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Functional trait variation among individuals has become a fundamental component to 

understand how populations respond to spatiotemporal variation in the environment. 

Traits respond to varying environmental conditions and can influence ecosystem 

function. Among these functional traits, the elemental composition of living organisms 

(e.g., carbon, nitrogen, and phosphorus) relates and responds to its environment, playing 

fundamental roles in shaping population and community structure, and biogeochemical 

processes. Here we studied how multiple single elemental traits and functional trait 

hypervolumes respond to environmental drivers (e.g. pH, water capacity, habitat size, 

water temperature, and dissolved oxygen). To do this, we sampled populations of pitcher 

plants (Sarracenia purpurea) across a geographical gradient in New Jersey. We found 

that the bogs of New Jersey showed significant variation in environments but that 

environmental drivers were not strong predictors of trait variation. Variance for most 

elemental traits was higher within than among populations. Hypervolume niche size 

varied across populations but also displayed relatively large overlap and short centroid 

distances between populations. We found that environmental drivers influence 
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hypervolume size with larger hypervolumes in sites that display more heterogeneity in 

environmental conditions. We also found larger trait niche overlaps among 

environmentally similar sites. Overall, we found that variation in environmental 

conditions drive changes in functional trait values at the individual and population level 

and thus affected trait diversity and trait hypervolumes of pitcher plants. This study can 

help understand how trait variation may respond to environmental changes and affect the 

structure and functioning of ecological populations. 
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Introduction 

Functional trait approaches have emerged as a fundamental component to understand 

how ecological populations and communities are structured and function (McGill et al., 

2006). Trait-based strategies focus on functional traits, which represent morphological, 

biochemical, phenological, physiological, and behavioral characteristics of individual 

organisms that influence an individual's performance (Nock et al., 2001). These traits also 

play critical roles in determining ecological strategies (i.e., a combination of trait values 

that may be favorable in a given environment), the responses of species to changes in 

their environment, and their effects on ecosystem processes (Díaz et al., 2013). Classical 

ecological approaches have focused on the differences in mean values of species 

functional traits; however, ecologists are increasingly focusing on trait variation within 

species (i.e., variation among individuals) (McGill et al., 2006; Violle et al., 2007, 2014). 

This approach can lead towards a more integrated and mechanistic understanding of the 

processes shaping the identity and abundance of species within ecological communities 

(McGill et al., 2006; Violle et al., 2007; Yeakel et al., 2016).  

           Variation in trait values within species or among groups of species is constrained 

by the role of abiotic and biotic filters that act upon individual organisms through 

selection on their functional traits (McGill et al., 2006; Violle et al., 2007). The identity 

and strength of how the environment acts on functional trait diversity may vary across 

spatial scales and the trait under scrutiny and may induce shifts, expand or reduce the 

possible functional trait diversity of a given population (Kraft et al., 2014; McGill et al., 

2006; Messier et al., 2010, 2017; Vilà-Cabrera et al., 2015; Yeager et al., 2017). For 

example, abiotic drivers such as climate (e.g., temperature and precipitation) vary at 
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broader spatial scales. They can affect trait distribution at regional scales, whereas fine-

scale variation in environmental conditions (e.g., pH, nutrient availability) might become 

more critical at local scales (Messier et al., 2010).  

Recent approaches in trait-based ecology have revisited Hutchinson's 

multidimensional-dimensional concept of the niche (Hutchinson, 1957) to characterize 

the ecological niche using functional traits as major axes of ecological strategy variation 

(Carmona et al., 2016; Kirmer et al., 2008). This multidimensional trait niche quantifies 

the functional diversity and the hypervolume space that is occupied by groups of 

individuals in a local population or in a regional pool of species. This approach has often 

been utilized to study the leaf economics spectrum: the multivariate correlations of 

chemical, structural and physiological traits that constrain plant ecological strategies 

(Díaz et al., 2016; Bruelheide et al., 2018). Although this approach has helped understand 

the ecological and evolutionary processes that shape plant functional diversity across 

environmental gradients (Lamanna et al., 2014), studies addressing intraspecific variation 

on functional traits across spatial scales are still rare. 

Among functional traits, the elemental composition of living organisms (i.e., 

carbon (C), nitrogen (N), phosphorus (P), potassium (K), and sodium (Na)) shapes the 

ecology of living organisms and plays a crucial role in determining ecological processes 

from organismal to population to biogeochemical cycles (Sterner and Elser, 2002; 

Jeyasingh et al., 2014; Carmona et al., 2016; Leal et al., 2017; Meunier et al., 2017; 

González et al., 2017). Despite the growing recognition that a stoichiometric trait (Helsen 

et al., 2020) focus has the potential to enhance our understanding of individual and 

population responses, the patterns and drivers of stoichiometric trait variation and the 
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distribution of these traits across spatial scales are still poorly understood (González et 

al., 2017).  

Here, we aimed to characterize the spatial variability of stoichiometric traits (C, 

N, P, K, Na) of pitcher plants (Sarracenia purpurea) across a geographical gradient. We 

assessed variation in stoichiometric traits to address the following two questions: (1) how 

does elemental trait variation of pitcher plants change across a geographical gradient, and 

(2) how does the functional trait niche of pitcher plants change along environmental 

conditions?  

We hypothesized that the trait variation of populations across the geographical 

(environmental) gradient would reflect the potential of pitcher plants to adjust to local-

scale environmental conditions. We expected that if pitcher plants adjusted to local 

conditions, then they should display variance in their traits across the space and that those 

traits should then be correlated to environmental conditions. Further, if local 

environmental conditions influence the functional trait niche of local populations, we 

expect to find a relationship between the niche volume and critical environmental drivers 

such as pitcher water volume or pH gradients, which have been found essential for 

pitcher plant populations (Hamilton, 2010). We expect more environmentally 

homogeneous bogs to have smaller niches than more heterogeneous bogs. Finally, if the 

functional trait niche responds to the environment, we expected larger hypervolume 

overlaps and shorter hypervolume centroid distances between pitcher plant populations 

(i.e., bogs) under similar environmental conditions.  
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Methods 

Study model: Pitcher plants 

The pitcher plant Sarracenia purpurea is broadly distributed across North America and 

has a range from Canada east of the Rocky Mountains to the eastern part of the United 

States from Maine to Georgia (Schnell, 2002). This pitcher plant is also the most 

common in North America. This perennial plant can live up to fifty years and produces 

about 6–10 new leaves each year; the leaves (that are in the shape of a pitcher) lasting 

about 1–2 years (Karagatzides et al., 2009). The pitchers of these plants fill up with water 

and are often inhabited by an aquatic, detritus-based food web consisting of bacteria, 

protozoa, and macroinvertebrates (Addicott, 1974; Butler et al., 2008). Pitcher plants 

typically obtain nutrients from their prey, but also obtain them through nutrient 

deposition by the precipitation that is collected in their pitchers (Hemond, 1983).  

 

Pitcher plant sampling  

During 2017 we conducted a snapshot survey, sampling eight bog sites located across 

New Jersey (Figure 1). At each bog, we randomly sampled six to ten non-flowering 

medium-sized pitcher plants (4-12 pitchers) that were more than one meter apart in 

distance. We measured the height of the pitcher from the base to the top and diameter of 

the opening (following Gotelli and Ellison, 2006). In addition, we measured in situ 

physical-chemical parameters of the plants, such as water pH, water temperature, 

dissolved oxygen concentration, conductivity on each pitcher before collecting. Once we 

finished collecting morphological and physical-chemical parameters, we carefully 

removed the entire pitcher (and water inside) and put into plastic bags and placed in a 



 5 

 

 

 

cooler for freezing. The samples were taken back to the laboratory and placed in a freezer 

at -20°C for later analysis.  

In the lab, we measured the actual leaf pitcher liquid volume (i.e., a proxy for 

habitat size; hereafter “habitat size”) and maximum water holding capacity of pitcher 

plants (volume in mL). The pitcher water was filtered (following Louca et al., 2017) and 

stored at -20℃ for future chemical analyses (NO3 and PO4). We washed the whole plant 

to remove all accumulated detritus and macroinvertebrates with fine forceps (following 

Buckley et al., 2003).  

 

Elemental analyses 

The chemical composition of pitcher plant tissue was determined for each pitcher within 

plants from all sampled bogs. To characterize the elemental content of pitcher plant 

leaves, we measured carbon and nitrogen content using a CN analyzer (Carlo Erba 

NC2500) at the Cornell University Stable Isotope Laboratory. Total phosphorus 

concentration of leaves was determined through a standard Kjeldahl digestion procedure 

and were analyzed colorimetrically using the ascorbic acid method (American Public 

Health Association, 1985). Sodium and potassium concentrations were determined by 

atomic absorption spectrometry following the methods of (Allen, 1989; Tuininga et al., 

2002). Elemental ratios (e.g., C:N) are expressed in molar ratios. 

 

Data Analyses  

We tested six environmental variables (water capacity, habitat size, water temperature, 

dissolved oxygen, pH, and water conductivity) for their differences among bogs using 
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linear mixed-effects models (LMMs). We used LMMs with site (i.e., bog) as a fixed 

factor and plants and pitchers nested within sites as a random factor. We then ran an 

ANOVA to evaluate the significance of the LMM output. 

We summarized the six environmental variables using a principal component 

analysis (PCA) using the PCA function in the package FactoMineR (Lê et al., 2008), and 

we retained only the most important components (PC1, 2, and 3) for further analysis. 

Environmental variables were log-transformed and scaled before the PCA. We also tested 

for spatial autocorrelation in our data using Mantel tests, but Mantel tests indicated a lack 

of spatial autocorrelation (except for potassium) among sampling sites (p>0.05; 

Supplementary Material, Table S1).  

To evaluate pitcher elemental trait-environment relationships we used linear 

mixed-effects models (LMMs) with the PCA scores of the first, second, and third 

components as environmental predictors. For each elemental trait (e.g., C or N content) 

we run independent models in which we included the first three PCA axes as fixed 

factors while geographical scale was included in the models as a set of hierarchical nested 

random factors (bogs/plants). We could not include pitchers nested within plants in these 

analyses because we did not have enough degrees of freedom with which to estimate 

residual error. To build the models, we used the dredge function of the MuMIn package 

(Barton, 2020) to create a set of models with all combinations of variables. We generated 

12 candidate models for each element using the function lme in the lme4 package (Bates 

et al., 2015) in R. We tested the significance of our candidate models against a null 

model, which did not include the fixed effects, but retained the random effects for the 

LMMs. All models were fitted using maximum likelihood for model comparison. We 



 7 

 

 

 

ranked models based on Akaike’s Information Criterion (AIC), using the AICctab 

function in the bbmle package (Bolker and R Development Core Team, 2020), and 

selected the models with ΔAICc ≤ 2, which were considered equally plausible. Model 

assumptions were assessed using residual diagnostics and quantile-quantile plots. Each 

best model parameters were estimated using restricted maximum likelihood, which 

provides less-biased random-effect variance estimates (Pinheiro and Bates, 2002; Bolker 

et al., 2009). 

To quantify the extent of intraspecific variation of the stoichiometric traits across 

scales (within plants, plants in a bog, and among bogs) we performed a variance 

partitioning analysis. We log-transformed the trait data and performed a nested ANOVA 

using the anovaVCA function in the VCA package (Schuetzenmeister and Florian, 2019). 

For each level, the function first calculates the group means and then compares the 

variance of the group mean to the mean of the next level. 

To explore how the elemental traits of pitcher plants correlate among each other, 

and to collapse traits into fewer dimensions, we performed a principal component 

analysis (PCA) on the traits, using log-transformed and scaled, pitcher trait values. We 

extracted the first three PCA axes to use on the stoichiometric hypervolume analysis. To 

quantify the size, shape, and centroids of the stoichiometric trait space of the different 

pitcher plant populations, we used the hypervolume package (Blonder et al., 2014, 

2018a). This approach uses mathematical algorithms that infer multidimensional volumes 

assuming a Gaussian kernel density estimation and provides hypervolumes expressed by-

product of the axis units, i.e., the fourth power of standard deviations (sd3). Based on 

these estimates, the niche volume reflects the stoichiometric diversity of the population 
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(the stoichiometric traits of plants within a bog) and is represented by the space itself 

(González et al., 2017). For instance, a large niche volume would show high variation 

among the traits found within the population. To test whether niche hypervolumes 

respond to environmental drivers, we used general linear models (GLMs) with the niche 

volume of local populations as the response variable and the degree of variation in 

environmental conditions as predictors. To determine the significance of our models we 

compared them against null models fitted to a constant. The variation in environmental 

conditions was estimated by the standard deviation of any given environmental variable 

within each bog. We also estimated the contribution of each variable (trait) to the total 

hypervolume with the function ‘hypervolume_variable_importance’. The observed shape 

(and hence which trait(s) are driving it) can suggest if an individual has an increased 

allocation of one of the elements or a combination of elements to structural or 

physiological processes (González et al., 2017). For example, spherical niche shapes 

exhibit an equivalent influence of each axis to the overall variance in the stoichiometric 

composition of a species.  

To evaluate the degree of similarity in functional trait niches, we calculated the 

percentage of overlap among niches (i.e., hypervolumes) as the ratio of the niche volumes 

between sites (Villéger et al., 2011; Brandl and Bellwood, 2014) using the hypervolume 

package and the Sørensen index. In addition to the hypervolume overlap, we calculated 

the distance between pairs of centroids, which represents a multidimensional average of 

the cluster of data (i.e., within a bog). Finally, to test whether the niche overlap and 

centroid distance relate to the degree of environmental dissimilarity across bogs we used 

Mantel tests. Larger niche overlaps and shorter centroid distances should indicate a 
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smaller environmental difference between bogs. All statistical analyses and figures in this 

paper were implemented and generated in R ver. 3.6.2 (R Development Core Team, 

2019). 

 

Results 

Environmental Variation Across Sites 

Among the six environmental drivers, five (pH, water temperature, dissolved oxygen, 

water capacity, and habitat size) significantly differed among bogs while only one did not 

(water conductivity) (Supplementary Material Figure S1). The PCA of the environmental 

variables revealed three significant axes of variation, with roughly 72.5% of variation 

explained by PC1, PC2, and PC3 (Figure 2). Along PCA axes, we observed a strong 

correlation between environmental variables. PC1, which comprised of water capacity, 

habitat size, and pH explained 32% of the variation among sites, while PC2 explained 

22% (dissolved oxygen concentration) and PC3 explained 18% (conductivity and water 

temperature) of this variation.  

 

Single Trait–Environment Relationships 

 

Trait variation was significantly explained by environmental drivers. Overall, our results 

show that the candidate models performed better in predicting the pitcher elemental 

contents than the null models, except for Na. We found that the best fitting C model 

(based on AIC selection) included the interaction between PC1 and PC2 (model 9; Table 

3). The variance explained by the fixed effects (marginal r2) of the chosen model was 

6.4 %, while the variance explained by both fixed and random effects (conditional r2) was 
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42.3%. Our analyses showed that there were three candidate models that were based on 

PC2, PC3, and PC1 (models 3, 7, and 5); that best predicted N content. The candidate 

model that included an interaction between PC2 and PC3 was the candidate model 

(model 11) that best predicted P and K content and C:P ratios of pitcher plants (Table 3). 

Na content was predicted by six models, however, none of these models ranked 

significantly better than the null model. The C:N and N:P ratios both had four candidate 

models based on PC2, PC3, and PC1 that best predicted these elemental ratios. The P:K 

ratio was best predicted by three models (2, 5, and 6) that were based on PC2, PC3, and 

PC1, while the K:Na ratio was best predicted by six models. Although most of the 

candidate models selected included the additive or interactive effect of environmental 

characteristics as PCA axes, these were neither strong nor consistent predictors of trait 

variation across populations of Sarracenia purpurea.  

 

Trait Variance Partitioning 

All ten stoichiometric traits showed variation at different ecological scales (Figure 3). 

Most elemental traits (C, C:P, N:P, P:K) showed greater variation at pitcher level, with 

24-58% explained variation found at this scale overall. In contrast, K, Na, and K:Na 

varied more at the plant level, while N, P, and C:N showed larger variation at the bog 

level.  

 

Elemental Trait Correlations 

The PCA of the overall stoichiometric trait space revealed three significant axes of 

variation, with roughly 82% of variation explained by the first three PCA axes (Figure 4). 
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Along PCA axes, we observed a strong trait covariance between P content, C:P ratios 

varying along PC1, which explained about 33.5% of the variance of the trait space. K, 

P:K, and K:Na varied along PC2, explaining almost 33% of the variance of the trait 

space. PC3 explained 15.5% of the variance was comprised of C, N, Na, C:N, N:P (Table 

2, Figure 3). The overall shape of the hypervolume, however, was driven by PC2, which 

correlates to K, P:K, and K:Na. Niche shape was itself was elliptical as K:Na and K 

correlated together and negatively correlated with P:K. The PCA for individual sites 

showed different trait correlations (Supplemental material Figure S2) across sites. The 

key driver in the majority of hypervolume niche across sites was either P or K and K:Na, 

while only one site (BHB) driven by C content. Trait correlations also changed across 

sites, with site HEL showing a positive correlation between C:N and C:P, site WMB 

displaying a negative correlation between P, N, and N:P and them negatively correlated 

with C:P and C:N. Finally, site TP showed a negative correlation between C and P:K. 

The total trait variation explained by the first three PCA axes also changed at the bog 

level and ranged from 78 to 94%.  

 

Trait Functional Space-Environment Relationships 

The results from the stoichiometric trait hypervolume approach showed that the 

stoichiometric space varied among bogs (Figure 5). Site HP had the largest hypervolume 

size, while site WL had the smallest. The analyses looking at the relationship between 

hypervolume size and the variation in environmental predictors showed that there were 

only two environmental variables (water capacity and habitat size) that had a significant 

effect on the trait hypervolume (Table 4, Figure 6). The amount of overlap among trait 
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hypervolumes of pitcher plant populations was variable, ranging from 39 to 76% with 

sites PP-TP having the largest amount of overlap and sites HP-WL having the least 

(Figure 7a). The sites that had the largest centroid distance were HP-PP, while the 

smallest distance between sites was between TP-WMB (Figure 7b). The hypervolume 

overlap was highly correlated to environmental variables with overlap showing a 

significant association with all six environmental drivers (Table 5). The stronger 

correlation was observed between overlap and water capacity (r= 0.626, p < 0.0001). 

Environmental factors had little influence on the centroid distance between bogs as only 

two environmental variables were significantly correlated (water capacity and water 

temperature) to the centroid distances (Table 5).    
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Discussion 

In this study, we quantified the relationships between elemental traits and environmental 

variables, as well as the stoichiometric niche space of pitcher plant populations, 

Sarracenia purpurea, focusing on multiple elemental traits and the stoichiometric trait 

hypervolume approach. We found that within a constrained geographical region, the bogs 

of New Jersey showed significant variation in environmental conditions (e.g. pH, water 

capacity, habitat size, water temperature, and dissolved oxygen). These environmental 

differences translated into changes in functional trait values at the individual and 

population level and thus affected trait diversity and trait hypervolumes of pitcher plants.  

 

Trait variation at different scales and elemental trait correlations 

We found that intraspecific variability accounted for a large proportion of the population 

level variation in leaf elemental traits. Variation in most traits occurred within an 

individual plant (among pitchers) and among plants was greater than the variation found 

among sites. We observed that elemental traits vary in different degrees across the 

geographical gradient, with N:P, C, and C:P being the most variable traits and P and C:N 

being the least variable traits across the geographical gradient. These results are in 

agreement with Isaac et al., (2017) who found that C:N was one of their least variable 

plant root traits. Further, our results do not agree with Sterner and Elser, (2002) and 

Lemmen et al., (2019) who found more variation in P content than in C and N content 

across populations, in contrast, we found more variation in C and N than P content. Large 

variation in C and N contents could be because nitrogen and carbon fluxes within the 

pitcher plants are the basis of the interactions between the plant the aquatic community 
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that inhibits them (Mouquet et al., 2008), and this tends to vary across pitcher plant 

populations (Mouquet et al., 2008). However, N variation could potentially also be 

explained by the presence of nitrogen fixing bacteria inhabiting the pitcher water 

(Prankevicius and Cameron, 2011). Nitrogen fixing species have been seen to display an 

intermediate amount of intraspecific variability of N content (Tautenhahn et al., 2019). 

Our study also showed that elemental traits vary across spatial scales with C content 

being highly variable within plants, N content varying more among plants within bogs, 

while P content varied more among plant populations (i.e., bogs). These results are in 

agreement with studies that found larger trait variation at smaller scales within traits 

because they are more likely to be affected by local factors (Karbstein et al., 2020; 

Messier et al., 2017; Stark et al., 2017). Further, plant functional stoichiometry appears to 

reflect the outcome of individual elements’ changing in concert as a function of 

environmental conditions (Ågren and Weih, 2012). These results support the idea that 

plant stoichiometry is limited by the availability of nutrients, and that particular nutrients 

may limit the uptake of other elements (Güsewell, 2004, Ågren and Weih, 2012). Several 

lines of evidence have shown that although plants have a specific elemental composition, 

there is a high degree of flexibility in their stoichiometry along environmental gradients 

(Güsewell, 2004; Ågren and Weih, 2012; Sardans et al., 2016). Further, previous studies 

have shown that Sarracenia purpurea may be exhibiting higher stoichiometric flexibility 

in responding to environmental changes (Urbina et al., 2015), which is consistent with the 

findings from our study. 
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The trait-environment relationship 

Individual traits and trait hypervolumes varied significantly along the environmental 

gradient, but the magnitude of that variation was highly dependent on the trait. We 

hypothesized that the trait variation of pitcher plant populations across the environmental 

gradient would reflect the potential of pitcher plants to adjust to local-scale 

environmental conditions and display trait variance in response to environmental 

conditions. Although we did find significant effects of environmental variables on pitcher 

plant traits (except for Na), environmental drivers were not strong predictors of trait 

variation. These results contrast with previous findings of trait variation predominantly 

being driven by local environmental factors (Bernhardt‐Römermann et al., 2011; 

Bruelheide et al., 2018; Frances et al., 2020). This could potentially be because of the 

environmental drivers that we focused on. Although the environmental drivers we studied 

have shown to play an important role in pitcher plant biology (Hamilton, 2010; Bazile et 

al., 2015), these might not be the best drivers of pitcher plant elemental content. It might 

have been more informative to look at drivers such as precipitation (Han et al., 2011) or 

water‐dissolved nitrate and phosphate in the bog (Bott et al., 2008) that have shown to 

heavily influence elemental trait variation such as N, P, and K (Sardans and Peñuelas, 

2014). These drivers could be important to include because Sarracenia purpurea can 

acquire diverse nutrients directly from rainfall that collects in its pitchers, from the 

decomposition of the prey (Ellison and Gotelli, 2002) as well as from their roots (Bott et 

al., 2008).  

 

 



 16 

 

 

 

Trait Functional Space-Environment Relationship 

We hypothesized that more homogeneous bogs would display smaller niche sizes than 

more heterogeneous bogs. Bogs that were more similar in their local environments did 

have more similar hypervolume sizes than bogs that were more heterogeneous when 

viewing the results of the general linear models (GLMs). Indeed, functional trait variation 

within populations is most likely to respond to local habitat heterogeneity (Karbstein et 

al., 2020). Multitrait approaches by delineating niche hypervolumes have shown to be 

better descriptors of the overall niche, ecological strategies of populations such as 

plasticity, and adaptations to local environments (Skálová et al., 2012; Blonder et al., 

2018b; Scherrer et al., 2019). We found that the overall niche size was only significantly 

affected by heterogeneity in water capacity and habitat size, which are essential for 

Sarracenia purpurea populations because these plants directly acquire more nutrients 

from rainwater (specifically N)than that from prey, which only accounts for 10% of the 

plant’s nutrient budget (Chapin and Pastor, 1995; Ellison and Gotelli, 2001; Hamilton, 

2010).  A larger niche hypervolume corresponds with larger functional trait diversity, 

which has often been related to water availability (de la Riva et al., 2018; Fyllas et al., 

2020). Water availability is important in pitcher plants as the amount of water in these 

plants directly relates to their ability to obtain nutrients. As Sarracenia purpurea can 

acquire nutrients directly from rainfall that collects in its pitchers, but also water volume 

within pitchers determines the diversity of the food web inhabiting pitcher plants, which 

is directly responsible for nutrient cycling (Ellison and Gotelli, 2002). These findings 

support our results, which highlight the importance of the heterogeneity in environmental 

conditions on the size of the niche hypervolumes. Our results also showed the key role of 
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environmental drivers on the degree of trait niche overlap and centroid distances. These 

findings partially support our predictions on larger hypervolume overlaps between local 

niches under similar environmental conditions, although centroid distances only 

responded to a few environmental drivers. These results are in agreement with previous 

studies showing that plant populations increase niche overlap and decrease centroid 

distances in response to similarity in environmental drivers across space (Mao et al., 

2018). High overlap provides evidence that the ability to capture resources is enhanced 

by convergence on an ‘optimum’ trait value (Mouillot et al., 2007; Mason et al., 2011). 

Further, high degrees of overlap would be expected among populations of Sarracenia 

purpurea sharing similarities in the resource quality they have access to (Jeyasingh et al., 

2014).  

Broadly, this study demonstrates the importance of small-scale environmental 

conditions in driving within and across population functional trait variation. Our results 

indicate that within-population trait variation can represent a large component of the 

observed trait variation and can be driven in part by local environmental drivers. Our 

findings also highlight that together with shifts in mean trait values, approaches that 

involve multiple traits and that characterize niche hypervolumes in relationship to 

environmental drivers, help representing a more integrated view of plant phenotypic 

variation and ecological strategies, and may be key to understand the response of plants 

to changes in environmental conditions.  

 

 

 

 



 18 

 

 

 

References 

 

Addicott, J.F. (1974). Predation and Prey Community Structure: An Experimental Study 

of the Effect of Mosquito Larvae on the Protozoan Communities of Pitcher Plants. 

Ecology 55, 475–492. 

Ågren, G.I., and Weih, M. (2012). Plant stoichiometry at different scales: element 

concentration patterns reflect environment more than genotype. New Phytologist 194, 

944–952. 

Allen, S.E. (Stewart E. (1989). Chemical analysis of ecological materials (Blackwell 

Scientific Publications). 

American Public Health Association, Greenberg, A.E., Trussell, R.R., Clesceri, L.S., 

Franson, M.A.H., Association, A.W.W., and Federation, W.P.C. (1985). Standard 

methods for the examination of water and wastewater (Washington, D.C. : American 

Public Health Association). 

Barton, K. (2020). MuMIn: Multi‐model inference. Version 1.43.17. 

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting Linear Mixed-Effects 

Models Using lme4. Journal of Statistical Software 67, 1–48. 

Bazile, V., Le Moguédec, G., Marshall, D.J., and Gaume, L. (2015). Fluid physico-

chemical properties influence capture and diet in Nepenthes pitcher plants. Ann Bot 115, 

705–716. 

Bernhardt‐Römermann, M., Gray, A., Vanbergen, A.J., Bergès, L., Bohner, A., Brooker, 

R.W., Bruyn, L.D., Cinti, B.D., Dirnböck, T., Grandin, U., et al. (2011). Functional traits 

and local environment predict vegetation responses to disturbance: a pan-European multi-

site experiment. Journal of Ecology 99, 777–787. 

Blonder, B., Lamanna, C., Violle, C., and Enquist, B.J. (2014). The n-dimensional 

hypervolume. Global Ecology and Biogeography 23, 595–609. 

Blonder, B., Morrow, C.B., Maitner, B., Harris, D.J., Lamanna, C., Violle, C., Enquist, 

B.J., and Kerkhoff, A.J. (2018a). New approaches for delineating n-dimensional 

hypervolumes. Methods in Ecology and Evolution 9, 305–319. 

Blonder, B., Kapas, R.E., Dalton, R.M., Graae, B.J., Heiling, J.M., and Opedal, Ø.H. 

(2018b). Microenvironment and functional-trait context dependence predict alpine plant 

community dynamics. Journal of Ecology 106, 1323–1337. 

Bolker, B., and R Development Core Team (2020). bbmle: Tools for general maximum 

likelihood estimation. 



 19 

 

 

 

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H., 

and White, J.-S.S. (2009). Generalized linear mixed models: a practical guide for ecology 

and evolution. Trends in Ecology & Evolution 24, 127–135. 

Bott, T., Meyer, G.A., and Young, E.B. (2008). Nutrient limitation and morphological 

plasticity of the carnivorous pitcher plant Sarracenia purpurea in contrasting wetland 

environments. New Phytologist 180, 631–641. 

Brandl, and Bellwood (2014). Individual‐based analyses reveal limited functional overlap 

in a coral reef fish community. Journal of Animal Ecology 83, 661–670. 

Bruelheide, H., Dengler, J., Purschke, O., Lenoir, J., Jiménez-Alfaro, B., Hennekens, 

S.M., Botta-Dukát, Z., Chytrý, M., Field, R., Jansen, F., et al. (2018). Global trait–

environment relationships of plant communities. Nature Ecology & Evolution 2, 1906–

1917. 

Buckley, H.L., Miller, T.E., Ellison, A.M., and Gotelli, N.J. (2003). Reverse latitudinal 

trends in species richness of pitcher-plant food webs. Ecology Letters 6, 825–829. 

Butler, J.L., Gotelli, N.J., and Ellison, A.M. (2008). Linking the Brown and Green: 

Nutrient Transformation and Fate in the Sarracenia Microecosystem. Ecology 89, 898–

904. 

Carmona, C.P., Bello, F. de, Mason, N.W.H., and Lepš, J. (2016). Traits Without 

Borders: Integrating Functional Diversity Across Scales. Trends in Ecology & Evolution 

31, 382–394. 

Chapin, C.T., and Pastor, J. (1995). Nutrient limitations in the northern pitcher plant 

Sarracenia purpurea. Can. J. Bot. 73, 728–734. 

Díaz, S., Purvis, A., Cornelissen, J.H.C., Mace, G.M., Donoghue, M.J., Ewers, R.M., 

Jordano, P., and Pearse, W.D. (2013). Functional traits, the phylogeny of function, and 

ecosystem service vulnerability. Ecol Evol 3, 2958–2975. 

Díaz, S., Kattge, J., Cornelissen, J.H.C., Wright, I.J., Lavorel, S., Dray, S., Reu, B., 

Kleyer, M., Wirth, C., Prentice, I.C., et al. (2016). The global spectrum of plant form and 

function. Nature; London 529, 167-171L. 

Ellison, A.M., and Gotelli, N.J. (2001). Evolutionary ecology of carnivorous plants. 

Trends in Ecology & Evolution 16, 623–629. 

Ellison, A.M., and Gotelli, N.J. (2002). Nitrogen availability alters the expression of 

carnivory in the northern pitcher plant, Sarracenia purpurea. PNAS 99, 4409–4412. 

Frances, D.N., Barber, A.J., and Tucker, C.M. (2020). Trait-environment relationships 

are predictive, but not general across species. BioRxiv 2020.01.13.904698. 



 20 

 

 

 

Fyllas, N.M., Michelaki, C., Galanidis, A., Evangelou, E., Zaragoza-Castells, J., 

Dimitrakopoulos, P.G., Tsadilas, C., Arianoutsou, M., and Lloyd, J. (2020). Functional 

Trait Variation Among and Within Species and Plant Functional Types in Mountainous 

Mediterranean Forests. Front. Plant Sci. 11. 

González, A.L., Dézerald, O., Marquet, P.A., Romero, G.Q., and Srivastava, D.S. (2017). 

The Multidimensional Stoichiometric Niche. Front. Ecol. Evol. 5. 

Gotelli, N.J., and Ellison, A.M. (2006). Food-Web Models Predict Species Abundances 

in Response to Habitat Change. PLOS Biology 4, e324. 

Güsewell, S. (2004). N : P ratios in terrestrial plants: variation and functional 

significance. New Phytologist 164, 243–266. 

Hamilton, R.I. (2010). Observations of Pitcher Plant (Sarracenia purpurea L.) Phytotelm 

Conditions from Two Populations in Jackson Bog, Stark County, OH. Ohio Journal of 

Science 110, 98–103. 

Han, W.X., Fang, J.Y., Reich, P.B., Woodward, F.I., and Wang, Z.H. (2011). 

Biogeography and variability of eleven mineral elements in plant leaves across gradients 

of climate, soil and plant functional type in China. Ecology Letters 14, 788–796. 

Helsen, K., Cleemput, E.V., Bassi, L., Graae, B.J., Somers, B., Blonder, B., and Honnay, 

O. (2020). Inter- and intraspecific trait variation shape multidimensional trait overlap 

between two plant invaders and the invaded communities. Oikos 129, 677–688. 

Hemond, H.F. (1983). The Nitrogen Budget of Thoreau’s Bog. Ecology 64, 99–109. 

Hutchinson, G.E. (1957). Concluding Remarks. Cold Spring Harbor Symposia on 

Quantitative Biology 22, 415–427. 

Isaac, M.E., Martin, A.R., de Melo Virginio Filho, E., Rapidel, B., Roupsard, O., and 

Van den Meersche, K. (2017). Intraspecific Trait Variation and Coordination: Root and 

Leaf Economics Spectra in Coffee across Environmental Gradients. Front. Plant Sci. 8. 

Jeyasingh, P.D., Cothran, R.D., and Tobler, M. (2014). Testing the ecological 

consequences of evolutionary change using elements. Ecol Evol 4, 528–538. 

Karagatzides, J.D., Butler, J.L., and Ellison, A.M. (2009). The Pitcher Plant Sarracenia 

purpurea Can Directly Acquire Organic Nitrogen and Short-Circuit the Inorganic 

Nitrogen Cycle. PLOS ONE 4, e6164. 

Karbstein, K., Prinz, K., Hellwig, F., and Römermann, C. (2020). Plant intraspecific 

functional trait variation is related to within-habitat heterogeneity and genetic diversity in 

Trifolium montanum L. Ecology and Evolution n/a. 

Kirmer, A., Tischew, S., Ozinga, W.A., Von Lampe, M., Baasch, A., and Van 

Groenendael, J.M. (2008). Importance of regional species pools and functional traits in 



 21 

 

 

 

colonization processes: predicting re-colonization after large-scale destruction of 

ecosystems. Journal of Applied Ecology 45, 1523–1530. 

Kraft, N.J.B., Crutsinger, G.M., Forrestel, E.J., and Emery, N.C. (2014). Functional trait 

differences and the outcome of community assembly: an experimental test with vernal 

pool annual plants. Oikos 123, 1391–1399. 

Lamanna, C., Blonder, B., Violle, C., Kraft, N.J.B., Sandel, B., Šímová, I., Donoghue, 

J.C., Svenning, J.-C., McGill, B.J., Boyle, B., et al. (2014). Functional trait space and the 

latitudinal diversity gradient. PNAS 111, 13745–13750. 

Lê, S., Josse, J., and Husson, F. (2008). FactoMineR: An R Package for Multivariate 

Analysis. Journal of Statistical Software 25. 

Leal, M.C., Seehausen, O., and Matthews, B. (2017). The Ecology and Evolution of 

Stoichiometric Phenotypes. Trends in Ecology & Evolution 32, 108–117. 

Lemmen, K.D., Butler, O.M., Koffel, T., Rudman, S.M., and Symons, C.C. (2019). 

Stoichiometric Traits Vary Widely Within Species: A Meta-Analysis of Common Garden 

Experiments. Front. Ecol. Evol. 7. 

Louca, S., Jacques, S.M.S., Pires, A.P.F., Leal, J.S., González, A.L., Doebeli, M., and 

Farjalla, V.F. (2017). Functional structure of the bromeliad tank microbiome is strongly 

shaped by local geochemical conditions. Environ. Microbiol. 19, 3132–3151. 

Mao, W., Zhao, X., Sun, Z., Felton, A.J., Zhang, T., Li, Y., and Smith, M.D. (2018). 

Limiting similarity mediates plant community niche hypervolume across a desert-steppe 

ecotone of Inner Mongolia. Environmental and Experimental Botany 153, 320–326. 

Mason, N.W.H., Bello, F. de, Doležal, J., and Lepš, J. (2011). Niche overlap reveals the 

effects of competition, disturbance and contrasting assembly processes in experimental 

grassland communities. Journal of Ecology 99, 788–796. 

McGill, B., Enquist, B., Weiher, E., and Westoby, M. (2006). Rebuilding Community 

Ecology from Functional Traits. Trends in Ecology & Evolution 21, 178–185. 

Messier, J., McGill, B.J., and Lechowicz, M.J. (2010). How do traits vary across 

ecological scales? A case for trait-based ecology. Ecology Letters 13, 838–848. 

Messier, J., McGill, B.J., Enquist, B.J., and Lechowicz, M.J. (2017). Trait variation and 

integration across scales: is the leaf economic spectrum present at local scales? 

Ecography 40, 685–697. 

Meunier, C.L., Boersma, M., El-Sabaawi, R., Halvorson, H.M., Herstoff, E.M., Waal, V. 

de, B, D., Vogt, R.J., and Litchman, E. (2017). From Elements to Function: Toward 

Unifying Ecological Stoichiometry and Trait-Based Ecology. Front. Environ. Sci. 5. 



 22 

 

 

 

Mouillot, D., Mason, N., and Wilson, J. (2007). Is the abundance of species within local 

communities determined by their functional characters? Oecologia 152, 729–737. 

Mouquet, N., Daufresne, T., Gray, S.M., and Miller, T.E. (2008). Modelling the 

relationship between a pitcher plant (Sarracenia purpurea) and its phytotelma community: 

mutualism or parasitism? Functional Ecology 22, 728–737. 

Nock, C.A., Vogt, R.J., and Beisner, B.E. (2001). Functional Traits. In ELS, (John Wiley 

& Sons, Ltd), p. 

Pinheiro, J., and Bates, D. (2002). Mixed-Effect Models in S and S-plus. 

Prankevicius, A., and Cameron, D. (2011). Bacterial Dinitrogen Fixation in the Leaf of 

the Northern Pitcher Plant (Sarracenia-Purpurea). Canadian Journal of Botany 69, 2296–

2298. 

R Development Core Team (2019). R: A Language and Environment for Statistical 

Computing. 

de la Riva, E.G., Violle, C., Pérez-Ramos, I.M., Marañón, T., Navarro-Fernández, C.M., 

Olmo, M., and Villar, R. (2018). A Multidimensional Functional Trait Approach Reveals 

the Imprint of Environmental Stress in Mediterranean Woody Communities. Ecosystems 

21, 248–262. 

Sardans, J., and Peñuelas, J. (2014). Climate and taxonomy underlie different elemental 

concentrations and stoichiometries of forest species: the optimum “biogeochemical 

niche.” Plant Ecol 215, 441–455. 

Sardans, J., Alonso, R., Carnicer, J., Fernández-Martínez, M., Vivanco, M.G., and 

Peñuelas, J. (2016). Factors influencing the foliar elemental composition and 

stoichiometry in forest trees in Spain. Perspectives in Plant Ecology, Evolution and 

Systematics 18, 52–69. 

Scherrer, D., Mod, H.K., Pottier, J., Litsios‐Dubuis, A., Pellissier, L., Vittoz, P., 

Götzenberger, L., Zobel, M., and Guisan, A. (2019). Disentangling the processes driving 

plant assemblages in mountain grasslands across spatial scales and environmental 

gradients. Journal of Ecology 107, 265–278. 

Schnell, D.E. (2002). Carnivorous Plants of the United States and Canada (Timber Press). 

Schuetzenmeister, A., and Florian, D. (2019). Variance Component Analysis: Package 

‘VCA.’ 

Skálová, H., Havlícková, V., and Pysek, P. (2012). Seedling traits, plasticity and local 

differentiation as strategies of invasive species of Impatiens in central Europe. Ann. Bot. 

110, 1429–1438. 



 23 

 

 

 

Stark, J., Lehman, R., Crawford, L., Enquist, B.J., and Blonder, B. (2017). Does 

environmental heterogeneity drive functional trait variation? A test in montane and alpine 

meadows. Oikos 126, 1650–1659. 

Sterner, R., and Elser, J.J. (2002). Ecological Stoichiometry: The Biology of Elements 

From Molecules to The Biosphere. p. 439. 

Tautenhahn, S., Grün-Wenzel, C., Jung, M., Higgins, S., and Römermann, C. (2019). On 

the relevance of intraspecific trait variability—A synthesis of 56 dry grassland sites 

across Europe. Flora 254, 161–172. 

Tuininga, A.R., Dighton, J., and Gray, D.M. (2002). Burning, watering, litter quality and 

time effects on N, P, and K uptake by pitch pine (Pinusrigida) seedlings in a greenhouse 

study. Soil Biology and Biochemistry 34, 865–873. 

Vilà-Cabrera, A., Martínez-Vilalta, J., and Retana, J. (2015). Functional trait variation 

along environmental gradients in temperate and Mediterranean trees. Global Ecology and 

Biogeography 24, 1377–1389. 

Villéger, S., Novack-Gottshall, P.M., and Mouillot, D. (2011). The multidimensionality 

of the niche reveals functional diversity changes in benthic marine biotas across 

geological time. Ecology Letters 14, 561–568. 

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., and Garnier, E. 

(2007). Let the concept of trait be functional! Oikos. Oikos 116, 882–892. 

Violle, C., Reich, P.B., Pacala, S.W., Enquist, B.J., and Kattge, J. (2014). The emergence 

and promise of functional biogeography. PNAS 111, 13690–13696. 

Yeager, L.A., Deith, M.C.M., McPherson, J.M., Williams, I.D., and Baum, J.K. (2017). 

Scale dependence of environmental controls on the functional diversity of coral reef fish 

communities. Global Ecol Biogeogr 26, 1177–1189. 

Yeakel, J.D., Bhat, U., Smith, E., A, E., and Newsome, S.D. (2016). Exploring the 

Isotopic Niche: Isotopic Variance, Physiological Incorporation, and the Temporal 

Dynamics of Foraging. Front. Ecol. Evol. 4. 

 

 

 

 

 

 

 

 

 

 


