (nine years) dataset. In general, 

long-term survival was positively correlated with soil moisture across species, which is 

consistent with our experimental results. On the other hand, the rank order of species was not 

consistent between the experimental and natural conditions. In other words, estimated 

coefficients for the effect of soil moisture on survival based on the experimental and long-term 

data were not correlated. This suggests that the experimental data is a more simplified 

representation of the species-specific response under natural conditions. Our experiment 

showed that, in general, survival is positively correlated with soil moisture but more variables are 

at play under natural conditions. For example, canopy openness tended to have higher values 

during the experiment because of a recent hurricane. In general, canopy openness is < 10% 

while during the experiment canopy openness was around 15% with for some plots even values 

up to 20%. 

The estimated coefficients from the growth models show a less clear picture. Long-term species-

specific growth does not show a clear correlation with soil moisture, which is inconsistent with 

the experimental data that is mostly positively correlated with soil moisture. One explanation for 

this discrepancy is the fact that we used different measurements of growth and soil moisture in 

the experiment versus long-term data. Specifically, we measured leaf area growth under 

experimental conditions and stem height growth under natural conditions. We reasoned that the 

change in relative growth under drought stress should be consistent between different tissues in 

a seedling. These results could suggest that it was too far of a stretch to assume that two 

different tissues of a tropical tree seedling would respond similarly to soil moisture.  

In addition, these differences between experimental and long-term growth could suggest that the 

experimental data is a more simplified representation of the species-specific response under 

natural conditions. The positive correlation between experimental growth rates and soil moisture 

indicates that soil moisture influences the species-specific growth rates. The long-term estimated 

coefficients for the effect of soil moisture on growth, on the other hand, suggest that soil 

moisture only plays a minor role under natural conditions. Other factors like canopy openness 

could be one of the main drivers for species specific growth response. These higher values of 

canopy openness that were experienced during the experiment could suggest that species were 

less stressed by light and that soil moisture starts having a bigger influence on seedling growth 

under these circumstances. 
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Conclusions 

Overall, our results suggest that tree species with `conservative` functional strategies are likely 

to become more common under increasing drought frequency and intensity in the Luquillo 

Mountains of Puerto Rico. However, understanding the broader implications of our finding will 

require considering the effects of other disturbances, including hurricanes, which may have 

contrasting effects. Furthermore, intraspecific variation in functional traits will influence how the 

seedlings of tropical tree species cope with drought. 
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Appendix 

Table S1: Pairwise Pearson correlation of the 11 traits included in the principal component analysis (PCA). 

  
 

 
Figure S1: Predicted survival (%) for three seedling species across an experimental soil moisture gradient. Solid lines indicate a 
statistically significant effect of soil moisture on survival. Tolerance is represented by the value of soil moisture that corresponds 
to a 50% survival probability, which is indicated as the crossing point between a species predicted survival curve and the 
horizontal dashed line (red) that represent 50% survival probability. Sensitivity is represented by the slope of the relationship of 
survival and soil moisture. 

LeafArea LMA LDMC LeafThicknessMean RootDryMassFraction RootLength RootDepth RootAvgDiam Roottips SRL RTD

LeafArea 1 0.22* 0.36* -0.06 -0.03 0.20* 0.14* 0.03 0.19* -0.27* 0.31*

LMA 0.22* 1 0.67* 0.44* -0.13* 0.37* 0.28* -0.18* 0.37* -0.43* 0.47*

LDMC 0.36* 0.67* 1 0.18* -0.08 0.43* 0.4* -0.18* 0.41* -0.51* 0.63*

LeafThicknessMean -0.06 0.44* 0.18* 1 -0.19* -0.01 -0.01 -0.02 0.02 -0.2* 0.09*

RootDryMassFraction -0.03 -0.13* -0.08 -0.19* 1 0.27* 0.30* 0.10* 0.25* -0.16* 0.14*

RootLength 0.20* 0.37* 0.43* -0.01 0.27* 1 0.69* -0.37* 0.93* -0.17* 0.25*

RootDepth 0.14* 0.29* 0.41* -0.01 0.30* 0.69* 1 -0.17* 0.66* -0.29* 0.31*

RootAvgDiam 0.03 -0.18* -0.18* -0.02 0.10* -0.37* -0.17* 1 -0.39* -0.31* -0.19*

Roottips 0.19* 0.37* 0.41* 0.02 0.25* 0.93* 0.66* -0.39* 1 -0.13* 0.24*

SRL -0.27* -0.43* -0.51* -0.2* -0.16* -0.17* -0.29* -0.31* -0.13* 1 -0.52*

RTD 0.31* 0.47* 0.63* 0.09* 0.14* 0.25* 0.31* -0.19* 0.24* -0.52* 1
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Figure S2: Carbon-13 isotope (13C) values for individuals of 6 experimental species from the lower end (dry) and higher end (wet) 
of the experimental soil moisture gradient. Two species (U. baccifera and C. shreberiana) were not included because of low 
overall survival, especially at the dry end of the gradient. Carbon-13 isotope values serve as an indicator for stomatal 
conductance throughout the lifetime of plants, higher values tend to be correlated with a decreased stomatal conductance. 

 

 
Figure S3. Principal Component Analysis based on only the seven species with woody stems. (A) The relative contribution of each 
variable to Dimension 1 and 2. (B) The distribution of individual seedlings dependent on the included traits and an ellipse that 
encompasses 95 % of species-specific distribution (Oksanen et al. 2019, Kassambara et al. 2020 ). 
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Figure S4: Percentage of surviving seedlings (%) for 8 tropical tree seedling species during the experiment. 

 

 

Figure S5: Leaf and stem traits versus soil moisture. Solid lines indicate a statistically significant relationship (p<0.05) within a 
species. 
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Figure S6: Root traits versus soil moisture. Solid lines indicate a statistically significant relationship (p<0.05) within a species. 

 

Figure S7: Estimated coefficients for the effect of soil moisture on survival (A) and growth (B) based on an experimental soil 
moisture gradient. Solid points indicate estimated coefficients that are significantly different from zero. 

 


