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ABSTRACT 

 
Determining the mechanisms that shape biodiversity is a central question in ecology and 

evolutionary biology. Presumably, environmental challenges exert important influences on 

organismal growth and survival, leading to diverse ecological strategies. One such challenge that 

terrestrial plants face is how to gain carbon for photosynthesis without losing too much water. 

This challenge arises from the fact that as carbon dioxide (CO2) diffuses into leaves, water vapor 

simultaneously diffuses out, resulting in a tradeoff between leaf-level carbon gain and water loss. 

The need to maximize carbon gain while minimizing water loss has long been presumed to drive 

the evolution of diverse strategies by which plants adapt to variable environments. In this 

dissertation, I explore the macroevolution and ecological consequences of variation in plant 

physiological strategies, with a focus on leaf-level carbon and water exchange. In the first 

chapter, I introduce the concept of ‘integrated metabolic strategy’ (IMS) to describe the ratio 

between leaf carbon isotope composition (d13C) and oxygen isotope composition above source 

water (D18O). IMS is a novel way of representing leaf carbon-water tradeoffs that are integrated 

over the lifespan of a leaf, thus avoiding problematic comparisons between instantaneous point 

measurements of metabolic fluctuations. I tested how metabolic strategies evolve among closely 

related yet ecologically diverse milkweed species, and subsequently addressed phenotypic 

plasticity in response to water availability in species with divergent strategies. In the second 



 

 

chapter, I asked whether metabolic strategies vary among co-occurring species in a successional 

old field community in Ithaca, NY. I found considerable variation in d13C, D18O, and IMS values 

among 18 perennial angiosperm species. Changes in species abundance over two years suggested 

that temporal variation in water availability (i.e., inter-annual precipitation) may be an important 

mechanism structuring functional diversity and species composition in this community. In the 

third chapter, I formally tested the hypothesis that inter-annual variation in growing season 

precipitation promotes metabolic diversity among old field Asteraceae species. Through the use 

of rainout shelters, I subjected the community to five water treatments to simulate the range of 

growing season water availabilities based on the long-term average in the region. Species 

differentially responded to variation in growing season water availability and, importantly, how 

they responded could be explained by differences in metabolism. Water-conservative species 

grew best in the dry treatments and had their minimal growth in wet treatments. Carbon-

acquisitive species displayed the opposite pattern, with maximal growth in wet treatments and 

steep declines in dry treatments. Metabolic differences among co-occurring species may help 

explain temporal variation in growth, and could provide an underlying physiological mechanism 

for long-term dynamics that promote biodiversity. In the fourth chapter, I assessed the relative 

roles of phylogenetic history and environment on patterns of leaf δ13C and nitrogen stable 

isotope ratios (δ15N) as integrators of physiological processes in a diverse group of Ericaceae 

species native to North America. The signal of phylogeny was generally stronger than that of the 

local environment, suggesting that close relatives have similar physiological strategies across this 

plant family. Examining ecological and evolutionary patterns of leaf stable isotopes across plant 

clades and within communities illustrates a previously under-appreciated role of metabolism for 

species distributions and community diversity. 
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CHAPTER ONE 

Integrated metabolic strategy: A mechanistic framework for predicting carbon-

water tradeoffs within plant clades1 
 

Abstract 

The fundamental tradeoff between carbon gain and water loss has long been predicted as an 

evolutionary driver of plant strategies across environments. Nonetheless, challenges in 

measuring carbon gain and water loss in ways that integrate over leaf lifetime have limited our 

understanding of the variation in and mechanistic bases of this tradeoff. Furthermore, the 

microevolution of plant traits within species versus the macroevolution of strategies among 

closely related species may not be the same, and accordingly, the latter must be addressed using 

comparative phylogenetic analyses. Here we introduce the concept of ‘integrated metabolic 

strategy’ (IMS) to describe the ratio between carbon isotope composition (d13C) and oxygen 

isotope composition above source water (D18O) of leaf cellulose. IMS is a measure of leaf-level 

conditions that integrate several mechanisms contributing to carbon gain (d13C) and water loss 

(D18O) over leaf lifespan, with larger values reflecting higher metabolic efficiency and hence less 

of a tradeoff. We tested how IMS evolves among closely related yet ecologically diverse 

milkweed species, and subsequently addressed phenotypic plasticity in response to water 

availability in species with divergent IMS. IMS varied strongly among 20 Asclepias species 

when grown under controlled conditions, and phylogenetic analyses demonstrate species-specific 

                                                
1 Goud, E.M., Sparks, J.P., Fishbein, M., and Agrawal, A.A. (2019) Integrated metabolic 
strategy: a mechanistic framework for predicting the evolution of carbon-water tradeoffs within 
plant clades. Journal of Ecology 107(4): 1-12. 
	



 

2 

tradeoffs between carbon gain and water loss. Larger IMS values were associated with species 

from dry habitats, with larger carboxylation capacity, smaller stomatal conductance and smaller 

leaves; smaller IMS was associated with wet habitats, smaller carboxylation capacity, larger 

stomatal conductance and larger leaves. The evolution of IMS was dominated by changes in 

species’ demand for carbon (d13C) more so than water conservation (D18O). Although some 

individual physiological traits showed phylogenetic signal, IMS did not. In response to 

experimental decreases in soil moisture, three species maintained similar IMS across levels of 

water availability because of proportional increases in d13C and D18O (or little change in either), 

while one species increased IMS due to disproportional changes in d13C relative to D18O. IMS is 

a broadly applicable mechanistic tool; IMS variation among and within species may shed light 

on unresolved questions relating to evolution and ecology of plant ecophysiological strategies. 
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Introduction 

The need to maximize carbon gain while minimizing water loss has long been presumed to drive 

the evolution of diverse strategies by which plants adapt to variable environments (Monson & 

Ehleringer 1993; Sage 2004). Such strategies include succulence and alternative photosynthetic 

pathways (e.g., CAM) that are evolutionarily convergent, coarse-grained metabolic solutions to 

the carbon-water dilemma. While closely related species typically share a defined coarse-grained 

strategy, more fine-grained solutions to balance carbon gain and water loss may be expressed via 

differences in traits, such as stomata, that affect the exchange rates of both carbon dioxide (CO2) 

and water vapor (Farquhar & Sharkey 1982; O'Leary 1988).  Additionally, the leaf’s boundary 

layer, internal resistance to gaseous diffusion, and enzymatic activity driving CO2 consumption 

contribute substantially to carbon and water flux, and are likely a concerted part of an overall 

plant strategy to manage the tradeoff between these two fluxes.  

For decades, the tradeoff between carbon acquisition and water loss has been measured as 

the ratio of photosynthetic carbon gain to transpirational water loss, typically measured 

instantaneously and described as “water-use efficiency” (Osmond, Bjorkman & Anderson 1980; 

Keenan et al. 2013). Indeed, how this tradeoff varies among species and along environmental 

gradients is central to our understanding of plant ecology (Pugnaire & Valladares 1999; 

Lambers, Chapin & Pons 2008). Though empirical measures of this ratio are much more 

informative when integrated over longer periods of time, the measurements of long-term carbon 

gain and water loss are challenging.  At the leaf level, photosynthetic carbon gain over time is 

driven by the average difference in leaf internal and air external CO2 concentrations (ci/ca), 

which is influenced by the metabolic demand for CO2 and the supply of CO2 via diffusion 

through the stomata and leaf boundary layer. Similarly, water loss over time is defined by the 
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average difference in leaf internal and air external water vapor concentrations (ea/ei) where ei 

varies with temperature and ea varies with relative humidity (Caemmerer & Farquhar 1981; 

Farquhar & Sharkey 1982; Anyia 2004). As such, traditional measures of instantaneous leaf gas 

exchange of CO2 and water vapor fail to account for continuous variation in light, humidity and 

air temperature, and thus may inaccurately reflect long-term carbon gain and water loss at the 

leaf level (Seibt et al. 2008).  

Another approach is to use proxies (e.g., specific leaf area) to describe carbon and water 

exchange over a leaf’s lifetime. Such measures are based on assumed relationships between traits 

and gas exchange (Wright et al. 2004; 2005) that may be inconsistent among closely-related 

species (Edwards et al. 2014; Mason & Donovan 2015), because leaf traits have multiple 

functions in addition to carbon gain and water regulation. A third approach has been to use the 

carbon stable isotope composition (d13C) of leaf material as a proxy for water-use efficiency 

(Seibt et al. 2008). During carbon fixation, the Rubisco enzyme discriminates against the heavier 

13C-CO2; when CO2 is abundant (larger ci/ca), more discrimination results in tissues that are 

relatively depleted in 13C. Thus, d13C reflects a measure of CO2 supply and demand that 

integrates over the lifespan of the leaf and is proportional to ci/ca (Farquhar, Ehleringer & Hubick 

1989). However, d13C cannot distinguish the individual influences of carboxylation rate and 

stomatal conductance (Ehleringer 1993). 

An alternate methodology that has been applied recently is to integrate leaf carbon-water 

relations over time through the separate, concerted use of carbon and oxygen stable isotopes 

(Scheidegger et al. 2000; Grams et al. 2007; Roden & Farquhar 2012). The oxygen in cellulose 

comes from water, and the stable isotope composition (δ18O) of leaf cellulose is influenced by 

both source and leaf water δ18O. Source water δ18O varies with temperature and evaporation, 
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while leaf water δ18O primarily varies with evaporative enrichment during transpirational water 

loss, as well as leaf temperature, the degree of mixing between source and leaf waters within the 

plant, and the degree of isotopic exchange between organic molecules and water (Roden & 

Ehleringer 2000; Barbour et al. 2004). When calculated as an enrichment above source water 

(D18O = δ18Ocellulose - δ18Osource), D18O reflects the evaporative environment at the time of 

cellulose production and is inversely proportional to ea/ei (Farquhar, Cernusak & Barnes 2007; 

Roden & Farquhar 2012). Although not a direct measure of fluxes, the relationship between d13C 

and D18O of cellulose represents an endpoint integration of the tradeoff between carbon gain and 

water loss over the lifetime of a leaf. 

 

Integrated metabolic strategy 

Here, we introduce the concept of integrated metabolic strategy (IMS) to describe the 

relationship between carbon metabolism and leaf evaporative conditions using d13C and D18O of 

leaf cellulose. There have been many attempts to describe the relationship between carbon gain 

and water loss, the most prominent being ‘water-use efficiency’. Additionally, ‘metabolic set 

point’ has been used to describe long term ci/ca, similar to basal metabolism in animals 

(Ehleringer 1993). We purposefully don’t redefine these terms in order to avoid confusion. 

Rather, we use the term ‘integrated metabolic strategy’ because it is a readily accessible and 

general term to describe a strategy to manage the tradeoff between carbon and water fluxes at the 

leaf-level.  

The relationship between d13C and D18O can be visualized by plotting these two variables 

in dual-isotope space (Figure 1.1A), providing a representation of integrated carbon metabolic 

set point and the evaporative state of the water used to form cellulose. As such, it is a gross 
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representation of the carbon for water tradeoff. Because the relationship between d13C and ci/ca is 

positive and the relationship between D18O and ea/ei is negative (at least over the range of values 

of interest), it is convenient to rescale the denominator in order to 1) make all values positive, 

and 2) distort the values as little as possible without generating ratios larger than one. For our 

dataset, D18O  was subtracted from a constant of 100, and we define IMS as the following ratio: 

 

Increasing IMS values correspond to increases in leaf-level metabolic efficiency (i.e., a 

higher metabolic carbon set point per unit of increasing evaporative condition in leaves; Figure 

1.1B). We take the absolute value of d13C as the numerator to represent the general, positive 

relationship between d13C and ci/ca. In this dataset, IMS values range between 0 and 1, with 1 

representing plants with the largest carbon set point at a minimum of evaporative water loss. 

Importantly, similar IMS values can be achieved by plants that differ in magnitudes of carbon 

metabolic set point and evaporative environment, if they have a similar ratio between the two. 

For example, species B and C (Figure 1.1A) differ in d13C and D18O values, yet reach similar 

metabolic strategies because they exchange carbon and water in approximately the same 2/5 

ratio. In contrast, plants differ in IMS when the ratio between these fluxes differ (species A and 

D, Figure 1.1B). We predict, then, that when responding to a driving force (e.g., water 

availability), plants with fixed IMS may differentially adjust anatomy and/or physiology, but 

d13C and D18O will vary proportionally (e.g., movement between points C and B, Figure 1.1A). 

Alternatively, if IMS is phenotypically plastic, we expect changes in d13C and D18O to result in a 

change in IMS (e.g., movement between points A and B, A and C, or A and D, Figure 1.1A).  

  

!"# = |d&'C|
100 − D&,O 	
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Figure 1.1: Conceptual model for variation in (A) leaf-level d13C and D18O and (B) associated 

IMS values for different hypothetical plant species or individuals.  
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Our introduction of IMS builds on previous work that has considered d13C and D18O 

separately in greenhouse (Barbour et al. 2004) and field settings (Ehleringer, Phillips & 

Comstock 1992; Sparks & Ehleringer 1997; Cernusak, Farquhar & Pate 2005). Examining the 

relationship between d13C and D18O in dual isotope space has been used to differentiate 

photosynthetic and stomatal responses to changing environmental conditions, such as 

precipitation and temperature, primarily in the context of improving paleoclimate models 

(Offermann et al. 2011; Roden & Farquhar 2012). Field measurements have been used to relate 

variation in d13C and D18O to variation in environmental water availability due to, for example, 

gradients in precipitation and topography (Moreno Gutiérrez et al. 2012; Flanagan & Farquhar 

2014; Prieto et al. 2017). However, unlike previous work, we convert the relationship between 

d13C and D18O to an index (IMS) that provides a single measure of the relationship between 

carbon set point and water availability.  

 

Evolution of metabolic strategies  

To evaluate the evolution of IMS, we combine common garden and experimental water 

manipulations across species spanning the range of ecological diversity within the milkweed 

genus Asclepias (Apocynaceae) (Figure 1.2). Asclepias includes about 140 New World, mostly 

herbaceous, perennial plants that display remarkable variation in morphology and habitat 

affiliations (Figure 1.3). Many species live in desert and arid environments of the southwestern 

United States. Others occupy more mesic environments, such as grasslands and forests, while 

still others are restricted to wetlands, such as marshes and swamps (Woodson 1954). To test for 

intrinsic, species-specific variation in metabolic strategies, we selected 20 taxa (19 species plus 

one subspecies), representing each major clade in Asclepias (Fishbein et al. 2011; 2018) that 
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vary in leaf morphology (e.g., leaf size and thickness; Figure 1.3), and that naturally occur in 

habitats that differ substantially in water availability. Specifically, we asked the following 

questions: (1) Does IMS differ among closely related, yet ecologically diverse species under 

common garden conditions? (2) Can leaf traits, physiological measures, and evolutionary history 

be used to predict IMS?  

 To evaluate whether variation in soil water availability would impact IMS of individual 

plants (i.e., phenotypic plasticity), we selected four of the 20 taxa to grow under experimental 

water treatments. These four species represented opposite ends of IMS and morphological 

variation within the genus; two species with the largest IMS values and small, thick leaves, and 

two species with the smallest IMS values and large, thin leaves. Additionally, these four species 

included a dryland and a wetland-specialist, and two ecologically broad species. Thus, our final 

question was, (3) How does a gradient of soil moisture impact IMS? We hypothesized that 

dryland-adapted species would have larger IMS values, indicating a more water conservative 

strategy (Figure 1.1B), relative to wetland-adapted species. We further hypothesized an 

association of higher IMS with smaller leaves, lower rates of stomatal conductance, and larger 

rates of carboxylation. 
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Methods 

 

Plant Growth  

In May 2016, seeds from 20 Asclepias species (Figure 1.2, wild collected or purchased from 

native plant suppliers), were germinated by moistening and stratifying at 4°C for at least 10 days 

and then at 28°C for 3 days. Seedlings were planted in Metro Mix soil (Scotts-Sierra, Marysville, 

OH, USA) in 500 ml plastic pots. Plants were grown for 6 weeks in a walk-in growth chamber 

(Conviron CMP 6050) that was maintained at 26°C (14 hour day) and 24°C (10 hour night) with 

an average relative humidity of 50%. Plants were monitored daily and soil water contents were 

maintained at field capacity. Volumetric water content (VWC) at field capacity was determined 

by saturating a 500 ml pot of soil with water, sealing the top with parafilm, and allowing all 

excess water to drain via gravity for 48 hours. At this point, the soil was at field capacity 

(Colman 1947) and soil volumetric water content was measured using a HydroSense II soil-

water sensor (Campbell Scientific, Logan, UT). The water content of the soil at field capacity 

was approximately 30%. 

 

Experimental Water Treatments 

In May 2018, we selected four species based on their 2016 IMS values: A. curassavica (Figure 

1.3A), A. incarnata (Figure 1.3B), A. pumila (Figure 1.3D) and A. verticillata (Figure 1.3E). 

These species were selected because they represent opposite ends of IMS variation that also 

coincide with differences in  leaf morphology, and because these species are in the same clade 

(Figure 1.2) (Fishbein et al. 2011; 2018). Asclepias curassavica and A. incarnata represent the 

smallest IMS values and have large, thin leaves (Figure 1.3A-B). Asclepias curassavica is an 
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ecologically widespread tropical and subtropical species while A. incarnata is restricted to 

temperate wetlands. Asclepias pumila and A. verticillata represent the largest IMS values and 

have small, thick leaves (Figure 1.3D-E). Asclepias pumila occurs in temperate short-grass 

prairie in the Great Plains, while A. verticillata occurs in temperate grasslands and forest 

openings across the eastern and midwestern United States and southernmost Canada (Woodson 

1954). 

We grew individuals of A. curassavica, A. incarnata, A. pumila and A. verticillata in 

conditions identical to 2016 (pot size, growth medium, chamber conditions), but under three 

different watering regimes relative to field capacity (measured as 30% VWC, as described 

above): dry (one-third field capacity, approximately 10% VWC), mesic (field capacity, 

approximately 30% VWC), and wet (saturated, approximately 60% VWC). We measured VWC 

daily and watered the pots as necessary to maintain treatment VWCs.  

 

Gas exchange and leaf traits 

We measured leaf gas exchange in 2016 and in 2018 using a LI-COR LI-6400 CO2 gas exchange 

analyzer (LI-COR, Lincoln, NE) on five to six replicate plants per species at 32 and 39 days old. 

We measured light-saturated maximum rates of photosynthesis (Amax) by generating light 

response curves on three replicate plants per species to obtain the light intensity 

(photosynthetically active radiation, PAR) at which photosynthesis saturated. We estimated 

maximum rates of carboxylation (Vcmax) from A/ci curves on the same three replicate plants per 

species used to generate light response curves. When plants were 45 days old, we recorded the 

total number of leaves and plant height of each individual, removed leaves, separated and 

washed roots to remove soil. We measured total leaf area (LA) using a LI-COR LI-3100 leaf-
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area meter (LI-COR, Lincoln, NE) and weighed fresh leaf mass. We then oven-dried leaf, stem 

and root materials at 60°C for 48 hours. Average leaf area (leaf size, LS) was calculated by 

dividing LA by the total number of leaves.  

 

Sample processing for cellulose extraction 

Approximately 300 mg of ground leaf material was loaded into fiber filter bags, heat-sealed and 

placed in a Soxhlet apparatus to reflux a 2:1 solution of toluene:ethanol for a 24-hour period 

followed by a period of drying and another 24-hour period of extraction (for lipids and resins) 

with 95% ethanol. Bags were air-dried and boiled in water for 1 hour to extract soluble sugars 

and low molecular weight polysaccharides. To obtain holocellulose, the samples were soaked in 

a 0.7% w/v sodium chlorite/acetic acid solution that was continuously stirred on a stir plate and 

periodically replaced over a three-day extraction to extract lignin and other nitrogen-containing 

compounds. To obtain pure a-cellulose, the samples were soaked in a 17% w/v sodium 

hydroxide (NaOH) solution followed by an 11% w/v acetic acid solution to neutralize the pH 

with each step followed by extensive rinsing with distilled water. The a-cellulose was dried at 

65°C for 48 hours (Leavitt & Danzer 2002). 

 

Isotope analyses 

Isotope ratios and percent element of all samples were measured using a continuous flow isotope 

ratio mass spectrometer (Thermo Scientific Delta V Advantage). For δ13C, the mass spectrometer 

was coupled to an elemental analyzer (Carlo Erba NC2500), and for δ18O it was coupled to a 

Thermo Scientific TC/EA pyrolysis analyzer with a Costech Zero Blank auto sampler. Isotope 

ratios are expressed as δ values (per mil): 
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δ13C or δ18O = (Rsample/Rstandard – 1) × 1000 (‰) 

where Rsample and Rstandard are the ratios of heavy to light isotope of the sample relative to the 

international standards for C and O, Vienna-Pee-Dee Belemnite and Vienna Standard Mean 

Ocean Water, respectively. δ18O of irrigation (source) water was -10.1 ‰ in 2016 and -9.9 ‰ in 

2018. Within run isotopic precision for quality control standards was 0.2‰ for carbon and 0.3‰ 

for oxygen. Mass spectrometry was performed at the Cornell University Stable Isotope 

Laboratory.  

 

Phylogenetic relationships  

We estimated the phylogeny of the 20 sampled species of Asclepias (Figure 1.2) by adding new 

plastid genome (plastome) sequences for A. pumila and A. verticillata to a recently published 

dataset of 108 samples of Asclepias plus four outgroup sequences (Fishbein et al. 2018). The A. 

pumila sample was prepared using the NEBNext Ultra II DNA Library Prep Kit for Illumina 

(New England BioLabs, Ipswich, MA) with a NEXTflex-HTTM Barcode (Bioo Scientific, 

Austin, TX) and sequenced on an Illumina NextSeq 500 at the Oklahoma State University 

Genomics and Proteomics Center. The A. verticillata sample was prepared as in (Straub et al. 

2012). Both plastomes were assembled using Geneious 10 (Kearse et al. 2012);Biomatters Ltd., 

Auckland, New Zealand) by obtaining de novo contigs using the proprietary Geneious 

assembler, mapping contigs to an A. nivea reference (NCBI NC_022431.1), and re-mapping 

unassembled reads to the aligned contigs to complete the assemblies. The two copies of the 

inverted repeat were not distinguished in these assemblies. The phylogeny of the 114 samples 

was obtained following Fishbein et al. (2018).  Briefly, plastome sequences were aligned using 

MAFFT v. 7 (Katoh, Rozewicki & Yamada 2017) and ambiguously aligned regions were 
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masked with the implementation of Gblocks (Castresana 2000) in Mesquite 3.5 (Maddison and 

Maddison 2018).  The maximum likelihood phylogeny of these sequences was estimated with 

IQ-TREE v. 1.6.7 (Nguyen et al. 2015) with node support estimated by ultrafast bootstrap 

(Minh, Nguyen & Haeseler 2013). The maximum likelihood tree was converted to a chronogram 

with relative node dates using penalized likelihood optimization of rate variation among 

branches, implemented in treePL (Smith & O’Meara 2012). The resulting time tree was pruned 

to contain only the species sampled here using the drop.tip function in the ape v. 4.1 package 

(Paradis, Claude & Strimmer 2004) for R (R Core Team, 2016). This phylogeny contained 19 of 

the 20 sampled species due to a lack of sequence information for A. fascicularis. 

 

Statistical analyses 

We assessed relationships between IMS and leaf traits using simple linear regressions and 

phylogenetic independent contrasts using the pgls function of the caper package in R (Orme et al. 

2018). We assessed relationships between IMS and experimental water treatments using one-way 

ANOVA. We estimated phylogenetic signal by calculating Pagel’s l and Blomberg’s K using 

the phylosig function in the picante package in R (Kembel et al. 2010). We included the standard 

error of the mean for each variable. All analyses were performed with the full 20 species except 

for phylogenetic signal and independent contrasts (19 species) in R3.2.4 (R Core Team, 2016). 
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Figure 1.2: Maximum likelihood chronogram based on plastome sequences from 19 

Asclepias taxa and the range of associated integrated metabolic strategies (IMS). Bootstrap 

values less than 100% are indicated at nodes. IMS colors among taxa correspond to the 

average IMS value of each Tukey post-hoc group, ranging from the lowest IMS values (0.39, 

black circles) to the largest IMS values (0.51, white circles). This phylogeny is missing A. 

fascicularis (see Methods), which would be placed in the clade containing A. perennis and A. 

mexicana (Fishbein et al. 2011). 
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Figure 1.3: Diversity in leaf morphology among juvenile Asclepias species used in this study. 

A) A. curassavica; B) A. incarnata; C) A. californica; D) A. eriocarpa; E) A. pumila; F) A. 

verticillata.  
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Results 

 

Metabolic diversity and evolution among Asclepias species  

Species leaf cellulose varied in d13C and D18O (Figure 1.4A), and associated integrated metabolic 

strategy (IMS) (Figure 1.4B). Differences among species in IMS were driven more by variation 

in d13C, as evidenced by a stronger relationship between IMS and d13C (Figure 1.4C; R2 = 0.91, 

p < 0.0001) than D18O (Figure 1.4D; R2 = 0.23, p = 0.033).  

We predicted that IMS would be influenced by leaf traits, and found that IMS negatively 

correlated with leaf size and stomatal conductance (gs) and positively correlated with leaf 

nitrogen and carboxylation capacity (Vcmax), after correcting for biases due to shared 

evolutionary history using phylogenetically independent contrasts (all p-values < 0.05, Figure 

1.5). Together, these results suggest that IMS is mechanistically determined by anatomical and 

physiological traits that affect carboxylation capacity, leaf boundary layer and stomatal 

conductances. 

 IMS, d13C, leaf size, and stomatal conductance showed little evidence of phylogenetic 

signal (l and K < 0.50, p > 0.05), while D18O, leaf nitrogen and carboxylation capacity showed 

phylogenetic signal consistent with Brownian motion evolution (l and K > 0.50, p < 0.05) 

(Table 1.1).  

 Species with the lowest IMS (shaded black, Figure 1.2, Figure 1.4) were from wetlands 

or mesic tropical and sub-tropical regions, and have large, thin leaves (e.g., A. curassavica, both 

subspecies of A. incarnata; Figure 1.3A-B). In our subsample of the genus Asclepias, these three 

taxa were found in the Incarnatae clade. Nonetheless, among the two major clades best sampled 

here (Incarnatae and the north temperate clade containing A. syriaca), there was large diversity in 
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IMS, with each clade containing shifts among the three highest IMS categories (white, hatched, 

grey in Figure 1.2). Species with mid-range IMS (grey, hatched, Figure 1.4B) were from deserts, 

grasslands and woodlands and have variably sized leaves generally with hairs or waxes (e.g., A. 

californica, A. eriocarpa; Figure 1.3C-D), while species with the highest IMS (white, Figure 

1.4B) have small, thin leaves and are from grasslands and more arid habitats (e.g., A. pumila, A. 

subulata; Figure 1.3E). In other words, milkweed species from drier habitats showed relatively 

higher IMS than those from wetlands, indicative of higher carbon gain for a given water loss 

under common growth conditions. Moreover, each of the major Asclepias clades were well 

represented in this study (Incarnatae and north temperate clades) and spanned the range of IMS 

values and leaf morphologies, and had at least two habitat affiliations (Figure 1.2), suggesting 

that different metabolic strategies and their respective mechanistic underpinnings may have had 

multiple independent origins. 

 

Metabolic diversity within Asclepias species in response to different water levels 

We next conducted manipulations of soil water availability using four milkweed species, from 

opposite ends of IMS variation. Although d13C and D18O varied within species in response to 

water treatments (Figure 1.6C-D, Figure A1.2), IMS did not vary among the three water 

treatments for A. curassavica, A. incarnata and A. pumila. However, IMS was higher under dry 

conditions for A. verticillata (Figure 1.6A). For lower IMS species A. curassavica and A. 

incarnata, d13C and D18O jointly changed from wet to dry treatments in a positive direction 

(Figure 1.6C-D, Figure A1.2) that is consistent with the prediction that plants may alter the 

magnitude of carbon and water fluxes together and maintain a similar IMS in response to water 

limitation (Figure 1.1). In contrast, d13C and D18O of higher IMS species A. pumila and A. 



 

19 

verticillata changed from wet to dry treatments in a negative direction (Figure 1.6C-D, Figure  

A1.2). This is consistent with the prediction that plants differentially change the magnitude of 

carbon and water fluxes, with consequent changes in IMS values in response to water limitation 

(Figure 1.1). 

 On average, biomass was much lower for plants grown under the driest conditions 

(Figure 1.6B). Similarly, D18O was relatively larger under the driest conditions (Figure 1.6D), 

indicating less foliar water loss. Interestingly, d13C and was relatively larger under the driest 

conditions for A. curassavica and A. incarnata, but was unchanged in A. pumila and relatively 

lower in A. verticillata (Figure 1.6C). In other words, A. curassavica, A. incarnata and A. pumila 

responded to water limitation by reducing water loss and carbon gain in a similar stoichiometry 

that ultimately didn’t alter their IMS. In contrast, A. verticillata reduced water loss in response to 

water limitation, but did not reduce carbon gain, allowing for greater metabolic efficiency under 

dry conditions.   

 Larger IMS values were associated with smaller leaf size and larger stomatal 

conductances across but not within species (Figure A1.4A-B). Larger IMS values were 

associated with larger amounts of leaf nitrogen and rates of carboxylation across species but 

smaller amounts of leaf nitrogen within species, smaller carboxylation rates within wetland-

adapted species and larger carboxylation rates within dryland-adapted species (Figure A1.4C-D). 

See Figures A1.1 and A1.3 for additional trait means across IMS groups and within species in 

response to water treatments (maximum photosynthetic rates, stomatal conductance, plant height, 

total leaf area, leaf size, leaf nitrogen content, carboxylation capacity, root/shoot).  
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Table 1.1: Phylogenetic signal of isotopes and leaf traits using Pagel’s l and Blomberg’s K. * 

p < 0.05, ** p < 0.01, *** p < 0.0001. Larger l and K values indicate proportional phenotypic 

similarity to phylogenetic distance based on a Brownian Motion model.  

Trait Pagel’s l K 

IMS 0.06 0.45 

d13C  < 0.01 0.38 

D18O 0.83* 0.98* 

Leaf size < 0.01 0.38 

Nitrogen content (%) 0.59* 0.88* 

Stomatal conductance, gs < 0.01 0.44 

Maximum rate of carboxylation, Vcmax 0.50* 0.65* 
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Figure 1.4: Relationships between A) d13C and D18O of leaf cellulose (p = 0.3); B) integrated 

metabolic strategy (IMS) values, in order from lowest to highest IMS values; C) IMS values 

and d13C (R2 = 0.91, p < 0.0001); and D) IMS and D18O of leaf cellulose (R2 = 0.23, p = 

0.033) for 20 Asclepias taxa grown under common conditions. Larger IMS values indicate 

higher metabolic efficiency. Data are species means with standard error. Colors correspond to 

four distinct groups in mean IMS values based on Tukey post-hoc comparisons.  1 = A. 

brachystephana, 2 = A. californica, 3 = A. curassavica, 4 = A. eriocarpa, 5 = A. fascicularis, 

6 = A. incarnata subsp. incarnata, 7 = A. labriformis, 8 = A. latifolia, 9 = A. linaria, 10 = A. 

mexicana, 11 = A. perennis, 12 = A. incarnata subsp. pulchra, 13 = A. pumila, 14 = A. 

speciosa, 15 = A. subulata, 16 = A. subverticillata,  17 = A. syriaca, 18 = A. tuberosa, 19 = A. 

verticillata, 20 = A. viridis.  
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Figure 1.5: Linear relationships based on ordinary least squares regressions (OLS, solid lines) 

and phylogenetic independent contrasts (PIC, dashed lines) between IMS and A) leaf size 

(OLS R2 = 0.26*, PIC R2 = 0.36*); B) stomatal conductance, gs (OLS R2 = 0.06, PIC R2 = 

0.13*); C) nitrogen content (OLS R2 = 0.23*, PIC R2 = 0.45**); and D) maximum rate of 

carboxylation, Vcmax (OLS R2 = 0.13*, PIC R2 = 0.13*) for 20 Asclepias taxa grown under 

common conditions. Data are raw species means, * p < 0.05, ** p < 0.01, *** p < 0.0001. 
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Figure 1.6: Results of one-way ANOVAs between A) IMS, B) biomass, C) d13C, and D) 

D18O for four Asclepias species grown under three different soil water treatments: dry (one-

third field capacity), mesic (field capacity), and wet (twice field capacity). Data are means ± 

standard error (n=6). Asterisks indicate significant differences between water levels (P < 

0.05), based on post-hoc Tukey tests. 
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Discussion 

We asked whether closely related yet ecologically diverse milkweed species would vary in IMS 

when grown under controlled, common conditions. We found that IMS varied substantially 

among species (Figure 1.4), suggesting differential tradeoffs between carbon gain and water loss. 

Variation along both d13C and D18O axes reflect fundamentally different rates of leaf-level 

carbon gain among species that likely result from differences in long term CO2 supply and 

demand, ci/ca. Examining interspecific variation in D18O allowed us to tease apart the separate 

effects of water loss from metabolic carbon gain that are independent of carboxylation.  

Moreover, relatively greater interspecific variation in d13C than D18O (Figure 1.4) indicated a 

stronger effect of photosynthesis on ci/ca relative to stomatal conductance (Scheidegger et al. 

2000; Grams et al. 2007); thus, metabolic diversity among these species may be driven more by 

CO2 demand than factors affecting CO2 supply and water loss via diffusion. However, we 

acknowledge that the observed variation in carboxylation is also co-controlled by resource 

supply, especially nitrogen and phosphorus, which were not limiting in this growth chamber 

study. Species-specific variation in carboxylation may not be expressed as strongly in nature 

under nutrient limitations.   

 We also found that different trait combinations resulted in similar IMS values as 

predicted by our conceptual model. For example, showy milkweed (A. speciosa) is the only 

broad-leaf representative in the high IMS group (Figure 1.2), and A. speciosa had lower D18O 

and disproportionately smaller d13C than other high-IMS species. Pine-needle milkweed (A. 

linaria) had mid-range d13C and D18O, but based on its stiff, needle-like leaves we would have 

expected larger D18O (more water conservative). It is unclear if the rocky habitats of A. linaria 

provide access to water pockets, or if our growth chamber conditions did not necessitate 
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conserving water at the leaf-level. Rush milkweed (A. subulata), a desert species, had by far the 

largest D18O, indicating that it is the most water conservative species in this study. The narrow 

leaves of A. subulata are ephemeral and photosynthesis continues primarily through its green 

stem, although it is unclear whether this relates to water conservation. These species demonstrate 

how IMS is not necessarily predicted by macroclimate and that similar metabolic efficiencies can 

be reached via different morphological solutions.       

 

Variation in IMS: leaf traits, habitat affiliations and evolutionary history 

Our second goal was to determine the drivers of interspecific variation in IMS, including 

anatomy, physiology, environment, and evolutionary history. We clearly have not measured all 

anatomical and physiological characters affecting d13C and D18O. However, the most influential 

traits are likely to be those that directly relate to enzymatic carbon fixation and gaseous diffusion 

rates. As such, we used leaf nitrogen content and maximum rate of carboxylation (Vcmax) to 

represent fixation, and leaf size and stomatal conductance (gs) to represent gaseous diffusion 

resistances. Accordingly, IMS positively correlated with leaf nitrogen and Vcmax and negatively 

correlated with leaf size and gs when accounting for shared evolutionary history, using 

phylogenetically independent contrasts (Figure 1.5). Previous work has suggested positive 

relationships between d13C and leaf nitrogen and negative relationships between D18O and gs 

(Sparks & Ehleringer 1997; Moreno Gutiérrez et al. 2012; Ellsworth, Ellsworth & Cousins 

2017). Here, we consider these isotopes together in a single index, which allows us to identify 

potential mechanisms that underlie integrated leaf metabolism as a whole rather than the sum of 

its parts. Leaf nitrogen and Vcmax explained more of the total variation in IMS than leaf size and 

gs, further supporting our interpretation that IMS among these species is defined primarily by 
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differences in leaf-level CO2 demand rather than differences in CO2 and water vapor diffusion 

resistances.  

 Previous work using gas exchange measurements have found water-use efficiency to be 

equally controlled by leaf nitrogen and stomatal conductance across tropical woody and 

herbaceous angiosperm species (Cernusak et al. 2007), while stomatal conductance was the 

primary driver across a diverse range of tropical gymnosperm and angiosperm trees and lianas 

(Cernusak et al. 2008). At least two reasons could account for differences between other studies 

and ours: first, we use integrated isotopic measures rather than instantaneous gas exchange, thus 

controlling for temporal variability in fluxes. Second, by comparing closely related species rather 

than across a broad taxonomic scale (e.g., gymnosperms and angiosperms), we are controlling 

for confounding effects that characterize such diverse plants (Edwards et al. 2014). 

 Dryland-adapted plants are generally more water-use efficient relative to those from 

mesic and water-logged environments (Field, Merino & Mooney 1983; Dudley 1996). Consistent 

with this idea, many of the species with the largest IMS values in this study are from arid 

habitats (e.g., A. brachystephana, A. subulata), while those with the lowest IMS values are from 

wetlands (e.g., A. incarnata, A. perennis) (Figure 1.2). Although there are few studies that 

compare d13C and D18O across multiple species, if we convert previously presented isotopic data 

to IMS values, Mediterranean shrubland species occupying more xeric microhabitats also had 

larger IMS values relative to species restricted to more mesic microhabitats (see Table A1.1 for 

converted data from Moreno Gutiérrez et al. 2012). Larger IMS values in dryland species 

suggest not only less foliar water loss, but also a greater carboxylation efficiency achieved by 

fixing similar amounts of carbon at a lower internal CO2 concentration (ci) and lower stomatal 

conductance relative to wetland-adapted species. It is well documented that C3 plants from arid 
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ecosystems, especially deserts, are able to maintain high rates of carboxylation while restricting 

water loss by operating at a lower ci. Moreover, plants from arid environments often have larger 

leaf nitrogen content and invest proportionally more of their leaf nitrogen into photosynthesis 

(i.e., Rubisco enzyme). This allows for a greater drawdown of internal CO2 (lower ci), in order to 

achieve relatively higher photosynthetic rates at a given stomatal conductance than non-arid 

plants (Wright, Reich & Westoby 2003; Prentice et al. 2014). In agreement with this, milkweeds 

from drylands had larger total leaf nitrogen contents and maximum rates of carboxylation 

(Figure A1.1F-G), while photosynthetic rates did not vary (Figure A1.1A). 

 IMS did not show phylogenetic signal (Table 1.1), indicating that the balance between 

leaf-level carbon gain and water loss is not primarily defined by shared ancestry. As IMS is the 

end-point integration of many traits, each with potentially different rates of evolution (Ackerly 

2009), it is perhaps not surprising that there is no phylogenetic signal. Interestingly, D18O, leaf 

nitrogen content, and carboxylation capacity (Vcmax) showed phylogenetic signal, while d13C, 

leaf size, and stomatal conductance did not. A strong phylogenetic signal in D18O, but a lack of 

phylogenetic signal in the water-use related traits that we measured (leaf size, stomatal 

conductance), could arise if other traits important to water loss that we did not measure are 

phylogenetically conserved and contributed to phylogenetic signal in D18O. For example, 

stomatal pore index and stem and leaf hydraulic conductances across the Magnoliaceae showed 

phylogenetic signal, but not instantaneous rates of transpiration and stomatal conductance (Liu et 

al. 2015). Similarly, leaf size did not show phylogenetic signal across Asclepias (Agrawal et al. 

2009a) or Ericaceae (Goud & Sparks 2018). 

 A lack of phylogenetic signal in d13C could be indicative of differential trait 

combinations among species to achieve an overall carbon metabolism that is not necessarily 
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phylogenetically conserved, despite conservatism in biochemical traits such as leaf nitrogen and 

Vcmax. Leaf nitrogen has been reported to have phylogenetic signal for Magnoliaceae species 

(Liu et al. 2015) but not across the Ericaceae (Goud & Sparks 2018) or closely related 

Asteraceae (Münzbergová & Šurinová 2015). We previously used discrete foliar traits to 

characterize Asclepias habitat affiliations, with hairy & waxy species being from drier 

environments than glabrous species (Agrawal et al. 2009b). Consistent with this study, wetland 

species also had larger d13C and lower nitrogen content than dryland species (Figure 1.4A, 

Figure A1.1F).  

 An additional consideration for the interpretation of our results is the limited sampling of 

Asclepias species in the current study. Mechanistic studies can be limited in the number of taxa 

to compare, and 20 species is quite high for these types of detailed physiological measurements. 

However, it is well established that phylogenetically controlled analyses are suspect to sampling 

bias, including Asclepias (Fishbein et al. 2018). Increased sampling may improve our 

understanding about the shifts in IMS among milkweed species. For example, we expect that a 

few other Asclepias species outside of the Incarnatae clade (e.g., A. lanceolata and A. rubra in 

the north temperate clade; Figure 1.2) will fall into the lowest IMS category (typical of wetland 

species), and such independent origins may help to clarify the repeated evolution of physiology-

environment associations over macroevolutionary time.  

 

Within-species IMS across an experimental soil moisture gradient   

Given that instantaneous gas fluxes and leaf traits can vary by orders of magnitude with 

environment, it would be reasonable to expect IMS values to be similarly plastic and potentially 

respond in multiple directions based on growth conditions. Our results suggest that some species 
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may be constrained by an intrinsic strategy for balancing carbon and water loss at the leaf-level. 

The question is, how fixed are these strategies? One might expect plants to alter their IMS under 

severely dry and constantly saturated conditions relative to mesic conditions, and that dryland- 

and wetland-adapted species may have differential responses. Surprisingly, IMS did not change 

within species across an experimental soil moisture gradient, with the exception of A. verticillata 

(larger IMS values under dry conditions) (Figure 1.6A). Similar IMS values were maintained 

across water levels because of proportional changes in d13C and D18O for A. curassavica and A. 

incarnata, and because of no change in d13C and D18O values for A. pumila (Figure 1.6C-D). 

 Consistent IMS across levels of water availability in A. curassavica  and A. incarnata 

demonstrates a leaf-level strategy to minimize carbon-water tradeoffs. This is in agreement with 

previous studies that observed changes in d13C and D18O between years that differed in water 

availability, but the relative ranking among species in a community remained consistent (Garten 

& Taylor 1992; Moreno Gutiérrez et al. 2012). It is possible that species-specific carbon-water 

tradeoffs could buffer plants from short-term environmental fluctuations, or it may limit 

acclimation and resilience to more persistent environmental change. Future work that explicitly 

tests species mechanistic responses to long-term environmental change in general, and their IMS 

responses in particular, will be critical in addressing the generality of these results for other 

dryland plant species.  

 A common plastic response to water limitation is stomatal closure and reduced growth 

often associated with more enriched d13C and D18O (Ellsworth et al. 2017) and reduced leaf area 

(Anyia & Herzog 2004; Edwards et al. 2012). Although all four species reduced growth under 

dry conditions (Figure 1.6B) by decreasing total leaf area and height and allocating more 

biomass to roots relative to leaves and stems (Figure A1.3), they largely maintained similar IMS. 
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This highlights that high metabolic efficiency does not have to come at the expense of slower 

growth (Cernusak et al. 2007), and that species can reduce growth via differential biomass 

allocation rather than reducing leaf metabolism per se. Indeed, although species had lower 

growth under dry conditions, they appear to have compensated by producing fewer leaves that 

are more efficient via up-regulating carboxylation (i.e., larger leaf nitrogen content and/or 

Vcmax). This is consistent with other studies that report lower growth in response to water 

limitation accompanied by increasing leaf nitrogen (Edwards et al. 2012) and no changes in d13C 

(Johnson & Bassett 1991). Moreover, A. verticillata had larger IMS under dry conditions, 

achieved by proportionally lower d13C relative to D18O. Lower d13C under water limitation is not 

typically expected, but has also been reported for bristlegrasses (Ellsworth et al. 2017). Plasticity 

in biomass, leaf nutrient allocation, and stomatal behavior all focus resources into water-use, 

either by increasing root biomass to obtain water or by conserving water via stomatal closure and 

reducing leaf area. This could indicate that metabolic demand for CO2 is more fixed within a 

species, but that water dynamics are more plastic and drive the within-species response across 

different water availabilities (Gilbert, Zwieniecki & Holbrook 2011). 

 

Evolution of plant ecophysiological strategies 

Across species, those that were more metabolically efficient at the leaf-level were generally from 

drylands, had smaller leaves, and grew more slowly, likely conserving water at the expense of 

fast growth. This is consistent with predictions of leaf economic and fast-slow growth strategy 

theories, which predict slower growth rates under resource limitations (Wright et al. 2004; Reich 

2014). However, within-species responses were less consistent with these predictions, as plants 

under water limitation did grow more slowly but were no more metabolically inefficient at the 
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leaf level than those under water saturated conditions (Figure 1.6). Moreover, both among and 

within species trait combinations were largely inconsistent with leaf economic and fast-slow 

growth strategy predictions, namely, that faster growing plants in our study had relatively lower 

leaf nitrogen, less efficient carboxylation, and no substantial differences in leaf size, structure or 

rates of photosynthesis relative to slower growing plants (Figures A1.1-A1.4).  

 Our results on the relationship between leaf economic traits and IMS highlight some of 

the challenges in comparing and correlating traits that cross scales and levels of plant 

organization (i.e., whole plant versus specific organs, area versus mass) (Lloyd et al. 2013). In 

addition, across-clade comparisons, which are a hallmark of leaf economic spectrum studies 

(Reich 2014; Wright et al. 2004; Wright et al. 2005), may conflate coarse-grained strategy shifts 

with mechanistic shifts that occur as new species are formed within a clade. Given that IMS 

integrates both area and mass-based traits, this is a clear advantage of applying IMS, alone or 

alongside other ecological strategy approaches. Although IMS is a leaf-level strategy and may be 

limited in its ability to predict plant growth per se, it has the distinct advantage of being an 

endpoint integration of multiple anatomical and physiological characters that together define a 

plant’s strategy to balance metabolic carbon gain and water loss.  

 Efforts to understand and describe how general categorization of plant characteristics 

describe strategies for success in different environments has progressed from Grime’s conceptual 

model (Grime 1977) to more explicitly mechanistic and predictive approaches (Chapin, Autumn 

& Pugnaire 1993; Wright et al. 2004; Reich 2014). Much of the focus has been on leaf 

anatomical characters and instantaneous gas exchange rates, but evidence for the generality of 

predicted trait combinations is decidedly mixed. This is perhaps in part because certain trait 

combinations that are expressed across species, presumably as a result of natural selection, may 
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differ from trait combinations that define plastic responses to more short-term environmental 

changes. Similarly, there are differential trait combinations that can arrive at a similar growth or 

metabolic rate. We offer the IMS framework to better understand the mechanistic basis of a 

plant’s strategy to balance metabolic carbon gain and water loss at the leaf-level. Although not 

explicitly correlated with growth rates, a plant’s integrated metabolic strategy appears well 

matched to environmental conditions. When considered alongside currently established strategy 

theories, and especially within a phylogenetic context, variation in IMS among and within 

species may shed light on currently unresolved questions relating to evolution and ecology of 

plant ecophysiological strategies. 
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CHAPTER TWO 

Metabolic diversity: an important mechanism contributing to species diversity in 

ecological communities? 
 

Abstract  

Variation in metabolism may be an important mechanism underlying patterns of biodiversity, but 

the extent and role of metabolic diversity in plant communities is largely unknown. Plant 

primary metabolism is intrinsically linked to water loss during leaf gas exchange, and different 

strategies to balance carbon gain and water loss can arise among taxa. I compared metabolic 

strategies, measured by leaf carbon and oxygen stable isotopes (d13C, D18O),  among old-field 

species over two years that differed in precipitation. Species with a strategy to gain carbon at the 

expense of water loss generally decreased in abundance in the drier year, while water-

conservative species generally increased in cover. Some species decreased water loss while 

maintaining high rates of carbon gain, indicating an uncoupling between carbon and water gas 

exchange. Metabolic diversity may have consequences for species coexistence by influencing 

growth and competitive outcomes that appear related to variation in climate between years.  
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Introduction  

What maintains community-level species diversity is a fundamental question in ecology 

(Whittaker 1965, Sutherland et al. 2013). Differences in niches (Wright 2002; Levine & 

HilleRisLambers 2009), competitive ability (Tilman 1994; Hacker & Bertness 1999; Mayfield & 

Levine 2010), and species interactions (e.g., pollination; Gentry 1974; Fontaine et al. 2005), 

predation; Collins 1998; Olff & Ritchie 1998) are classically invoked to explain species 

coexistence in ecological communities. Despite a large theoretical and empirical literature 

describing patterns of species diversity, the physiological mechanisms underlying species 

differences are less understood. In particular, the role of metabolism, broadly defined as all 

anabolic and catabolic cellular processes, is not clear but may play a critical role in structuring 

patterns of diversity across scales. Given that an organism’s basal or intrinsic metabolism 

determines energy production and expense, metabolic diversity may underlie differences in 

resource allocation for growth and survival. As such, variation in metabolism among co-

occurring species may have important consequences for niche partitioning, competition, and 

other species interactions that influence community composition (Angert et al. 2009; Whittaker 

1965). 

Despite theoretical advances in how individual metabolism should scale-up to influence 

community processes (Brown et al. 2004, Tilman et al. 2004), studies to date have mainly 

focused on animal communities. Consequently, our understanding of the influence of metabolic 

diversity on plant community composition has been limited. In part, this is due to challenges in 

measuring intrinsic metabolism among plant species in ecologically meaningful ways (Brown et 

al. 2004). Photosynthetic carbon fixation is the primary metabolic process in plants; as CO2 

diffuses into leaves, water vapor simultaneously diffuses out, resulting in a tradeoff between 
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leaf-level carbon gain and water loss. These leaf-level fluxes are typically measured as 

instantaneous gas exchange rates of CO2 and water vapor. Comparing these fluxes is complicated 

by the fact that leaf gas exchange varies instantaneously with light, temperature, and relative 

humidity, which can result in broad metabolic variation throughout a plant’s life, across a 

growing season, and within the course of a day (Caemmerer and Farquhar 1981). To avoid 

problematic comparisons between instantaneous point measurements of metabolic fluctuations, 

comparing metabolic diversity among different species requires a measure of long-term, average 

gas exchange that is integrated over the lifespan of a leaf. 

An emerging approach to overcome the limitations of instantaneous gas exchange 

measurements is to use leaf carbon and oxygen stable isotopes (Moreno Gutiérrez et al. 2012, 

Goud et al. 2019). In Chapter 1, I introduced the concept of integrated metabolic strategy (IMS) 

to describe carbon-water tradeoffs using the carbon and oxygen stable isotope composition of 

leaf cellulose (Goud et al. 2019). The carbon stable isotope ratio (d13C) of leaves integrates the 

long-term supply and demand of CO2 and is a measure of the concentration gradient between leaf 

internal and external CO2 (ci/ca) (Farquhar et al. 1989). Because atmospheric water vapor can 

vary independently of changes in atmospheric CO2, d13C alone cannot consistently represent the 

simultaneous exchange of CO2 and water vapor. However, evaporative conditions of the leaf 

(i.e., an approximation of the rate of water loss) can be integrated by measuring the oxygen 

stable isotope enrichment of leaf material above source water (D18O = δ18Oleaf - δ18Osource water; 

Farquhar et al. 2007; Roden & Farquhar 2012). Generally, smaller (depleted) d13C and D18O 

values indicate smaller concentration gradients, with depleted d13C reflective of relatively more 

carbon gain and depleted D18O reflective of relatively more water loss. When considered 

together, d13C and D18O can be used to represent the endpoint integration of the various 
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anatomical and physiological factors that determine the carbon-water tradeoff in leaves.  

The relationship between d13C and D18O can be converted to an index (IMS value) that 

provides a single measure of a plant’s metabolic strategy to balance leaf-level carbon gain and 

water loss: 

IMS = |d13C| / (100 - D18O), 

with increasing IMS values corresponding to increases in leaf-level carbon gain per unit of 

evaporative water loss (Goud et al. 2019). In Chapter 1, I demonstrated that factors such as 

environment, leaf anatomy, physiology, and evolutionary history generally predict metabolic 

strategies in milkweeds (Aslcepias spp., Apocynaceae) (Goud et al. 2019). Species with 

overlapping IMS values were often from similar habitats and shared common traits such as leaf 

size, nitrogen content, and gas exchange rates. For example, species from water-limited 

environments, such as deserts and arid grasslands, shared a metabolic strategy to efficiently gain 

carbon while minimizing foliar water loss, achieved via thick leaves with high carboxylation 

capacity and tightly controlled stomatal conductance. Conversely, species from wetlands had 

considerably higher evaporative water loss relative to carbon gain, with characteristic broad, thin 

leaves and fast growth rates. This work shed light on the macroevolution of metabolic strategies 

across a diverse clade, but provided little direct insight onto how metabolism might vary among 

potentially distantly related species that co-occur in the same community.  

Here, I test two alternative hypotheses for how physiological variation may be an 

underlying mechanism for plant community diversity. Under one hypothesis, within a given 

community, co-occurring species are likely to converge on similar metabolic strategies dictated 

by common adaptations to the local climate and soil conditions. Similar metabolic strategies 
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would be indicated by overlap in δ13C and D18O dual-isotope space and similar IMS values. In 

this case, species diversity would be more strongly controlled by variation in characteristics that 

do not directly affect leaf CO2 and water gas exchange, such as pollination (Eisen et al. 2019) 

and defense against herbivores (Agrawal et al. 2012). An alternative hypothesis is that co-

occurring plant species have fundamentally different metabolic strategies, which would be seen 

as separation in dual-isotope space and different IMS values. In this case, species and metabolic 

diversity may be maintained by variation in characteristics that directly affects carbon-water 

tradeoffs, such as light and water. For example, spatial and temporal variation in resources (e.g., 

wet and dry microsites) and/or differential uptake strategies (e.g., relative rooting depths) could 

allow for the co-occurrence of plants with distinct resource acquisition needs. To test these 

hypotheses, I compared metabolic strategies among 18 co-occurring plant species in a 

successional old field community in upstate New York. I measured leaf δ13C, D18O, and IMS 

values over two growing seasons that differed in summer precipitation, which allowed us to 

compare potential influences of climate on community metabolic diversity and species 

composition. To explore the potential role of morphology, physiology, and evolutionary history 

on δ13C and D18O variation, I also measured plant height, leaf nitrogen content, relative rooting 

depth, and phylogenetic relationships among species. Collectively, I used these measurements to 

test for the role of metabolic diversity on trait and species diversity within a successional old 

field community.  

Material and methods 

Study site and soil sampling 

All measurements were made in an old field in Ithaca, NY, USA (42.46, -76.45). The site is a 
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mid-successional old field that was last tilled and mowed in 2006 (Agrawal, A.A., personal 

communication). Plant species composition is predominantly perennial herbaceous forbs, mostly 

of the Asteraceae family (e.g., Cirsium, Solidago), some grasses (e.g., Phleum pratense), and 

sparse shrub cover (e.g., Rosa multiflora). The most dominant species is Solidago altissima 

(Marks 1983). The site is approximately 400 m x 300 m (1200 m2), with well-drained soils on 

top of glacial till and relatively flat terrain. The climate is moderate continental with an average 

annual temperature of 8oC and a mean annual precipitation of 947 mm.  

In May 2017, I established five 10 m by 10 m (100 m2) plots spaced 5 m apart. In June 

2017 and 2018, I collected soil samples (n = 3 per plot) at a depth of 30 cm using a cylindrical 

auger. In mid-July 2017 and 2018, I collected soil samples (n = 1 per plot) at depth intervals of 

10 cm reaching a maximum depth of 70 cm. Soil samples were oven dried at 75oC for 48 hours. 

Water was extracted from soils using a cryogenic vacuum distillation line (Ehleringer et al, 

2000) and stored in a freezer until they were measured for d18O. Soil carbon (C) and nitrogen (N) 

content were measured using an elemental analyzer (Thermo Finnigan Carlo Erba NC2500).  

Community composition: species and phylogenetic diversity 

I selected 18 focal species that were common to all plots (Figure 2.1): Cirsium arvense (L.) 

Scop., C. vulgare (Savi) Ten., Erigeron philadelphicus L., Euthamia graminifolia (L.) Nutt., 

Solidago altissima L., S. juncea Aiton., S. rugosa Mill., Sonchus arvensis L., and Taraxacum 

officinale F.H. Wigg. Additional species were from Apiaceae (Daucus carota L.), 

Asclepiadaceae (Asclepias syriaca L.), Caprifoliaceae (Lonicera morrowii A. Gray), Lythraceae 

(Lythrum salicaria L.), Malvaceae (Malva moschata L.), Poaceae (Phleum pratense L.), 

Rosaceae (Geum aleppicum Jacq., Rosa multiflora Thunb.), and Rubiaceae (Galium triflorum 
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Michx.). All species are perennial angiosperms; one species is a grass (P. pratense), two are 

shrubs (L. morrowii, R. multiflora), and the remaining species are forbs.  

In mid-July 2017 and 2018, I estimated species’ relative abundance by visually 

estimating the percent cover of each species present in each plot. To estimate evolutionary 

relationships among species in the community, we constructed a phylogeny using maximum 

likelihood analyses using the ‘phangorn v2.5.3’ R-package (Schliep 2010). I obtained matK, 

nrITS and rbcL gene sequence data for all 18 species from GenBank. The tree was rooted on the 

only monocot species in the community, Phleum pratense, and the final tree (Figure 2.1) was 

topologically congruent with recent phylogenies of the angiosperms as a whole (APG IV 2016). I 

assessed the level of community phylogenetic diversity using Faith’s phylogenetic diversity (PD) 

index (Faith 1992).  

Plant sampling  

One replicate plant per species was collected in each plot in 2017 and in 2018 for a total of 10 

replicate plants per species (n = 5 per year). For each individual plant, I recorded its height, 

collected fully expanded sun-exposed leaves (n = 10 per plant) and suberized tissue (stem or root 

material, depending on the species). Suberized tissue (stem or root material, depending on the 

species) was immediately placed in capped plastic vials, wrapped in Parafilm, and stored in a 

freezer until further analyses. Water was extracted from stem/root tissue using a cryogenic 

vacuum distillation line (Ehleringer et al, 2000) and stored in a freezer until they were measured 

for d18O. Leaf tissue was oven-dried at 60oC for 48 hours before being finely ground by hand 

with mortar and pestle. Leaf carbon (C) and nitrogen (N) content were measured using an 

elemental analyzer (Thermo Finnigan Carlo Erba NC2500).  
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Leaf cellulose extraction and isotope analyses 

Leaf a-cellulose was extracted in multiple steps following the protocol of Goud et al., 2019; 

lipids and resins were extracted using toluene and ethanol solvents in a Soxhlet apparatus, lignin 

was then extracted by bleaching in acidified sodium chlorite at 70oC. Hemicellulose was 

removed in sodium hydroxide (10%) followed by an acetic acid solution (10%) and rinsing in 

distilled water. 

The carbon and oxygen isotope ratios (d13C, δ18O) of bulk leaf and leaf cellulose were 

measured using a continuous flow isotope ratio mass spectrometer (Thermo Scientific Delta V 

Advantage). For d13C, the mass spectrometer was coupled to an elemental analyzer (Carlo Erba 

NC2500) and for δ18O it was coupled to a Thermo Scientific TC/EA pyrolysis analyzer with a 

Costech Zero Blank auto sampler. Samples were analysed for stable isotope composition at the 

Cornell University Stable Isotope Lab, Ithaca, NY. Isotope ratios are expressed as δ values (per 

mil): 

d13C, d18O = (Rsample/Rstandard – 1) x 1000 (‰), 

where Rsample and Rstandard are the ratios of heavy to light isotope of the sample relative to the 

international standards for C and O, Vienna-Pee-Dee Belemnite and Vienna Standard Mean 

Ocean Water, respectively.  

Statistical analyses 

I assessed interspecific and interannual differences in response variables using linear mixed 

effects models and analysis of variance (ANOVA) with ‘plot’ as a random effect. Response 

variables were integrated metabolic strategy values (IMS), carbon isotope composition (d13C), 
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and leaf oxygen isotope enrichment above source water (D18O) obtained from bulk leaf material 

and leaf cellulose. Additional response variables were species’ relative abundance (% cover), 

plant height, plant source water oxygen isotope composition (d18O), and leaf nitrogen content (% 

N). Independent fixed factors were species, year, and their interaction.  

To assess the degree to which closely related species are more functionally similar to one 

another than expected by chance, I calculated phylogenetic signal using Pagel’s λ and 

Blomberg’s K for continuous variables (δ13C, δ18O, IMS, %N, height). Pagel’s λ and Blomberg’s 

K assume a Brownian motion model of trait evolution, and for both indices, a value of 1 

indicates that the trait distribution scales with tree topology in accordance with Brownian motion 

(i.e., relatives are more similar to each other than expected by random chance). Values closer to 

0 indicate that the tree topology does not structure trait variation (Pagel 1999, Blomberg et al. 

2003). I tested whether λ and K were > 0 by comparing the log-likelihood of the fitted λ and K 

values with that of λ and K = 0 using a log-likelihood ratio test using the ‘phylosig’ function in 

the phytools R package (Revell 2012). All analyses were performed in R5.3.2 (R Core Team 

2019). 
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Figure 2.1: Species composition and evolutionary relationships for 18 perennial angiosperm 

species co-occurring in a successional old field community in Ithaca, NY. Relative abundance 

(% cover) for each species, indicated at the tips, is the average % cover (2017 and 2018). 

Phylogenetic branch supports are > 0.95 unless otherwise indicated.   
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Results 

Site properties  

Total precipitation in May was similar in 2017 and 2018, while June-July received more rain in 

2017 compared to 2018. Total growing season precipitation in 2017 was 371mm, which is 

similar to the long-term 30 year climate normal for the region. In contrast, 2018 growing season 

precipitation of 251 mm is drier than normal. Average growing season air temperature was 

similar between years (Table 2.1). Individual plots did not differ from each other in topography, 

volumetric soil water content (VWC, %), soil water d18O, or soil carbon to nitrogen ratios (C/N). 

Between years, soils were wetter in 2017 (top 60 cm, VWC 25 ± 0.1%) relative to 2018 (VWC 

19 ± 0.1%), but did not differ between years in C/N (9.6 ± 0.05%; Table 2.1). Average d18O of 

soil water was approximately 1‰ heavier in 2017 (top 60 cm, -8 ± 2‰) relative to 2018 (top 60 

cm, -9 ± 2‰). Average soil water d18O was relatively more enriched in the top 10 cm and 

became isotopically depleted with depth (Figure A2.1).  

Plant species composition 

Canada goldenrod (S. altissima) was the most abundant species, and accounted for 

approximately 50% of the total vegetative cover in both years (Figure 2.1). Rare species each 

accounted for < 3% cover and included common milkweed (A. syriaca), wild carrot (D. carota), 

purple loosestrife (L. salicaria), and musk mallow (M. moschata). Phylogenetic diversity was 

low, as evidenced by a Faith’s PD value of 1.34, driven by the large representation of species 

from the Asteraceae family (Figure 2.1).  
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Eight species had similar cover between years (p > 0.05): E. philadelphicus, E. 

graminifolia, G. triflorum, L. morrowii, P. pratense, S. altissima, S. rugosa, and T. officinale. 

Five species increased in % cover between 2017 and 2018 (i.e., had larger cover in the drier year, 

p < 0.01): A. syriaca, C. vulgare, G. macrophyllum, R. multiflora, and S. juncea. Five species 

decreased in % cover between 2017 and 2018  (i.e., had larger cover in the normal year, p < 

0.01): C. arvense, D. carota, L. salicaria, M. moschata, and S. arvensis.  

Leaf isotope ratios, integrated metabolic strategies, and plant traits  

d13C, D18O, and IMS of both bulk leaf material and of leaf cellulose varied by species and year, 

with the exception of cellulose D18O which did not vary between years (Table 2.2). I observed a 

species x year interaction, indicating differential responses among species between a normal and 

a dry growing season, for bulk leaf d13C, D18O, and IMS, cellulose d13C, leaf N, plant height, 

relative abundance, and plant source water d18O (Table 2.2).   

Two plant characteristics displayed phylogenetic signal: plant height (Pagel’s l = 0.82, 

Blomberg’s K = 0.79, p = 0.01) and source water d18O (l = 0.73, K = 0.75, p = 0.03). The 

remaining variables showed no evidence of phylogenetic signal (all l < 0.20, K < 0.60, p > 0.5; 

Table 2.3).  

IMS negatively correlated with d13C (bulk R2 = 0.74, cellulose R2 = 0.81, both P < 0.001) 

and with D18O (bulk R2 = 0.13, cellulose R2 = 0.05, both P < 0.01; Table A2.1). IMS did not 

correlate with d18Osource, leaf N, plant height, or species % cover (all P > 0.08; Table A2.1). Bulk 

leaf d13C positively correlated with D18O (R2 = 0.53 p < 0.0001). This correlation was weaker for 

leaf cellulose (R2 = 0.34,  p = 0.0002; Table A2.1). d13C and D18O negatively correlated with 
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d18Osource and leaf N, but had little explanatory power (all R2 < 0.11, P < 0.01; Table A2.1). 

Neither d13C or D18O correlated with plant height or species % cover (P > 0.1).  

Leaf metabolic responses between a wet and dry growing season  

Cellulose d13C, D18O, and resultant IMS values did not vary substantially between years for most 

species (Table 2.2, Figure 2.2). Conversely, there was considerable inter-annual variation in bulk 

leaf  d13C, D18O, and IMS (Table 2.2, Figure 2.2), likely reflecting differences in peak growing 

season conditions. The majority of leaf cellulose is synthesized in early spring and does not 

undergo further isotopic fractionations throughout the growing season (Lehmann et al. 2017). 

Thus, similar climatic conditions in April and May of 2017 and 2018 are likely reflected in the 

isotopic signatures in leaf cellulose, despite large inter-annual differences in late-summer, which 

are reflected in bulk isotopic signatures.     

I evaluated relationships between bulk leaf d13C and D18O between years for each species 

by calculating regression coefficients via linear mixed effects models with ‘plot’ as a random 

effect. For 10 species, bulk leaf d13C and D18O were linearly correlated (p < 0.05, Table 2.4, 

Figure 2.3A). Resultant IMS values were similar between years due to increases in both bulk leaf 

d13C and D18O (Figure 2.3B), indicative of a coupled decrease in CO2 and H2O leaf gas exchange 

in the drier year. For 8 species, bulk leaf d13C and D18O were not linearly correlated (p > 0.5, 

Table 2.4, Figure 2.3C). Resultant IMS values increased in the drier year (2018) due to an 

increase in D18O while d13C remained constant, suggesting decreases in leaf evaporative water 

loss that are uncoupled from CO2 exchange. We distinguished between these strategies by 

categorizing species into “coupled” and “uncoupled” IMS response groups. For C. vulgare, d13C 
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decreased while D18O remained the same (Figure 2.3D), indicating an increase in potential 

carbon gain without an accompanying increase in leaf water loss.  

Leaf metabolic strategies relate to changes in species abundance between years 

IMS related to the change in species relative abundance between years such that higher IMS 

species generally decreased in % cover in the drier year (2018) while lower IMS species 

increased % cover (R2 = 0.18, P = 0.047, Figure 2.4A). Similarly, species that decreased in % 

cover in the drier year displayed a coupled d13C-D18O response between years while species that 

increased in % cover had an uncoupled d13C-D18O response (R2 = 0.11, P = 0.048, Figure 2.4B). 

Moreover, the change in relative abundance between the normal and dry season was positively 

correlated with bulk d13C (R2 = 0.22, P = 0.046) and bulk D18O (R2 = 0.19, P = 0.043, Table 

A2.1).   
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Table 2.1: Growing season climate and soil properties in 2017 and 2018 for Ithaca, New 

York. Data were obtained from Ithaca Tompkins Regional Airport weather station. Asterisks 

indicate significant differences between years. * p < 0.05, ** p < 0.01, *** p < 0.001. 

Variable 2017 
(normal) 

2018 (dry) 

Total precipitation, May (mm) 114 98 

Total precipitation, June (mm) 94 53*** 

Total precipitation, July (mm) 169 100*** 

Total growing season precipitation (mm) 377 251*** 

Average air temperature, May (oC) 18 23 

Average air temperature, June (oC) 24 24 

Average air temperature, July (oC) 26 28 

Average growing season air temperature (oC) 23 25 

Soil volumetric water content (%) 25 19* 

Soil water oxygen isotope composition (d18O, ‰) -8 -9 

Soil carbon/nitrogen ratio (C/N) 9.6 9.1 

 

  



 

58 

Table 2.2: Results of a linear mixed effects model analysis of variance showing the effects of 

species, year, and their interaction on leaf carbon isotope composition (d13C), leaf oxygen 

isotope enrichment above source water (D18O), integrated metabolic strategy value (IMS), 

relative abundance (% cover), plant height, plant source water oxygen isotope composition 

(d18O), and leaf nitrogen content (N). Data are for 18 species co-occurring in a temperate old 

field in Ithaca, NY (n=10 per species). 

Model Term df F p 
Bulk leaf d13C (‰) 
Species 17 58.4071 < 0.0001 
Year 1 8.68 0.004 
Species x Year 17 3.18 < 0.0001 
Bulk leaf D18O (‰)    
Species 17 16.9591 < 0.0001 
Year 1 107.0147 < 0.0001 
Species x Year 17 1.8534 0.027 
Bulk leaf IMS    
Species 17 20.509 < 0.0001 
Year 1 23.8325 < 0.0001 
Species x Year 17 2.7383 0.0006 
Cellulose d13C (‰)    
Species 17 55.5658 < 0.0001 
Year 1 21.9437 < 0.0001 
Species x Year 17 2.5041 0.002 
Cellulose D18O (‰)    
Species 17 3.2425 < 0.0001 
Year 1 2.1988 0.141 
Species x Year 17 0.5831 0.899 
Cellulose IMS    
Species 17 21.9875 < 0.0001 
Year 1 7.2172 0.008 
Species x Year 17 1.0902 0.37 
Leaf nitrogen (%)    
Species 17 15.0183 < 0.0001 
Year 1 0.8869 0.348 
Species x Year 17 2.4973 0.0018 
Plant height (m)    
Species 17 12.9642 < 0.0001 
Year 1 20.8424 < 0.0001 
Species x Year 17 2.0815 0.011 



 

59 

Relative abundance (%)    
Species 17 475.5628 < 0.0001 
Year 1 1.2326 0.269 
Species x Year 17 2.3733 0.003 
Source water d18O (‰)    
Species 17 3.4383 < 0.0001 
Year 1 10.7405 0.0013 
Species x Year 17 2.4973 0.0018 
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Table 2.3: Phylogenetic signal estimated by Pagel’s l and Blomberg’s K of bulk leaf and 

cellulose carbon isotope composition (d13C), bulk leaf and cellulose oxygen isotope 

enrichment above source water (D18O), bulk leaf and cellulose integrated metabolic strategy 

value (IMS), plant height, plant source water oxygen isotope composition (d18O), leaf 

nitrogen content (% N), and relative abundance (% cover). Data are species means for two 

years ± standard error (n=10 per species). 

Variable Pagel's l Blomberg's K P 

Bulk leaf d13C (‰) 0.01 0.06 0.78 

Bulk leaf D18O (‰) 0.01 0.23 0.73 

Bulk leaf IMS 0.14 0.08 0.86 

Cellulose d13C (‰) 0.01 0.08 0.61 

Cellulose D18O (‰) 0.01 0.61 0.39 

Cellulose IMS 0.05 0.16 0.38 

Leaf nitrogen (%) 0.01 0.09 0.94 

Plant height (m) 0.82 0.79 0.01 

Relative abundance (%) 0.01 0.26 0.19 

Source water d18O (‰) 0.73 0.75 0.03 
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Table 2.4: The extent to which species display coupled or uncoupled gas exchange responses 

between years: slopes and standard errors for the relationships between leaf carbon isotope 

(d13C) and oxygen enrichment above source water (D18O), obtained from linear mixed effects 

models.  

Species Slope SE df P 

1. Asclepias syriaca -0.095 0.166 140 0.567 

2. Cirsium arvense 0.096 0.087 141 0.141 

3. Cirsium vulgare 0.188 0.369 142 0.378 

4. Daucus carota 0.418 0.157 141 0.003 

5. Erigeron philadelphicus 0.527 0.182 141 0.003 

6. Euthamia graminifolia 0.029 0.084 141 0.184 

7. Galium triflorum 0.336 0.084 142 0.003 

8. Geum macrophyllum 0.327 0.118 141 0.018 

9. Lonicera morrowii 0.718 0.129 142 < 0.0001 

10. Lythrum salicaria 0.425 0.142 141 0.011 

11. Malva moschata 0.081 0.105 141 0.102 

12. Phleum pratense 0.934 0.269 142 0.001 

13. Rosa multiflora 0.032 0.134 140 0.455 

14. Solidago altissima 0.723 0.159 141 0.000 

15. Solidago juncea 0.272 0.087 141 0.022 

16. Solidago rugosa 0.234 0.123 141 0.068 

17. Sonchus arvensis 0.242 0.076 140 0.013 

18. Taraxacum officinale -0.066 0.096 143 0.282 
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Figure 2.2: Relationships over a normal (open circles, 2017) and a dry (grey circles, 2018) 

growing season between (A) d13C and D18O of bulk leaf material (R2 = 0.53, P < 0.0001); (B) 

average IMS values calculated from bulk leaf material, (C) d13C and D18O of leaf cellulose 

(R2 = 0.34, P = 0.0002); and (D) average integrated metabolic strategy (IMS) values 

calculated from leaf cellulose. Data are species means ± standard error (n=5 per species, per 

year) for 18 co-occurring old field species: 1 = A. syriaca, 2 = C. arvense, 3 = C. vulgare, 4 = 

D. carota, 5 = E. philadelphicus, 6 = E. graminifolia, 7 = G. triflorum, 8 = G. macrophyllum, 

9 = L. morrowii, 10 = L. salicaria, 11 = M. moschata, 12 = P. pratense, 13 = R. multiflora, 14 

= S. altissima, 15 = S. arvensis, 16 = S. juncea,  17 = S. rugosa, 18 = T. officinale. Species 

that share the same letters in (B) and (D) are statistically indistinguishable based on ANOVA 

Tukey post-hoc tests. Species full names are in Figure 2.1.    
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Figure 2.3: Species responses in (A-B) bulk leaf d13C and D18O; (C-D) IMS between average 

growing season conditions (2017) and a dry growing season (2018) for (A) species with a 

coupled gas exchange response (linear correlation), and (B) species with an uncoupled gas 

exchange response (no correlation). Average IMS across all species with a (C) coupled and 

(D) uncoupled response are shown for each year. Data are species means ± standard error 

(n=5 per species, per year) for 18 co-occurring old field species: 1 = A. syriaca, 2 = C. 

arvense, 3 = C. vulgare, 4 = D. carota, 5 = E. philadelphicus, 6 = E. graminifolia, 7 = G. 

triflorum, 8 = G. macrophyllum, 9 = L. morrowii, 10 = L. salicaria, 11 = M. moschata, 12 = 

P. pratense, 13 = R. multiflora, 14 = S. altissima, 15 = S. arvensis, 16 = S. juncea,  17 = S. 

rugosa, 18 = T. officinale. Species full names are in Figure 2.1.   



 

64 

 

Figure 2.4: Relationships between the change in species relative abundance (% cover) in a 

drier year (2018) and (A) average integrated metabolic strategy (IMS) values between years 

(R2 = 0.18, P = 0.047); (B) the extent to which a species has coupled or uncoupled gas 

exchange (i.e., the slope of the d13C-D18O correlation between years; R2 = 0.11, P = 0.048). 

Data are species means ± standard error (both years combined, n=5 per species, per year) of 

bulk leaf material for 18 co-occurring old field species: 1 = A. syriaca, 2 = C. arvense, 3 = C. 

vulgare, 4 = D. carota, 5 = E. philadelphicus, 6 = E. graminifolia, 7 = G. triflorum, 8 = G. 

macrophyllum, 9 = L. morrowii, 10 = L. salicaria, 11 = M. moschata, 12 = P. pratense, 13 = 

R. multiflora, 14 = S. altissima, 15 = S. arvensis, 16 = S. juncea,  17 = S. rugosa, 18 = T. 

officinale. Species full names are in Figure 2.1. Correlations for leaf cellulose data and for 

additional variables are in Table A2.1.    
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Discussion  

Does intrinsic metabolism vary among species within a single community? Although a 

seemingly simple question, there are few data that demonstrate the role of metabolic diversity in 

structuring plant communities. Differences in intrinsic metabolism, measured as the tradeoff 

between photosynthetic carbon gain and foliar water loss, can arise from variation in the local 

environment (e.g., resource availability, climate), leaf traits, and/or evolutionary history. 

Nevertheless, within a single community, I expected co-occurring plant species to largely 

overlap in their metabolic strategies. Surprisingly, I observed considerable variation in δ13C, 

D18O, and integrated metabolic strategy (IMS) values among 18 old field species despite a 

relatively invariable environment in terms of topography and soil moisture. Moreover, metabolic 

diversity among species was associated with changes in relative abundance between years that 

differed in water availability, suggesting that metabolic diversity may be contributing to species 

composition within this community. 

Variation in metabolic strategies among species 

The 18 species could be broadly classified along a spectrum of carbon-acquisitive to water-

conservative metabolic strategies (Figure 2.2). Consistent with my previous work on diverse 

milkweeds in Chapter 1 (Goud et al. 2019), species with lower IMS had a lower carbon-gain 

potential per rate of foliar water loss (i.e., relatively more enriched in δ13C across a given range 

of D18O). Species with higher IMS prioritized carbon gain, though not necessarily at the expense 

of water loss, and were relatively more depleted in δ13C and had a higher leaf N content, 

indicative of greater photosynthetic investment. In contrast to milkweeds, high-IMS species in 

this study were not more water-conservative than low-IMS species (Figure 2.2A,C). Rather, 
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species had largely overlapping D18O values, with many high-IMS species having more depleted 

D18O, suggestive of higher rates of evaporative water loss (Figure 2.2A,C). Thus, higher IMS for 

these species is more suggestive of a higher metabolic efficiency achieved from greater 

carboxylation capacity during carbon fixation at similar levels of foliar water loss, rather than 

lower rates of evaporative water loss per se. Low-IMS species with relatively high rates of water 

loss without an accompanying increase in carbon gain (e.g., Lythrum salicaria) suggest 

biochemical limitations to gas exchange, rather than resistances to diffusion. This could be 

driven by a lower metabolic demand for carbon from sink tissues, or carboxylation occurring at a 

higher CO2 partial pressure (ci) inside the leaf (Schultz et al. 1996, Šantrůček et al. 2014).  

Similar to milkweeds, species with a more efficient metabolic strategy (larger IMS, 

depleted d13C) generally had smaller, narrow, and/or dissected leaves (e.g., D. carota, E. 

graminifolia) while less efficient (lower IMS, enriched d13C) generally had broader leaves (e.g., 

G. macrophyllum, S. rugosa). In addition, leaf-level metabolism (d13C, D18O, IMS) did not show 

evidence of phylogenetic signal (Table 2.4). Thus, at this level of sampling, there does not 

appear to be any influence of evolutionary history on metabolic diversity in this community, 

despite species being more phylogenetically similar than expected by change (Figure 2.1). This 

result contrasts with a common assumption in plant ecology that phylogenetic relationships 

predict variation in functional traits (Cavender-Bares et al. 2009). In this successional plant 

community, it’s possible that traits shared among closely related species, such as height and 

relative rooting depth (Table 2.4), allow for initial colonization while divergence in other traits, 

such as leaf-level metabolism, promote differentiation and long-term co-occurrence (Cavender-

Bares et al. 2009, Mo et al. 2013).  
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Metabolic responses between growing seasons 

In this study, I observed considerable intra-specific variation in bulk leaf d13C and D18O between 

years, but leaf cellulose data do not appear to capture the same magnitude of physiological 

responses between different growing seasons (Figure 2.2). One challenge with using cellulose 

lies in the timing of cellulose biosynthesis. Cellulose is produced early in leaf development and 

is biologically and isotopically inert once synthesized (Lehmann et al. 2017), making it an ideal 

compound for interspecific comparisons (Moreno Gutiérrez et al. 2012). However, due to its 

inert nature, isotopic ratios in cellulose reflect physiology mainly during early growth and 

development and appears less effective at capturing physiological responses to inter-annual 

differences in soil moisture that are evident in peak-summer. 

Changes in bulk leaf tissue d13C and D18O followed two general responses between years. 

For ten species, d13C and D18O co-varied, indicative of a coupling between CO2 and water gas 

exchange (Figure 2.3A). For these species, proportional changes in d13C and D18O between the 

wet and dry season resulted in no net change in IMS (Figure 2.3C). Maintaining a similar 

balance between leaf-level carbon gain and water loss suggests a fixed IMS that does not appear 

to be phenotypically plastic. This is consistent with our conceptual model for IMS, which 

predicts that plants with fixed IMS may differentially adjust anatomy and/or physiology in 

response to changing resource availability, but d13C and D18O will vary proportionally (Goud et 

al. 2019). It’s likely that in response to lower soil water availability during the 2018 growing 

season, these species closed stomata to conserve water, while simultaneously limiting CO2 

diffusion and carboxylation.   

For the remaining eight species, d13C and D18O varied independently, reflecting an 
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uncoupling of leaf gas exchange (Figure 2.3B). In these species, disproportionate changes in 

d13C and D18O resulted in a net increase in IMS in the dry season (Figure 2.3D). This is 

consistent with predictions for plants whose IMS is phenotypically plastic in response to a 

driving force (e.g., water availability). Seven of the species with this ‘uncoupled’ response 

maintained similar d13C values between years, but increased D18O in the dry season, while one 

species (C. vulgare) decreased d13C and maintained similar D18O in the dry season. This 

uncoupling of evaporative water loss and carbon gain likely results from more efficient 

carboxylation via increased Rubisco content and/or activity, consistent with prior observations 

that milkweed species with plastic IMS increased carboxylation efficiency in response to 

decreased soil water availability (Goud et al. 2019). What determines whether a species will 

display a coupled or uncoupled response is not clear. Future studies that explicitly seek to 

identify anatomical, physiological, and genetic bases of phenotypic plasticity in metabolic 

strategies will be essential to better understand the role of metabolism in species responses to 

variable resources.        

Metabolic strategies relate to changes in species’ abundance  

Species that increased abundance in the drier year generally had lower IMS, were more enriched 

in d13C and D18O, and were uncoupled, while species that decreased abundance had the opposite 

suite of characteristics (Figure 2.3). Changes in vegetative cover could result from whole-plant 

changes in biomass and/or changes in density. Our consideration of metabolic strategies is an 

explicitly leaf-level parameter, and we acknowledge that leaf metabolism does not always scale 

up to whole-plant biomass (Cernusak et al. 2006, Goud et al. 2019). Nevertheless, increasing 

cover for low-IMS species under dry conditions could indicate a competitive advantage when 
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water availability is limiting, potentially compensating for a competitive disadvantage in wet 

seasons due to their lower potential for leaf-level carbon gain. Similarly, uncoupled species 

responded to lower water availability in the dry year by adjusting leaf gas exchange to be more 

water-conservative at the same level of carbon gain, or to increase carbon gain at the same water-

loss potential, with both responses resulting in a similar or increased cover, possibly via 

increased growth and/or density in the dry year. Alternatively, species with coupled responses 

appear to maintain their leaf-level metabolism when water resources are more limiting, but grow 

smaller and/or have less individuals as a consequence. This decrease in cover may be 

advantageous to conserve below-ground resources during unfavorable growing seasons, 

postponing growth until future seasons with better conditions. Together, these different 

responses in relative abundance suggest that metabolic diversity may have consequences for 

growth and competitive outcomes that appear related to variation in climate between years.  

Metabolic strategies and maintenance of species diversity  

Large differences in metabolic strategy could indicate a consistent competitive advantage of 

some plants over others. All else being equal, plants with a more efficient strategy (i.e., more 

carbon gain relative to water loss) are likely to out-compete those with a less efficient strategy. If 

so, then how is the observed metabolic diversity maintained in this community? Variation in 

resources that most strongly drive carbon and water exchange are likely to be important, such as 

light, soil nutrients, and water availability. Although there were no obvious differences in 

microsite in this community, variation in water availability with depth through the soil profile 

and/or temporal variation in water resources may serve to reduce competition and minimize 

niche overlap (Chesson 2000; Silvertown et al. 2015). 
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I used δ18O of extracted source water (δ18Osource) to estimate belowground water 

partitioning and identify where in the soil profile species are accessing water (Ehleringer et al. 

1991, Silvertown et al. 2014). Two species in this community, C. vulgare and G. triflorum, had 

δ18Osource values that were more depleted and enriched, respectively, relative to the other species. 

Depleted δ18Osource values indicate that C. vulgare is accessing deeper sources of water in the soil 

profile that may be more stable (i.e., groundwater). Similarly, G. triflorum appears to use surface 

waters from more recent, but less temporally stable precipitation events.   

Temporal variation in water availability also appears to be influencing physiological 

diversity in this community. Two species differed in phenology relative to the others; T. 

officinale and G. triflorum comprise the ground layer (< 0.4 m) and were the first to leaf-out, 

flower, and set seed in the spring, effectively completing most of their reproductive life cycles by 

the time the remaining 16 species – which largely overlapped in phenology – began flowering. 

Both T. officinale and G. triflorum were of the most depleted in δ13C and D18O, indicating a 

strategy to maximize carbon gain at the expense of water loss, presumably because water 

resources were high and inter-specific competition was minimal during their periods of active 

growth in the spring. In addition, variation in δ13C, D18O, and relative abundance were clearly 

coincident with inter-annual variation in precipitation such that some water-conservative species 

increased in abundance in the drier year while some less water-conservative species decreased 

abundance in the drier year. Differential responses between years could indicate that inter-annual 

variation in rainfall might be an important mechanism structuring functional diversity in this 

community (Chesson 2000). Long-term data or experimental water manipulations in the field 

would be required to more thoroughly test this hypothesis. 
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Future directions 

In this first application of applying IMS to community ecology, I found that variation in IMS 

was a strong indicator of metabolic diversity among co-occurring old field species. Moreover, 

IMS values related to changes in abundance between years that differed in growing season 

precipitation, suggesting differential species responses to temporal variation in water availability. 

These data have implications for the consideration of species- and community-level functional 

responses to changes in climate. At the same time, I also encountered challenges to applying 

IMS in the field. IMS reliably indicates the relative ranking among species in leaf-level 

metabolic efficiency in terms of the carbon to water balance. However, IMS values alone were 

not sufficient to classify species as carbon-acquisitive or water-conservative per se, because IMS 

is sensitive to the ratio between d13C and D18O, rather than their individual magnitude. 

Consequently, different magnitudes of d13C and D18O result in similar IMS when the ratio 

between them is maintained. For example, C. vulgare is enriched in d13C and D18O relative to E. 

philadelphicus, yet obtains similar IMS because the ratio of carbon to water exchange is similar. 

Likewise, within-species plasticity in d13C and D18O was large between years for some species, 

but IMS only changed if d13C and D18O varied disproportionally. As such, we advocate for 

examining variation in IMS alongside variation in d13C and D18O values independently in order 

to better understand the interplay between diversity and plasticity in leaf metabolism. Assessing 

IMS, d13C and D18O in other systems could reveal a previously under-appreciated role of 

metabolism for species distributions and community diversity.  
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CHAPTER THREE 

Is variation in inter-annual precipitation a mechanism for maintaining plant 

metabolic diversity? 
 

Abstract 

In order for diverse species to coexist in ecological communities, they must vary in ways that 

reduce competition, such as variation in anatomical and physiological characteristics. Here, I 

asked whether inter-annual variation in growing season precipitation could provide sufficient 

variation in water availability to allow plant species with different intrinsic metabolism to co-

occur. I hypothesized that species would differentially respond to soil water availability, and that 

species with a metabolic strategy to conserve water at the expense of carbon gain would grow 

better in dry conditions relative to species with a metabolic strategy to gain carbon at the expense 

of foliar water loss. I measured above-ground biomass and leaf-level metabolism using carbon 

and oxygen isotope ratios for seven Asteraceae species across five experimental water 

treatments. Species differentially responded to variation in growing season water availability 

and, importantly, how they responded could be explained by differences in metabolism. Water-

conservative species grew best in the dry treatments and had their minimal growth in wet 

treatments. Carbon-acquisitive species displayed the opposite pattern, with maximal growth in 

wet treatments and steep declines in dry treatments. Metabolic differences among co-occurring 

species may help explain temporal variation in growth, and could provide an underlying 

physiological mechanism for long-term dynamics that promote biodiversity.   
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Introduction  

How is it that different species are able to live together in ecological communities? This 

fundamental question is at the heart of ecology, and although it has been investigated for 

centuries, it remains a current topic of active research (Levine and HilleRisLambers 2009, 

Silvertown et al. 2014). We have long-known that for communities to house a diversity of 

species, co-occurring species need to be substantially different from one another, which can be 

seen in differences in niches and relative fitness (HilleRisLambers et al. 2012). But what are the 

underlying mechanisms that define a species niche or relative fitness? Much work has been done 

to understand the role of anatomy and morphology, but diversity may also be maintained by 

variation in species’ intrinsic metabolism (Angert at al. 2009; Whittaker 1965).  

In plants, primary metabolism involves the conversion of carbon dioxide (CO2) during 

photosynthesis to produce energy. However, CO2 uptake by leaves causes the simultaneous loss 

of water through leaf stomata (Farquhar and Sharkey 1982), resulting in a fundamental tradeoff 

between leaf-level carbon gain and water loss that may influence a plant’s productivity and 

competitive success in a given environment. For example, some plants may be able to rapidly 

gain carbon but lose substantial amounts of water in the process. Others may have a more 

conservative strategy, minimizing water loss at the expense of carbon gain (Monson et al. 1993, 

Goud et al. 2019). A plant’s ability to balance carbon gain and water loss is largely dictated by 

characteristics that affect the exchange rates of both CO2 and water vapor. Because CO2 enters 

and water vapor exits through stomatal pores, stoma are often focused on as an intersection point 

of carbon gain and water loss (Potvin and Werner 1983, Schultz et al. 1996, Liu et al. 2015). 

While stomatal behavior is a primary dynamic in this exchange, leaf boundary layer conditions, 

resistances within the leaf to diffusion, and enzymatic activity driving CO2 consumption within 
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the leaf also make significant contributions and are likely coordinated as a plant metabolic 

strategy to manage these two fluxes. 

In Chapter 1, I introduced the concept of ‘integrated metabolic strategy’ as a way to 

represent leaf carbon-water tradeoffs that are integrated over the lifespan of a leaf (Goud et al. 

2019). The integrated metabolic strategy (IMS) approach leverages the relationship between leaf 

carbon and oxygen stable isotope ratios. The carbon stable isotope ratio (d13C) of leaves 

integrates the long-term supply and demand of CO2, and is a reliable representation of leaf-level 

carbon metabolism (Farquhar et al. 1989). The oxygen isotope enrichment of leaf material above 

source water (D18O = δ18Oleaf - δ18Osource) integrates the evaporative conditions of the leaf and can 

represent the magnitude of foliar water loss (Farquhar et al. 2007, Roden and Farquhar 2012). 

Generally, smaller (depleted) d13C and D18O values indicate a smaller concentration gradient of 

CO2 and water vapor between the inside and outside of the leaf, indicating relatively more 

carbon gain and water loss, respectively. Therefore, the combination of these two isotope values 

describe a plant’s leaf-level strategy to balance carbon gain and water loss over the lifetime of 

the leaf.  

One can identify and compare metabolic strategies by examining a plant’s position in a 

δ13C-D18O biplot. Leaves that are enriched (more positive) in δ13C and D18O display a strategy to 

minimize foliar water loss, which also limits CO2 diffusion and potential carbon gain. 

Conversely, leaves with more depleted (more negative) δ13C and D18O reflect a strategy to 

maximize carbon gain without limiting foliar water loss. Plants that cluster together on a biplot 

are interpreted as having similar metabolic strategies, while separation in dual isotope space 

indicates intrinsic metabolic differences. Moreover, metabolic strategies can be converted to a 
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single IMS value by calculating the adjusted ratio between δ13C and D18O:     

IMS = |d13C| / (100 - D18O). 

Increasing IMS values generally correspond to increases in leaf-level carbon gain per unit 

of evaporative water loss (Goud et al. 2019). 

In Chapter 2, I demonstrated variation in metabolic strategies among 18 co-occurring 

plant species in a successional old field community, indicating fundamental differences in how 

these species balance the tradeoff between leaf-level carbon gain and water loss. Large 

differences in metabolic strategy may indicate a competitive advantage of some species over 

others. All else being equal, plants with a more productive strategy (i.e., more carbon gain) 

should out-compete those with a less productive strategy when water resources are high, but may 

face considerable risk when water resources are low. In order for diverse strategies to persist in 

the same community, co-occurring species would need to effectively partition water resources in 

ways that limit competitive exclusion (Silvertown et al. 1999).  

In Chapter 2, I found that differences in metabolic strategies among species were 

associated with changes in their relative abundance between growing seasons that differed in 

summer precipitation. Specifically, species with a strategy to minimize water loss at the expense 

of carbon gain (a.k.a., ‘water-conservative’) increased in vegetative cover in the dry season while 

those with a strategy to maximize carbon gain at the expense of water loss (a.k.a, ‘carbon-

acquisitive’) suffered decreases in cover. Moreover, I found that gas exchange was coupled (i.e., 

d13C and D18O co-varied) for some species, but was uncoupled (i.e., d13C and D18O varied 

independently) for other species. Those species with a coupled metabolic response between years 

generally decreased in vegetative cover in the drier year while those with an uncoupled response 
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increased in cover. Together, these results suggest that metabolic diversity may have 

consequences for growth and/or competitive outcomes that are related to variation in climate 

between years.  

My next natural question was whether interannual variation in rain, and thus soil water 

availability, plays a role in maintaining metabolic diversity in this community. Variation in 

rainfall from one growing season to the next might favor the growth and competitive success of 

different plant species in different years, which could serve to maintain the presence of 

potentially less productive water-conservative species. To test this hypothesis, I performed a 

field experiment to manipulate soil water availability in order to address the following questions: 

Do co-occurring plant species with different metabolic strategies have differential performance 

based on hydrologic year? If so, what are the morphological and physiological mechanisms 

underlying differential growth responses? I expected species to differentially respond to soil 

water availability. Specifically, I hypothesized that species with a metabolic strategy to conserve 

water at the expense of carbon gain would grow better in dry conditions relative to species with a 

metabolic strategy to gain carbon at the expense of foliar water loss. 
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Methods  

Study site and experimental setup 

The study was conducted in a 1200 m2 mid-successional old field in Ithaca, NY, USA (42.46, -

76.45) that was abandoned from agriculture in 2006 (Agrawal, A.A., personal communication). 

Plant community composition is dominated by perennial herbaceous forbs in the Asteraceae 

family (e.g., Cirsium, Solidago), with some grasses (e.g., Phleum), and sparse shrub cover (e.g., 

Rosa, Lonicera) (Marks 1983). The climate is moderate continental with an average annual 

temperature of 8oC and a mean annual precipitation of 947 mm. Average growing season (May - 

August) temperature and precipitation are 18oC and 372 mm, respectively (Ithaca Airport 

weather station). 

In April, 2018, I established a manipulative experiment in a randomized block design at 

the site by constructing three 4.3 m by 11 m GrowSpan round cold frames from galvanized steel 

(FarmTek, Dyersville, IL) to serve as rainout shelters. The shelters were spaced approximately 8 

m apart, with five 3 m by 2 m plots within each shelter. The perimeter of each plot was trenched 

to 2 feet deep and lined with polyethylene plastic to limit the movement of roots and water 

between plots. Treatments were maintained by excluding all natural rainfall by covering the top 

of each shelter with clear polyethylene greenhouse plastic (FarmTek, Dyersville, IL), and then 

re-watering the plots with a predetermined amount of water. Each plot was individually watered 

on a weekly basis via a drip irrigation system consisting of polyethylene tubes arranged in a 

rectangular grid containing pressure-compensating button drip emitters to provide even water 

distribution across the plot (DIG Corp, Vista, CA). Water was supplied to each grid through a 

pressure regulator attached to a storage tank filled with local water. The shelters were covered 

and treatments were initiated on May 25, 2018, and continued until August 24, 2018. The shelter 
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sides remained open to maximize air movement and minimize temperature and relative humidity 

artifacts.      

Each plot was randomly assigned to one of five experimental water treatments 

corresponding to monthly average rain amounts spanning the driest to the wettest growing 

season on record from the last 30 years:  

(1) the driest year on record, 26 mm of rain per month (104 mm total);  

(2) a typical dry year, 60 mm of rain per month (240 mm total);   

(3) the 30 year average, 93 mm of rain per month (372 mm total);  

(4) a typical wet year, 141 mm of rain per month (564 mm total);  

(5) the wettest year on record, 188 mm of rain per month (752 mm total). 

In each plot, I measured soil water content (%) on a weekly basis using a portable 

HydroSense II soil-water sensor (Campbell Scientific, Logan, UT). I took monthly soil cores at 

30 cm depth and subdivided the cores into three 10 cm depths. For each 10 cm depth, I measured 

volumetric soil water content (%), and extracted soil water for d18O using a cryogenic vacuum 

distillation line (Ehleringer et al, 2000). Soil samples were oven dried at 75oC for 48 hours.     

  



 

83 

Plant sampling  

I selected seven focal plant species from the Asteraceae family that were represented in each 

treatment and covered a general range of morphological and physiological diversity of the 

community as a whole: Cirsium arvense (L.) Scop., Euthamia graminifolia (L.) Nutt., Solidago 

altissima L., S. juncea Aiton., S. rugosa Mill., Symphyotrichum novae-angliae (L.) G.L. Nesom, 

and Taraxacum officinale F.H. Wigg.        

Nine replicate plants per species were collected in each treatment. For each individual 

plant, I recorded its height and the total number of leaves. All the leaves were removed, and 

suberized tissue (stem or root material, depending on the species) was collected and immediately 

placed in capped plastic vials after collection, wrapped in Parafilm, and stored in a freezer until 

further analyses. Water was extracted from stem/root tissue using a cryogenic vacuum 

distillation line (Ehleringer et al, 2000) and stored in a freezer until they were measured for d18O. 

Fresh leaf mass was weighed and total leaf area (LA) was measured using a LI-COR LI-3100 

leaf-area meter (LI-COR, Lincoln, NE). Total above-ground biomass (leaves and stems) were 

oven-dried at 60oC for 48 hours and weighed. Leaf carbon (C) and nitrogen (N) content were 

measured using an elemental analyzer (Thermo Finnigan Carlo Erba NC2500).  

Isotope analyses 

Carbon and oxygen isotope ratios (d13C, δ18O) were measured using a continuous flow isotope 

ratio mass spectrometer (Thermo Scientific Delta V Advantage). For d13C, the mass spectrometer 

was coupled to an elemental analyzer (Carlo Erba NC2500) and for δ18O it was coupled to a 

Thermo Scientific TC/EA pyrolysis analyzer with a Costech Zero Blank auto sampler. Samples 

were analysed for stable isotope composition at the Cornell University Stable Isotope Lab, 
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Ithaca, NY. Isotope ratios are expressed as δ values (per mil): 

d13C, d18O = (Rsample/Rstandard – 1) x 1000 (‰), 

where Rsample and Rstandard are the ratios of heavy to light isotope of the sample relative to the 

international standards for C and O, Vienna-Pee-Dee Belemnite and Vienna Standard Mean 

Ocean Water, respectively.  

Statistical analyses 

Aboveground biomass was standardized in order to account for interspecific differences in initial 

plant size: for each individual species, biomass measurements were divided by the species’ mean 

biomass across all treatments, resulting in standardized values ranging between 0.5 - 1.5, with a 

value of 1.0 for the species mean.   

Integrated metabolic strategy (IMS) values were calculated by the following ratio:  

IMS = |d13C| / (100 - D18O) (Goud et al. 2019). 

Treatment and species differences among variables were assessed using linear mixed 

effects models and analysis of variance (ANOVA) to account for potential variation among the 

three precipitation-exclusion shelters. Each shelter was defined as a block and used as a random 

effect. Independent fixed factors were species, water treatments, and their interaction. Response 

variables included standardized total aboveground biomass, leaf carbon isotope composition 

(d13C), leaf oxygen isotope enrichment above source water (D18O), integrated metabolic strategy 

values (IMS), total leaf area (LA, cm2), plant height (m), plant source water oxygen isotope 

composition (d18O), and leaf nitrogen content (% N).  
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Linear relationships between continuous variables (i.e.., biomass, d13C, D18O, IMS, LA, 

height, N, source water d18O) were assessed using simple and multiple linear regressions. The 

slope of the linear correlation obtained from mixed effects models for each species was used as a 

measure of the extent of covariation between d13C and D18O. The term ‘coupled’ refers to species 

for which d13C and D18O covary, and ‘uncoupled’ refers to species for which either d13C or D18O 

varied independently from the other. All correlation statistics were calculated using linear mixed 

effects models with block as a random effect using the ‘lmer’ function in the lme4 R package 

(Bates et al. 2015). All analyses were performed in R5.3.2 (R Core Team 2019).   
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Results 

Soil moisture content immediately before treatment initiation was approximately 30% in all 

plots. Coincident with warming air temperatures, soil moisture declined in all plots throughout 

the course of the growing season. The five water treatments were consistently maintained 

throughout the season, with growing season average moisture contents of 12%, 16%, 21.5%, 

25.5%, and 30% from driest (treatment 1) to wettest (treatment 5).  

As metrics of plant performance, I measured aboveground biomass (g) as well as leaf 

physiological and morphological traits: leaf d13C, D18O, IMS values, LA, plant height, leaf N 

content, and plant source water d18O (estimate of relative rooting depth). Biomass and all of the 

measured traits varied by species (p < 0.0001; Table 3.1) and by treatment, with the exception of 

IMS and LA that did not vary by treatment (p = 0.28, all others p < 0.02; Table 3.1). I observed a 

species x treatment interaction for biomass, d13C, LA, plant height, and source water d18O (all p 

< 0.02), indicating differential species responses to the water treatments.     

Variation in integrated metabolic strategies across species  

Species varied in their metabolic strategies, as indicated by their position on a d13C-D18O biplot 

(Figure 3.1A) and in their average IMS values (Figure 3.1B). Species with relatively enriched 

d13C and D18O included the three Solidago species S. altissima, S. juncea and S. rugosa. 

Taraxacum officinale had the most depleted d13C and D18O; the remaining species, C. arvense, E. 

graminifolia, and S. novae-angliae had intermediate d13C and D18O values falling in between T. 

officinale and the Solidago species.  
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Inter-specific differences in IMS were dictated by whether  d13C values were above or 

below the overall regression line across all species and treatments (R2 = 0.73, p < 0.0001; slope = 

0.65; Figure 3.1). The most metabolically efficient species (i.e., highest IMS), T. officinale, had 

d13C values below the regression line, resulting in relatively more depleted d13C values at a given 

D18O. In contrast, the two species with the lowest IMS values, C. arvense and S. altissima 

(Figure 3.1B) had d13C values above the regression line, resulting in relatively more enriched 

d13C values at a given D18O relative to other species. Mid-range IMS species E. graminifolia, S. 

rugosa, and S. novae-angliae had d13C and D18O values that fell on the line. Interestingly, S. 

juncea was relatively more enriched in d13C and D18O overall, but its d13C values fell below the 

regression line in treatments 1-3 (dry to average soil moisture), resulting in mid-range IMS 

(Figure 3.1). 

Four species displayed a ‘coupled’ gas exchange response across water treatments, 

indicated by a positive correlation between d13C and D18O (p < 0.05; Figure 3.1A). The 

correlation slopes for E. graminifolia (0.63) and S. rugosa (0.70) were indistinguishable from the 

overall across-species slope of 0.73. Solidago altissima and S. juncea had slopes that were larger 

(0.84) and smaller (0.52), respectively, compared to the overall slope. The remaining three 

species, C. arvense, S. novae-angliae, and T. officinale displayed an ‘uncoupled’ gas exchange 

response across water treatments, indicated by d13C and D18O not being correlated (p > 0.2; 

Figure 3.1A). For these uncoupled species, D18O decreased from dry to wet treatments while 

d13C remained similar across treatments.      
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Changes in biomass and leaf metabolism in response to variation in water availability 

Species differentially responded to the water treatments in their aboveground biomass (Figure 

3.2A; Figure A3.5). Cirsium arvense, E. graminifolia, and S. altissima had the smallest biomass 

in dry treatments and largest biomass in wet treatments (p < 0.01). In contrast, S. juncea and S. 

rugosa had the largest biomass in dry treatments and smallest in wet treatments (p < 0.01). Two 

species, S. nova-angliae and T. officinale, maintained similar biomass across treatments (p > 

0.5). 

All species, except for uncoupled species C. arvense, S. nova-angliae and T. officinalis, 

were more enriched in d13C and D18O in the dry treatments and became more depleted in the wet 

treatments (Figure 3.2 C, D), indicating relatively more carbon gain potential and evaporative 

water loss in wet treatments relative to dry. Across treatments, S. altissima, S. juncea and S. 

rugosa remained the most enriched and T. officinale remained the most depleted in d13C and 

D18O.       

Morphological and physiological drivers of biomass responses 

Across all species and treatments, biomass positively correlated with LA (t = 7.0, p < 0.0001) 

and plant height (t = 12.6, p < 0.0001; Table 3.2). Biomass negatively correlated with leaf d13C (t 

= -2.4, p = 0.02),  D18O (t = -2.2, p = 0.03), and source water d18O (t = -2.6, p = 0.01). Biomass 

was not correlated with leaf N content (t = 1.6, p = 0.10). Across all species, changes in biomass 

between dry and wet treatments was not directly related to species’ average IMS values (t = -

0.42, p = 0.69; Figure 3.3A) or the extent of coupling between d13C and D18O (t=0.22, p = 0.83, 

Figure 3.3B).  
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Within-species growth responses were not all driven by the same traits. Larger biomass in 

C. arvense was related to increases in plant height (Figure A3.2) and decreases in leaf D18O 

(Figure 3.2D). For E. graminifolia and S. rugosa, increasing biomass was related to increases in 

LA (Figure A3.1) and plant height (Figure A3.2). Larger biomass in S. altissima and S. juncea, 

was related to larger LA (Figure A3.1), increases in plant height (Figure A3.2), and increasing 

IMS (Figure 3.2C). Variation in S. nova-angliae biomass was related to changes in leaf D18O 

(Figure 3.2D), LA (Figure A3.1) and plant height (Figure A3.2). Biomass did not vary 

substantially enough in T. officinale to correlate with any measured variables.  
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Table 3.1: Results of a linear mixed effects model analysis of variance showing the effects of 

species, water treatments, and their interaction on standardized total aboveground biomass, 

leaf carbon isotope composition (d13C), leaf oxygen isotope enrichment above source water 

(D18O), integrated metabolic strategy value (IMS), total leaf area, plant height, plant source 

water oxygen isotope composition (d18O), and leaf nitrogen content. Data are for seven 

Asteraceae species co-occurring in a temperate old field in Ithaca, NY (n=45 per species). 

Model Term df F p 

Aboveground biomass (g) 

Species 6 44.5519 < 0.0001 

Treatment 4 3.0667 0.0173 

Species x Treatment 24 1.952 0.0064 

Leaf d13C (‰)    

Species 6 77.0341 < 0.0001 

Treatment 4 28.642 < 0.0001 

Species x Treatment 24 2.0287 0.0057 

Leaf D18O (‰)    

Species 6 25.7046 < 0.0001 

Treatment 4 12.9207 < 0.0001 

Species x Treatment 24 0.5493 0.9560 

Integrated metabolic strategy    

Species 6 12.961 < 0.0001 

Treatment 4 1.2853 0.2784 

Species x Treatment 24 1.0581 0.3985 

Leaf area (cm2)    
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Species 6 52.8347 < 0.0001 

Treatment 4 1.2681 0.2834 

Species x Treatment 24 2.0935 0.0029 

Plant height (m)    

Species 6 127.8102 < 0.0001 

Treatment 4 3.7018 0.0060 

Species x Treatment 24 1.8508 0.0111 

Source water d18O (‰)    

Species 6 32.5222 < 0.0001 

Treatment 4 46.8281 0.0004 

Species x Treatment 24 4.5115 < 0.0001 

Leaf nitrogen (%)    

Species 6 33.9784 < 0.0001 

Treatment 4 3.2169 0.0150 

Species x Treatment 24 1.0826 0.3731 
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Table 3.2: Multiple linear regression model showing effects of leaf carbon isotope 

composition (d13C), leaf oxygen isotope enrichment above source water (D18O), total leaf 

area, plant height, plant source water oxygen isotope composition (d18O), and leaf nitrogen 

content on variation in aboveground biomass. Data are for seven Asteraceae species co-

occurring in a temperate old field in Ithaca, NY (n=45 per species). Total model R2 = 0.782, p 

< 0.0001. 

Variable Estimate Standard error t p 

Leaf d13C (‰) -0.14337 0.0594 -2.414 0.0171 

Leaf D18O (‰) -0.12201 0.05571 -2.19 0.0302 

Leaf area (cm2) 0.37499 0.05358 6.998 < 0.0001 

Height (m) 0.7365 0.05843 12.605 < 0.0001 

Leaf nitrogen (%) 0.0681 0.04152 1.64 0.1032 

Source water d18O (‰) -0.11276 0.04359 -2.587 0.0107 

Intercept -0.02609 0.04356 -0.599 0.5502 
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Figure 3.1: Variation within and among seven co-occurring Asteraceae species in (A) leaf 

carbon isotope composition (d13C) and leaf oxygen isotope enrichment above source water 

(D18O). d13C and D18O were positively correlated across all species and water treatments 

(R2 = 0.73, p < 0.0001, slope = 0.65). Linear regression slopes and significance (within-

species values reported in the inset) were calculated from linear mixed effects models with 

‘block’ as a random effect. (B) Inter-specific variation in integrated metabolic strategy (IMS) 

values. Data are species means across five experimental water treatments ± standard error (n = 

45 per species). Species that share the same letter are statistically indistinguishable, based on 

Tukey post-hoc tests. Species abbreviations are the first two letters of the genus and species 

epithet given in Materials and Methods. Asterisks indicate non-native species.  
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Figure 3.2: Observed changes in (A) aboveground biomass (g, standardized), (B) integrated 

metabolic strategy (IMS) values, (C) leaf carbon isotope composition (d13C) and (D) leaf 

oxygen isotope enrichment above source water (D18O) across five experimental water 

treatments that span a gradient from the driest (‘treatment 1’) to the wettest (‘treatment 5’) 

year on record from the last 30 years in Ithaca, NY. Data are species means ± standard error 

for seven co-occurring Asteraceae species (n = 9 per species, per treatment). Species 

abbreviations are the first two letters of the genus and species epithet given in Materials and 

Methods.    
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Figure 3.3: The change in biomass between the driest and wettest treatments in relation to 

(A) average integrated metabolic strategy (IMS) values across all treatments (t=-0.42, p = 

0.69), and (B) the extent of coupling between carbon and water leaf gas exchange, measured 

as the linear regression slope between leaf carbon isotope composition (d13C) and leaf oxygen 

isotope enrichment above source water (D18O) (t = 0.22, p = 0.83). Linear regression slopes 

were calculated from linear mixed effects models with ‘block’ as a random effect. Data are 

species means across five experimental water treatments ± standard error (n = 45 per species).  
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Discussion 

In order for diverse species to coexist in ecological communities, limiting resources must vary in 

ways that allows species to capitalize on different aspects of those resources in space and/or 

time. Observing species-specific responses to environmental variation may seem ubiquitous, yet, 

the underlying mechanisms responsible for differential responses are largely unknown. Here, I 

tested the hypothesis that species differential responses to inter-annual variation in growing 

season precipitation is associated with differences in metabolism. In support of this, species 

differentially responded to variation in growing season water availability and, importantly, how 

they responded could be explained by differences in metabolism, as measured by carbon and 

oxygen stable isotopes. Indeed, water-conservative species grew best in the dry treatments and 

had their minimal growth in wet treatments. Carbon-acquisitive species displayed the opposite 

pattern, with maximal growth in wet treatments and steep declines in dry treatments. The most 

metabolically efficient species, T. officinale, maintained similar growth and high leaf-level 

carboxylation across all water levels. Metabolic differences among co-occurring species may 

help explain temporal variation in growth, and could provide an underlying physiological 

mechanism for long-term dynamics that promote biodiversity.  

Species metabolic strategies: inter and intraspecific variation  

Here, I examine species’ d13C and D18O across an experimental rainfall gradient from the driest 

to the wettest growing seasons relative to the 30-year average for the region. This extensive 

range in water availability allowed me to assess each species’ average metabolism in the field, as 

well as their range of phenotypic plasticity in response to variation in water availability. 

Examining species on a d13C and D18O biplot (Figure 3.1A) shows that these seven species fall 
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along a continuous spectrum of metabolic strategies from isotopically depleted carbon-

acquisitive to isotopically enriched water-conservative. Variation in overall metabolic efficiency 

among species, indicated by average integrated metabolic strategy (IMS) values across all 

treatments, was driven primarily by differences in carbon gain potential (i.e., relatively enriched 

or depleted d13C values) at a given rate of water loss (i.e., similar range of D18O values). For 

example, across all water treatments C. arvense, E. graminifolia, and S. novae-angliae had 

overlapping D18O values but C. arvense had leaves that were consistently more enriched in d13C 

(Figure 3.1A), resulting in a lower metabolic efficiency (lower overall IMS) than E. graminifolia 

and S. novae-angliae (Figure 3.1B). Similarly, S. altissima was less metabolically efficient than 

congeners S. juncea and S. rugosa (Figure 3.1B) due to leaves with relatively enriched d13C 

values in the dry treatments at similar rates of water loss (Figure 3.1A). The species with the 

highest metabolic efficiency, T. officinale, had overlapping D18O with C. arvense and E. 

graminifolia, but was far more depleted in d13C (Figure 3.1A). 

Species varied not only in their relative position in dual-isotope space, indicating 

differences in intrinsic metabolic efficiency, but also in the direction and magnitude of d13C and 

D18O plasticity across experimental water treatments. The degree of plasticity across water 

availabilities, measured as the extent to which d13C and D18O are coupled (i.e., covary), revealed 

differential physiological responses among species. As predicted by the Goud et al. (2019) 

conceptual model (Figure 1.1), species with a coupled gas exchange response may change the 

magnitude of carbon gain and water loss, but maintain similar ratios between the two fluxes, 

resulting in negligible changes in IMS in response to a driving force (in this case, variation in 

water availability). In contrast, an uncoupled response should result in increasing IMS in 
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conditions where either d13C decreases across constant D18O, or where D18O enriches across 

constant d13C. In this study, four species had strongly coupled d13C and D18O, suggesting tight 

stomatal regulation that co-limits the diffusion of CO2 and water vapor. One species, C. arvense, 

was strongly decoupled, with broad increases in D18O in dry treatments while d13C remained 

constant (Figure 3.1A; Figure 3.2C-D), resulting in higher IMS (Figure 3.2B) and thus more 

metabolically efficient leaves in the dry treatments. Similarly, T. officinale increased D18O in the 

dry treatments while d13C remained constant, while S. novae-angliae had slight increases in d13C 

across constant D18O (Figure 3.1A; Figure 3.2C-D). The ability to increase D18O while keeping 

d13C constant is indicative of stomatal closure that limits the evaporative loss of water from 

leaves, while compensating for decreased CO2 diffusion by increasing carboxylation rates. 

Increasing carboxylation can be achieved by increased enzymatic activity and/or amount of the 

carbon-fixing enzyme Rubisco. Indeed, I observed increases in total leaf nitrogen content and 

maximum rates of carboxylation in milkweed species that had uncoupled d13C and D18O in 

response to experimental water limitation (Goud et al. 2019). In a similar fashion, species that 

maintain D18O and vary d13C are likely keeping stomata open and not changing foliar water loss, 

but adjust carbon consumption by increasing Rubisco activity and/or amount (Schultz et al. 

1996).  

Differential growth responses to water availability 

Across all species and treatments, variation in biomass was largely driven by changes in total 

leaf area and height, irrespective of changes in leaf-level physiology. This is consistent with 

other studies that found variation in growth rate among herbaceous perennials to primarily be the 

result of changes in biomass allocation at the whole-plant level, rather than individual leaf traits 
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(Lambers and Poorter 1992, Poorter et al. 2011). 

Carbon-acquisitive species (relatively depleted in d13C and D18O) C. arvense and E. 

graminifolia strongly increased growth with increasing water availability, and displayed the 

largest declines in biomass in the dry treatments relative to the other species (Figure 3.2A). 

Cirsium arvense is a wide-spread non-native invasive that invades a broad range of habitats (R G 

Wilson 1979, Tiley 2010). It is known to grow best in mesic conditions, and is intolerant of soils 

that are too dry (R G Wilson 1979) or too wet (Bakker 1960). Consistent with this, C. arvense 

displayed maximal growth in average and wet conditions, but reduced biomass in the dry and 

wettest treatments (Figure 3.2A). Euthamia graminifolia is known to occupy wetter soils and 

have a large niche breadth relative to other Asteraceae in old fields and grasslands (Werner and 

Platt 1976). Consistent with this, E. graminifolia displayed maximal biomass in the wettest 

treatment (Figure 3.2A).   

Other carbon-acquisitive species S. novae-angliae and T. officinale maintained similar 

biomass across treatments (Figure 3.2A). Symphyotrichum novae-angliae is known to be widely 

adapted to a range of soils, from wet, organic to dry, sandy soils (Gleason and Cronquist 1991, 

Chmielewski and Semple 2003), and has the ability to maintain high growth in dry and water-

logged soils alike (Shrestha et al. 2018). Consistent with this, S. novae-angliae appeared 

unresponsive to variation in water availability not only in its growth, but in leaf-level physiology 

(d13C, D18O, IMS) and whole-plant morphology (LA, height). However, it does appear that S. 

novae-angliae can adjust its rooting behavior to access deeper, more potentially stable sources of 

water in the dry treatments, as seen by depleted source water d18O values (Figure A3.4). It’s 

possible that S. novae-angliae is able to maintain growth under water deficits by accessing more 
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stable sources of water and bypassing water limitations. 

In contrast, the lack of growth response across water treatments in T. officinale is likely 

due to its unique life history relative to the other study species. Although T. officinale retains its 

aboveground biomass into the late summer, it is functionally active in the spring, producing 

flowers and setting seed by late May when water and light are readily available, and before the 

other species have fully grown (Gleason and Cronquist 1991). Thus, the relatively efficient and 

productive metabolic strategy of T. officinale that is maintained across treatments appears linked 

to an early-spring life history strategy that serves to avoid water deficits and inter-specific 

competition. 

The three goldenrods, S. altissima, S. juncea, and S. rugosa, were the most enriched in 

d13C and D18O across all treatments (Figure 3.1A, 3.2C-D). Both S. juncea and S. rugosa are 

known to be dry-site specific (Potvin and Werner 1983, Gleason and Cronquist 1991, Griffiths 

and Orians 2003) and displayed maximum biomass in the driest treatment, and lowest in the wet 

treatments (Figure 3.2A). Maximizing biomass under dry conditions could indicate that these 

species have distinct hydrological niches than their neighbors, defined by temporal variation in 

water availability across seasons. In support of this, S. rugosa is more typically found in dry, 

open habitats, especially on sandy soils (Gleason and Cronquist 1991, Griffiths and Orians 

2003), and consistently grows better in drier soils even in the absence of competitors (Griffiths 

and Orians 2003). This suggests that S. rugosa is adapted to more dry, aerated conditions and is 

physiologically less tolerant of wetter soils. In contrast, although these results and others have 

observed S. juncea to grow better on dry soils (Potvin and Werner 1983, Gleason and Cronquist 

1991), in the absence of competition S. juncea actually grows better in wetter soils and can grow 

larger than neighboring species such as S. altissima (Potvin and Werner 1983). This suggests that 
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competitive exclusion constrains S. juncea’s growth when water is abundant, while potential 

competitive release allows it to increase in dry soils when its competitors suffer reduced growth.  

The most dominant species in this community, S. altissima, was also relatively enriched 

in d13C and D18O when averaged across all treatments. Although its leaf metabolism is indicative 

of a water-conservative strategy, it had the smallest and largest growth in the driest and wettest 

treatments, respectively, which is more indicative of a carbon-acquisitive strategy. Interestingly, 

S. altissima maintained similar growth across all three average conditions (treatments 2, 3 and 4). 

Solidago altissima is reported to be relatively intolerant of dry soils, and to occur across a range 

of mesic to wet soils (Potvin and Werner 1983, Walck et al. 1999, Nolf et al. 2014). Examining 

changes in d13C and D18O across treatments shows that S. altissima becomes very enriched in the 

driest treatment and very depleted in the wettest, suggesting strong stomatal responses to 

moisture availability. In support of this, Nolf et al. (2014) observed high levels of phenotypic 

plasticity in S. altissima hydraulic traits, including tight stomatal regulation and rapid stomatal 

closure in response to moisture deficits. Together, these results suggest that producing relatively 

inefficient yet water-conservative leaves allows S. altissima to tolerate a range of soil moisture 

conditions, while rapidly producing new leaves and increasing stem elongation when water is 

less limiting. I observed a similar response in milkweeds that had the least efficient leaves 

(enriched d13C but depleted D18O) but could rapidly produce additional leaves and grow taller in 

response to water availability (Goud et al. 2019).  

Relating growth responses to metabolic diversity 

In Chapter 2, I observed a relationship between the change in abundance and a species’ average 

IMS such that species with higher IMS tended to be in higher abundance in an average year 
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relative to a dry year (e.g., D. carota, M. moschata), or maintained similar vegetative cover 

between years (e.g., G. triflorum, T. officinale), suggesting that relatively higher-IMS species 

were more sensitive to dry conditions than lower-IMS species. Consistent with this, Asteraceae 

species with the highest IMS increased biomass in the experimentally wet treatments (E. 

graminifolia) or maintained similar growth across treatments (T. officinale; Figure 3.3A). 

However, species with the lowest IMS (C. arvense, S. altissima) also grew best in the wet 

treatments, while species that decreased in the wet treatments (S. juncea, S. rugosa) had mid-

range IMS (Figure 3.3A). It’s possible that variation in vegetative cover does not track changes 

in aboveground biomass within a growing season, as cover can vary with changes in plant 

density that are independent of individual plant size. Alternatively, a lower-IMS value may not 

be exclusively indicative of a water-conservative strategy, but may be reflective of a lower 

metabolic demand for carbon at the leaf-level (i.e., intrinsically slower metabolism). Given that 

similar IMS values can be achieved via diverse morphological solutions, the IMS-growth 

relationship may not be generalizable across all taxa. This is consistent with the notion that leaf-

level metabolism does not necessarily scale up to whole-plant growth; rather, variation in growth 

is driven more by whole-plant allocation patterns among leaf, root, and stem biomass (Lambers 

and Poorter 1992, Poorter et al. 2011). Nevertheless, considering IMS in concert with d13C and 

D18O effectively identifies the relative ranking and extent of physiological plasticity, giving 

valuable insights into metabolic diversity among taxa.    

  In Chapter 2, I also observed a relationship between the change in abundance and the 

extent to which a species showed coupled gas exchange. Species that were coupled tended to 

increase or maintain cover in the average year relative to the dry, suggesting that some coupled 

species are more sensitive to water limitation. Uncoupled species either decreased or maintained 
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similar cover between years, suggesting a possible advantage for uncoupled species under drier 

conditions. When I expanded the range of water availabilities from two conditions to five, many 

species that were uncoupled across two seasons were coupled across all five due to strong 

differences in the driest and wettest conditions (e.g., E. graminifolia, S. rugosa; Figure 3.1A), 

which were not represented in Chapter 2. Thus, defining a species as ‘coupled’ or ‘uncoupled’ 

may require examining changes in d13C and D18O across a wide range of possible water 

availabilities for some species. At the same time, species that are uncoupled across the average 

range of climate variation and only display the coupled response across more extreme conditions 

may be reflective of species that are better-adapted and perhaps more competitive across the 

range of conditions they would typically experience for the majority of their life. Moreover, the 

relationship between gas exchange coupling and growth/vegetative cover is not necessarily linear 

across all taxa. It appears likely that coupled species rely on stomatal control to co-limit the loss 

of water and gain of CO2 under water limitation, and then quickly open stomata and increase 

photosynthesis when water is no longer limiting.  

Variation in inter-annual precipitation and plant metabolic diversity  

Examining differential species responses to precipitation in light of their metabolic strategies has 

implications for biodiversity outcomes in a changing climate. There is increasing evidence that 

rainfall patterns are already being altered due to global climate changes. Although we don’t 

typically consider temperate mesic soils as water-limited, this work shows that the magnitude of 

rain between years can impose water limitations on plants, resulting in significant changes in 

biomass that may alter competitive hierarchies among species. It appears that across-season 

variation serves to shift the competitive balance among species with different metabolic 

strategies, favoring those that are better able to tolerate unfavorable conditions, and can quickly 
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capitalize on available resources that would otherwise have been used by their competitors. 

Other studies using precipitation-exclusion experiments in mid-western continental grasslands 

have also documented species-specific responses to variation in inter-annual rainfall. Similar to 

this study, some species respond positively to increasing water availability, others show little 

response, and others show positive responses to drier treatments (Fay et al. 2002; Fay et al. 

2008). Moreover, individual species responses scale up to affect ecosystem function, such as 

primary productivity, resilience to drought, and ecosystem carbon balance (Fay et al. 2008; 

Hoover et al. 2014).  If the frequency of water-limited years persistently decreases in this region, 

as predicted by climate models (Easterling et al. 2017), there may be significant ecological 

consequences. For example, sustained reductions in growth of species that are favored in dry 

years may limit their establishment and growth, potentially favoring invasive species and 

ultimately shifting species distributions and community composition.  
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CHAPTER FOUR 

Leaf stable isotopes suggest shared ancestry is an important driver of functional 

diversity2 
 

Abstract 

Plant physiological strategies of carbon (C) and nitrogen (N) uptake and metabolism are often 

regarded as outcomes of environmental selection. This is likely true, but the role of evolutionary 

history may also be important in shaping patterns of functional diversity. Here, we used leaf C 

and N stable isotope ratios (δ13C, δ15N) as integrators of physiological processes to assess the 

relative roles of phylogenetic history and environment in a diverse group of Ericaceae species 

native to North America. We found strong phylogenetic signal in both leaf δ13C and δ15N, 

suggesting that close relatives have similar physiological strategies. The signal of phylogeny was 

generally stronger than that of the local environment. However, within some specialized 

environments (e.g., wetlands, sandy soils), we found environmental effects and/or niche 

conservatism. Phylogenetic signal in δ13C appears to be most closely related to the constraints on 

metabolic demand and supply of C, and δ15N appears to be most strongly related to mycorrhizal 

associations within the family.  

                                                
2 Goud, E.M. and Sparks, J.P. (2018) Leaf stable isotopes suggest shared ancestry is an important 
driver of functional diversity. Oecologia 187(4): 967-975. 
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Introduction 

Determining the mechanisms that shape the diversity of physiological and morphological 

features of organisms is a central question in ecology. However, in any given environment, it is 

challenging to partition the factors that may generate the observed adaptations. The physical 

environment directly drives adaptation through selection, but an underappreciated mechanism is 

the constraint put on an organism by its phylogenetic position. Ecologically important characters 

have traditionally been regarded as labile and physiological changes were assumed to be 

important responses to environmental variation. However, recent phylogenetic studies have 

revealed that many lineages of closely related species have maintained ecological and phenotypic 

similarities through evolutionary time (Wiens et al. 2010). Rather than selection alone driving 

the relationship between environment and physiology, shared ancestry may play an important 

role in maintaining groupings of traits important for success in a given environment. 

Examining the relative influence of shared ancestry and environment on physiology is 

nothing new; this has been explored several times in plants by tracing the phylogenetic signal of 

anatomical characters (Savage and Cavender Bares 2012; Yang et al. 2014). Previous studies 

have focused on ecologically relevant characters or ‘functional traits’ that hopefully represent 

more direct measures of physiological processes. Examples include leaf nitrogen (N) content as a 

proxy for photosynthetic rate, and leaf lifespan, size and leaf mass per area (or its inverse, 

specific leaf area) as proxies for rates of resource acquisition and conservation (Wright et al. 

2004; Osnas et al. 2013). One challenge with this approach is that trait-environment relationships 

and phylogenetic signal are often inconsistent among taxonomic groups and environments 

(Kerkhoff et al. 2006; Yang et al. 2014; Flores et al. 2014; Forrestel et al. 2015; Bhaskar et al. 

2016), making interpretation and generalization difficult. One potential reason for these 
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inconsistencies is that traits may correlate with multiple processes that have contrasting 

relationships with the environment and/or different rates of evolution. Because physiological 

responses often involve suites of inter-related traits, single traits like leaf N content or specific 

leaf area may only describe a part of a physiological process or even function differently across 

species. Instead of looking at individual functional traits, the alternative approach we use in this 

work is to use a plant measurement that potentially integrates a physiological process. Stable 

isotope ratios of leaf C and N are good candidates because they integrate physiological processes 

and often vary in relation to known ecological variables.  

Leaf carbon isotope (δ13C) values are directly related to the integrated strategy a plant 

uses for C acquisition.  δ13C reflects the long term balance of leaf internal (ci) to external (ca) 

carbon dioxide (CO2) concentrations, which is dependent upon the resistances to CO2 entry into 

the leaf and the rate of CO2 consumption during photosynthesis (Farquhar et al. 1982). Any 

factor that increases the difference between ci and ca leads to δ13C enrichment, such as 

photosynthetic capacity and investment in photosynthetic machinery, the size of the boundary 

layer of still air around the leaf, the length of the diffusion pathway between the stoma and the 

site of carboxylation within the chloroplast, and stomatal conductance. Morphological 

characteristics that increase the size of the leaf boundary layer include increasing leaf size, and 

surface characters such as hair, waxes and trichomes (Ehleringer et al. 1976; Evans and Loreto 

2000). Stomatal conductance and behavior (i.e., how often and for how long the stomata are 

open relative to closed) are sensitive to changes in temperature and water availability, which 

would also be reflected in the δ13C value (Ehleringer et al. 1992).  

Leaf nitrogen isotope ratios (δ15N) integrate variation in plant metabolism, differences in 

ecosystem N cycling and mutualist associations that facilitate biotic N-uptake such as 
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mycorrhizal fungi and N-fixing bacteria (Hobbie et al., 1999). Plant metabolic processes that 

fractionate 15N include different pathways of N assimilation (Yoneyama et al. 1991) and internal 

recycling of N in the plant (Kolb and Evans 2002). Leaf δ15N values are also affected by changes 

to the baseline value of δ15N present in the soil solution that is available for plant uptake. Any 

factor that changes the rate of soil nutrient turnover (e.g., temperature, water availability) via 

mineralization, nitrification or denitrification can potentially change the baseline δ15N  of the soil 

solution and consequently in the leaves (Amundson et al. 2003). Additionally, leaf δ15N values 

can vary substantially among species with belowground mutualist associations because different 

microorganisms access different soil N-pools which consequently affects 15N fractionation 

(Hobbie et al. 1999; Hobbie and Colpaert 2004; Hobbie and Hobbie 2006). Although not as 

clearly associated to a single physiological process as δ13C, δ15N can also integrate physiological 

interactions with the environment. 

Determining phylogenetic signal in leaf δ13C and δ15N can shed light on the relative 

strength of shared ancestry and environment in structuring functional diversity. While δ13C and 

δ15N can vary among closely related species, they have not been evaluated from a phylogenetic 

perspective because it is generally thought that variation in stable isotope values are 

predominantly driven by environmental factors, not evolutionary history. However, if metabolic 

rates are phylogenetically constrained based on similar groupings of physiological traits (Liu et 

al. 2015), then there may be phylogenetic signal in leaf δ13C and δ15N. Moreover, if mutualist 

associations that are important for resource uptake, such as mycorrhizal fungi, are 

phylogenetically conserved, then the physiology that depends on these mutualisms would also 

have phylogenetic signal.  
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The heath family (Ericaceae) is a diverse and geographically widespread plant group that 

has radiated into a variety of environments, including arctic and alpine tundra, wetlands, boreal 

and hardwood forests, scrublands and chaparral. 212 species from 46 genera are native to North 

America and display extensive variation in anatomy, physiology and ecology (Tucker 2009). 

Phylogenetic and ecological diversity within Ericaceae makes this plant family an excellent 

study system for investigating leaf δ13C and δ15N within a phylogenetic context. Foliar δ13C and 

δ15N values are expected to vary among Ericaceae taxa based on ecological differences such as 

climate (e.g., temperature, precipitation), latitude and elevation (Friend et al. 1989). Most 

Ericaceae are evergreen shrubs (e.g., Rhododendron, Vaccinium), but deciduous shrubs and 

trees, herbaceous perennials, and parasitic species that lack chlorophyll are also common in 

North America (Tucker 2009). As such, δ13C values could also vary with plant growth form 

(e.g., trees, shrubs, herbs), leaf persistence (e.g., evergreen, deciduous), and metabolism (e.g., 

fast versus slow growth rates). Moreover, Ericaceae species are often associated with acidic and 

nutrient poor soils, and their success is largely attributed to mutualisms with three unique types 

of mycorrhizal fungi: arbutoid, ericoid and monotropoid mycorrhizae (Lallemand et al., 2016). 

These mycorrhizal types each fractionate N in different ways, which would result in different 

foliar δ15N values among host plants (Zimmer et al. 2007). 

The objectives of this study were to (1) determine the extent of phylogenetic signal in 

leaf δ13C and δ15N and (2) to assess how phylogeny and environmental conditions relate to δ13C 

and δ15N variation. If shared ancestry is an important driver of physiological diversity, then leaf 

δ13C and δ15N values will have phylogenetic signal and similarity in δ13C and δ15N values among 

species will correlate more strongly with phylogeny than environment. To test these predictions, 

we compared relationships between δ13C and δ15N, phylogeny and environment and evaluated 
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the strength of phylogenetic signal from a molecular phylogeny of 57 Ericaceae species native to 

North America. We then examined factors that could potentially contribute to phylogenetic 

signal in leaf stable isotopes, including different mycorrhizal types and other leaf traits important 

to C and N acquisition and metabolism.  

 

Materials and methods 

To determine the phylogenetic relationships among species, we constructed a phylogeny using 

maximum likelihood analyses in PAUP (Swofford 2002) using sequence data for all Ericaceae 

species native to North America that had available matK, nrITS and rbcL gene regions from 

GenBank (107 species total). The tree was rooted on two outgroups: Enkianthus chinensis and E. 

campanulatus and the final tree was topologically congruent with published phylogenies of the 

Ericaceae as a whole (Kron et al. 2002). The tree was then pruned to 57 species from 12 genera 

that represent the range of phylogenetic, environmental and physiological diversity of the group.  

To generate trait data, we collected leaves of the 57 Ericaceae species represented on the 

pruned phylogeny from herbarium specimens at the Liberty Hyde Bailey Hortorium (Cornell 

University) in August, 2015. The 57 species were geographically widespread across North 

America (Figure 1). Leaf material (5 – 50 leaves, depending on leaf size) was sampled from four 

vouchers per species from a range of habitats and geographic locations. Each leaf was assessed 

for leaf longevity (deciduous, evergreen), leaf surface characteristics (glabrous, hairy), leaf size, 

percent element (%C, %N), C:N, and isotopic ratio (δ13C, δ15N). Isotope ratios and percent 

element of all samples were measured using a continuous flow isotope ratio mass spectrometer 

(Thermo Finnigan Environmental Delta V) coupled to an elemental analyzer (Thermo Finnigan 

Carlo Erba NC2500). Isotope ratios are expressed as δ values (per mil): 
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δ15N or δ13C = (Rsample/Rstandard – 1) × 1000 (‰) 

where Rsample and Rstandard are the ratios of heavy to light isotope of the sample relative to the 

international standards for C and N, Vienna-Pee-Dee Belemnite and atmospheric N2, 

respectively. To account for atmospheric CO2 source changes in δ13C over the sampling time 

period (1895-2015), we adjusted leaf δ13C values accordingly. Atmospheric CO2-δ13C isotope 

values from 1890-1970 were taken from Zachos et al. (2007) and values from 1970 to 2015 were 

obtained online from the Scripps CO2 Program (http://scrippsco2.ucsd.edu, Mauna Loa 

Observatory, Hawaii). Using -8‰ as a baseline, we calculated the difference between the 

baseline and atmospheric CO2-δ13C during the collection year for each herbarium specimen.  

 We classified each species by mycorrhizal type using information from published 

floras and primary literature. Each species is reported to identify with one of three mycorrhizal 

types: arbutoid, ericoid or monotropoid mycorrhizae (Lallemand et al., 2016). Arbutoid and 

monotropoid mycorrhizal fungi are similar to ectomycorrhizal fungi (Smith and Read 2008a), 

while ericoid mycorrhizal fungi are similar to arbuscular/endomycorrhizal fungi (Smith and 

Read 2008b). 

We used vapor pressure deficit (VPD) as a general description of a plant’s average 

environment in terms of temperature and water availability. VPD determines the difference 

between the amount of moisture in the air and the amount of moisture that the air can hold, 

which in turn drives water loss from plant leaves. This difference is temperature-dependent, as 

warmer air can hold more water than colder air. Thus, variation in VPD affects stomatal behavior 

and leaf gas exchange (Oren et al. 1999), and potentially C isotope discrimination (Bowling et al. 

2002). Given that leaf δ15N values vary with mean annual precipitation and temperature 

(Amundson et al. 2003), VPD also, at least indirectly, influences leaf δ15N values (Craine et al. 
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2015). We calculated the average July VPD for each origin environment, as indicated from 

specimen voucher labels. We generated this dataset using long-term (1974 – 2012) July average 

air temperature and dew point values obtained from weather stations closest to the collection 

locations (National Weather Service, www.weather.gov). 

In addition to the average climate environment represented by VPD, we also 

independently examined species within five specialized environments where either soil type 

(e.g., sand) or water inundation (e.g., wetlands) was likely to uncouple physiology from the local 

VPD environment. Using habitat descriptions from herbarium voucher labels in combination 

with ecological information from published floras, we identified species in our dataset that 

occupy peatlands, riparian zones, rock barrens, sandy soils, and swamps. Peatlands are acidic, 

nutrient poor wetlands common in arctic, boreal and temperate regions. Swamps and riparian 

zones are distributed throughout North America, and many of the species in our dataset were 

from swamps and riparian zones in the southern United States. Rock barrens are nutrient poor 

environments characterized by open rock overlain by patches of shallow organic soil and are 

restricted to artic and alpine tundra, particularly in coastal regions of eastern Canada. Ericaceae 

in sandy soils are from California chaparral, sand scrub of the southeastern US, and pine barrens 

of the Atlantic coast and northern Rocky Mountains (Tucker 2009). 

To assess the degree to which closely related species are more similar to one another than 

expected by chance, we calculated phylogenetic signal using Pagel’s λ for continuous (δ15N, 

δ13C, %C, %N, C:N, leaf size, VPD) and categorical variables (longevity, surface characteristics, 

mycorrhizal type, specialized environments). Pagel’s λ is a branch scaling parameter, where λ = 

1 indicates that the trait distribution scales with tree topology in accordance with Brownian 

motion. λ = 0 indicates that the tree topology does not structure trait variation (Pagel 1999; 
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Münkemüller et al. 2012). We tested whether λ was > 0 by comparing the log-likelihood of the 

fitted λ with that of λ = 0 using a log-likelihood ratio test using the ‘phylosig’ function in the 

phytools R package (Revell 2012). Variables with λ > 0.5 (at α = 0.05) have phylogenetic signal 

(i.e., relatives are more similar to each other than expected by random chance) (Pagel 1999; 

Münkemüller et al. 2012).  

To compare isotopic, phylogenetic, and environmental (VPD) similarity among species, 

we calculated the absolute difference in isotope values and VPD and the phylogenetic distance 

among all pair-wise species comparisons. Absolute differences were converted into similarities 

by subtracting absolute differences from one (S = 1 - D). We evaluated relationships between 

phylogenetic, isotopic and environmental (VPD) similarity using linear regression. All analyses 

were performed in R3.2.4 (R Core Team 2019) 
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Results 

Phylogenetic signal was observed in δ15N and δ13C, %C, leaf longevity (deciduous, evergreen), 

hairy leaves and mycorrhizal type, but not in %N, C:N, VPD, leaf size, or glabrous leaves (Table 

4.1). Similarity in δ15N and δ13C increased with phylogenetic similarity and explained 32% and 

20% of the total variation in these traits, respectively (P < 0.0001, Figure 4.1a, b). Similarity in 

δ13C and δ15N was also related to similarity in VPD, but these relationships explained less than 

1% of the total variation (P < 0.02, Fig. 1c, d).  

Species within each specialized environment were isotopically similar to other species 

from that environment (Table 4.2). Species from rock barrens and sandy soils tended to be more 

closely related to each other (λ = 0.77 and 0.88, respectively) while species from peatlands, 

riparian zones and swamps were more distantly related (λ = 0.38, <0.01 and <0.01, respectively).  

δ13C and δ15N varied in relation to the type of mycorrhizal association (Figure 4.2). 

Individuals with Monotropoid mycorrhizae displayed the most enriched δ13C and δ15N values, 

followed by Arbutoid and Ericoid.  
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Table 4.1: Phylogenetic signal using Pagel’s λ of 10 leaf characteristics, average July vapor 

pressure deficits and mycorrhizal type (Arbutoid, Ericoid, Monotropoid) for 57 Ericaceae 

species (n = 225). Phylogenetic signal is significant at Pagel’s λ > 0.5 (α = 0.05), indicating 

variables that are more similar among close relatives than expected by chance.  

Variable Pagel’s λ 

δ13C 0.80 

δ15N 0.92 

%C 0.75 

%N < 0.01 

C:N ratio < 0.01 

Leaf size < 0.01 

Leaf longevity 0.95 

Hairy leaves 0.70 

Glabrous leaves < 0.01 

Mycorrhizal type 0.95 

Vapor pressure 

deficit 

< 0.01 
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Table 4.2: Phylogenetic signal and isotopic similarity among Ericaceae plants from 

specialized environments. Pagel’s λ > 0.5 indicates phylogenetic signal. Isotopic similarity 

ranges from 0 to 1, with 1 being completely similar and 0 being completely different. The 

number of individuals from each environment is indicated in parentheses.  

Environment Pagel’s λ δ13C Similarity δ15N  Similarity 

Peatlands (n = 26) < 0.01 0.76 0.78 

Riparian (n = 26) 0.38 0.74 0.70 

Rock barrens (n = 51) 0.77 0.74 0.75 

Sandy soils (n = 40) 0.88 0.75 0.75 

Swamps (n = 15) < 0.01 0.79 0.62 
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Figure 4.1 Geographic locations of herbarium specimen collection sites across North 

America for 57 Ericaceae species (n=225). The legend shows phylogenetic relationships 

among the 12 genera represented in this study. The phylogeny was constructed by maximum 

likelihood analyses using sequence data from matK, nrITS and rbcL gene regions from 

GenBank. This figure is available in color in the online version. 
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Figure 4.2 Relationships between (a) phylogenetic similarity and similarity in leaf δ15N 

(r2=0.32, P < 0.0001), (b) phylogenetic similarity and similarity in leaf δ13C (r2=0.20, P < 

0.0001), (c) environmental similarity and similarity in leaf δ15N (r2=0.002, P = 0.02), and (d) 

environmental similarity and similarity in leaf δ13C (r2=0.01, P < 0.0001) for 57 Ericaceae 

species (n = 225). Phylogenetic similarity is derived from species pair-wise comparisons of 

phylogenetic branch lengths. Environmental similarity is derived from species pair-wise 

comparisons of average July vapor pressure deficits. Similarities range from 0 to 1, with 1 

being completely similar and 0 being completely different. 
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Figure 4.3 Results of a one-way analysis of variance between leaf (a) δ13C and (b) δ15N and 

three mycorrhizal associations (Arbutoid, Ericoid, Monotropoid) for 57 Ericaceae species (n = 

225). Asterisks indicate significant differences among mycorrhizal types (P < 0.0001). 
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Discussion 

We present evidence that physiological strategies related to C and N acquisition in the North 

American Ericaceae are strongly influenced by evolutionary history. As integrators of 

physiological processes, we suggest that isotope ratios may be a more robust predictor relative to 

commonly measured anatomical leaf characteristics. In support of this hypothesis, leaf δ13C and 

δ15N values exhibited strong phylogenetic signal (Table 4.1), suggesting that close relatives have 

similar physiological strategies with respect to C and N acquisition and metabolism.  

Observing strong phylogenetic signal in isotope ratios does not necessarily preclude a 

strong relationship between isotope ratios and environment. To this end, we examined the 

relationship between foliar δ13C and δ15N over a range of environmental vapor pressure deficits. 

Representing a plant’s average environment with vapor pressure deficits is a coarse measure of 

environment, but it is one that has long been shown to drive global patterns of plant diversity 

(Hutchinson 1918; Sexton et al. 2009). If species living in similar environments have comparable 

physiology, then similarity in δ13C and potentially in δ15N should correlate with similarity in 

vapor pressure deficits. However, the relationships we observed between δ13C, δ15N and vapor 

pressure deficits explained very little variation (Figure 4.2c, d), suggesting that species with 

similar physiology do not necessarily occupy similar average environments. Surprisingly, the 

signal of phylogeny on physiological variation among species was much stronger than that of the 

average environment (Figure 4.2a, b). This combination of strong phylogenetic signal and a 

weak relationship with environment suggests that closely related species have similar 

physiological strategies across different environments. 

While a coarse-scale environmental variable, VPD, explained a very small amount of 

variation in physiology, finer-scale microsite conditions could explain a larger portion of the 
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variation in these traits and processes. For example, a set of species could be pre-adapted to 

certain conditions and track favorable microclimates across different vapor pressure deficit 

environments. In this case, close relatives maintain some common suite of characteristics that 

together contribute to variation and phylogenetic signal in foliar δ13C and δ15N. To explore this 

possibility, we independently examined several environments where, because of soil type or 

constant soil water availability, physiological patterns were less likely to be tightly coupled to 

the vapor pressure deficit environment. Peatlands, riparian zones, rock barrens, sandy soils and 

swamps are geographically widespread across North America and Ericaceae species within these 

environments all had similar δ13C and δ15N values relative to each other (Table 4.2), providing 

some evidence that similar physiological strategies in these species have arisen in response to 

strong environmental selection. However, the degree of phylogenetic relatedness was not 

constant across these specialized environments (Table 4.2). Individuals from rock barrens and 

sandy soils were more closely related than expected by chance (Pagel’s λ > 0.75; Table 4.2). 

Rock barrens and sandy soils are water-limited environments and may represent examples of 

‘phylogenetic niche conservatism’, whereby species maintain the phenotypes and environmental 

requirements of their most recent common ancestor (Wiens et al. 2010). In contrast to rock 

barrens and sandy soils, individuals from peatlands, riparian zones and swamps were 

physiologically similar but more distantly related than expected by chance (Pagel’s λ < 0.5; 

Table 4.2); this suggests that plants from these wet habitats are potentially converging onto 

similar strategies regardless of their phylogenic history.  

These patterns diverge from other studies that report phylogenetic similarity among 

wetland species (Savage and Cavender Bares 2012) and phylogenetic divergence (species less 

related) among species from drier environments (Savage and Cavender Bares 2012; Jara Arancio 
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et al. 2014).  A possible explanation is that the direction of environmental shift is influencing 

phylogenetic and phenotypic patterns. Rather than the environmental conditions per se (i.e., arid 

versus mesic) driving convergence or divergence, the degree of deviation from ancestral 

conditions may be more important (Klak et al. 2004; Kraft et al. 2007). For example, shifting 

into a new environment that shares features in common with the ancestral state may not require 

substantial adjustments or adaptations. However, a new environment that is considerably 

different from the ancestral state in climate or soil conditions may require novel adaptations and 

phenotypic divergence over time. The ancestral Ericaceae environment was likely arid and 

water-limited, so a shift into other water-limited environments, such as rock barrens, may not 

have required novel adaptations. On the other hand, key innovations for tolerance to water-

logged soils may have been necessary to successfully radiate into wetlands. Convergent 

adaptations may have arisen independently in multiple taxa, resulting in a pattern of phylogenetic 

diversity and phenotypic similarity in wetlands. 

Given that δ13C integrates multiple aspects of C acquisition in plants, our observation of 

phylogenetic signal might be driven by similar groupings of traits defined by phylogenetic 

history. We examined the strength of phylogenetic signal for traits that impact the balance of leaf 

external and internal CO2 concentrations (ci/ca) and C gain through their effects on CO2 diffusive 

resistance or carboxylation. Leaf hair, leaf longevity and leaf C content (%) all had phylogenetic 

signal (Pagel’s λ > 0.5; Table 4.1) and therefore may be contributing to phylogenetic signal in 

δ13C. The presence of leaf hair affects the size of the leaf boundary layer and contributes to CO2 

diffusive resistance (Ehleringer et al. 1976; Ehleringer and Mooney 1978; Meinzer and Goldstein 

1985), while leaf longevity and C content relate to structural investment and stomatal control 

(Evans and Loreto 2000). We might also expect leaf size and N content to have an impact on C 
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gain and potentially contribute to phylogenetic signal because of their effect on photosynthetic 

efficiency and carboxylation capacity (Wright et al. 2004), but these traits did not have 

phylogenetic signal (Pagel’s λ < 0.01; Table 4.1). Despite these limitations, integrative measures 

such as δ13C appear to have more power than individual anatomical traits in this context because 

they are integrating multiple factors that influence C gain, including characters that are not often 

measured. 

Much of the variation and phylogenetic signal in leaf δ15N appears to be related to 

belowground mutualisms with different mycorrhizal fungi. Mycorrhizal fungi influence the leaf 

δ15N values of their host plant both in the amount of N that they supply to the plant and in the 

isotopic composition of the N itself. The three mycorrhizal types that associate with Ericaceae 

species are more host specific than typical arbuscular and ectomycorrhizal fungi (Smith and 

Read 1997; Lallemand et al. 2016). Species with monotropoid mycorrhizae are 

‘mycoheterotrophic’, meaning they are parasitic, do not photosynthesize (e.g., Monotropa, 

Allotropa) and are completely dependent on mycorrhizal fungi for both C and N (Smith and 

Read 2008a). Mycoheterotrophic species were considerably more enriched in δ13C and δ15N 

values (Figure 3). Strong enrichment in leaf δ13C and δ15N in mycoheterotrophic plants relative 

to other autotrophs is attributed to their dependence on isotopically enriched C and N sources 

that have been metabolized by mycorrhizal fungi (Tedersoo et al. 2006; Zimmer et al. 2007). 

Similarly, plants with arbutoid mycorrhizae can be either autotrophic (obtaining C from 

photosynthesis) or ‘mixotrophic’, meaning that they photosynthesize but also rely heavily on 

isotopically enriched C from mycorrhizal fungi sources (e.g., Pyrola, Chimaphila). While ericoid 

and arbutoid mycorrhizae deliver isotopically depleted N from the soil to their host plant, 

arbutoid mycorrhizae can also exchange isotopically enriched N that is internal to the fungi 
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rather than from the soil (Tedersoo et al. 2006). Consistent with this, species with arbutoid 

mycorrhizae in our study were relatively enriched in δ15N, although δ13C values did not differ 

between arbutoid and ericoid mycorrhizal types (Figure 4.3). The large spread in δ15N values for 

arbutoid mycorrhizae is likely driven by opposing values from those species that use enriched 

fungal N and other species that use depleted soil N, yet both are classified as associating with 

arbutoid mycorrhizae (Zimmer et al. 2007).  

These large mycorrhizal effects are operating across ecosystems with differential 

baselines in soil 15N. Variation in the baseline 15N present in the soil solution is influenced in part 

by climate (e.g., annual precipitation and temperature) and local conditions (e.g., water 

availability) such that cold and/or wet sites are generally more depleted in δ15N relative to warm 

and/or dry sites. These ecosystem differences would be reflected in the δ15N of plant leaves 

(Hobbie et al. 2000; Kahmen et al. 2008; Craine et al. 2009; Craine et al. 2015). The baseline soil 

15N, and consequently leaf  δ15N, are also influenced by soil N turnover rates, which can depend 

on rates of root N uptake, leaf N turnover and litter decomposition. Phylogenetic signal in leaf 

δ15N may, therefore, be related to groupings of traits associated with root N uptake and leaf N 

turnover. The effects of root N uptake rates in Ericaceae are likely to be predominantly reflected 

in the mycorrhizal effects discussed above. Leaf traits related to leaf N turnover include leaf 

longevity and C:N. Evergreen leaves and leaves with large C content and/or large C:N generally 

have slower rates of nutrient turnover and can be relatively depleted in δ15N values compared to 

deciduous leaves and leaves with less C content (Amundson et al. 2003). We found phylogenetic 

signal in leaf longevity and C content but not in C:N. Although leaf longevity and C content may 

contribute to δ15N phylogenetic signal, their influence is smaller than the primary mycorrhizal 

effects   
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This is the first study to assess patterns of leaf C and N stable isotopes from a 

phylogenetic perspective. We found significant phylogenetic signal in leaf δ13C and δ15N, which 

shows that shared ancestry is an important driver of functional diversity in the North American 

Ericaceae. Moreover, we demonstrated that the signal of phylogeny is stronger than that of the 

average, coarse-scale environment, although environmental selection and phylogenetic niche 

conservatism may be important at finer spatial scales. We recommend the use of stable isotopes 

in future studies to better represent physiology. Defining and measuring the physical 

environment in a more consistent way across systems will aid in identifying the underlying 

mechanisms that structure functional diversity. 
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APPENDIX 
 

Appendix 1.1 

 

Table A1.1: Average leaf cellulose d13C and D18O, and associated integrated metabolic 

strategy (IMS) for ten Mediterranean plant species. Data are species’ means and microhabitat 

means with standard error in parentheses from Moreno-Gutierrez et al. 2012. Asterisks 

indicate significant differences between mesic and xeric microhabitats determined by one-

way analysis of variance. * p < 0.05, ** p < 0.01.     

Species Microhabitat d13C D18O IMS 
Anthyllis cytisoides Xeric -26.5 42.5 0.46 
Chaemaerops humilis Mesic -23.0 45.0 0.42 
Helianthemum syriacum Xeric -28.5 39.0 0.47 
Nerium oleander Mesic -25.5 43.0 0.45 
Olea europaea Mesic -22.0 47.7 0.42 
Pinus halepensis Mesic -21.7 43.9 0.39 
Pistacia lentiscus Mesic -23.0 47.8 0.44 
Rhamnus lycioides Mesic -24.0 42.0 0.41 
Rosmarinus officinalis Xeric -26.2 40.5 0.44 
Stipa tenacissima Mesic -25.0 39.5 0.41 
 Mesic average -23.5 (0.55)** 44.1 (1.14) 0.42 (0.01)* 
 Xeric average -27.1 (0.72) 40.7 (1.01) 0.46 (0.01) 
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Figure A1.1: Summary of leaf-level and whole-plant traits across 20 Asclepias taxa grown 

under common conditions, grouped by IMS (see Figure 4B for species identities); A) 

maximum rate of photosynthesis (Amax), B) stomatal conductance (gs), C) plant height, D) 

total leaf area, E) leaf size, F) leaf nitrogen content root/shoot, G) maximum rate of 

carboxylation (Vcmax), and H) root/shoot. Data are means ± standard error (n=6).   
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Figure A1.2: Relationships between d13C and D18O of leaf cellulose for A. curassavica 

(circles), A. incarnata (squares), A. pumila (diamonds) and A. verticillata (triangles) grown 

under three different soil water treatments: dry (one-third field capacity), mesic (field 

capacity), and wet (twice field capacity). Data are means based on six replicates. Arrows 

indicate the direction of change in d13C and D18O between wet and dry treatments.  
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Figure A1.3: Summary of leaf-level and whole-plant traits across four Asclepias taxa grown 

under three soil water treatments: dry (red, one-third field capacity), mesic (green, field 

capacity), and wet (blue, twice field capacity). A) maximum rate of photosynthesis (Amax), B) 

stomatal conductance (gs), C) plant height, D) total leaf area, E) leaf size, F) leaf nitrogen 

content root/shoot, G) maximum rate of carboxylation (Vcmax), and H) root/shoot. Data are 

means ± standard error (n=6).   
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Figure A1.4: Relationships between integrated metabolic strategy (IMS) and A) leaf size, B) 

stomatal conductance (gs), C) leaf nitrogen content and D) maximum carboxylation rate 

(Vcmax) for A. curassavica (circles), A. incarnata (squares), A. pumila (diamonds) and A. 

verticillata (triangles) grown under three different soil water treatments: dry (one-third field 

capacity), mesic (field capacity), and wet (twice field capacity). Data are species means (n=6).  
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Appendix 2.1 

Table A2.1: Pearson correlations between the change in abundance (% cover) between two growing seasons (2017, 2018) and 
integrated metabolic strategy (IMS) values, leaf carbon isotope (δ13C), and oxygen isotope above source water (D18O) obtained 
from bulk leaf material and leaf cellulose of 18 old field plant species. Additional variables include plant height, leaf nitrogen 
content (N), and plant source water δ18O. * p < 0.05, ** p < 0.01, *** p < 0.0001. 
 

 Change in 
abundance 

Bulk 
leaf 
IMS 

Cellulose 
IMS 

Bulk 
leaf 
slope 

Cellulose 
slope 

Bulk 
leaf 
δ13C 

Cellulose 
δ13C 

Bulk 
leaf 
D18O 

Cellulose 
D18O Height Leaf N 

Bulk leaf 
IMS -0.42***           

Cellulose 
IMS -0.39** 0.74***          

Bulk leaf 
slope -0.33** 0.01 -0.05         

Cellulose 
slope -0.16 0.26* 0.25* 0.16        

Bulk leaf 
δ13C 0.47*** -

0.86*** -0.79*** 0.10 -0.33***       

Cellulose 
δ13C 0.45*** -

0.77*** -0.9*** 0.09 -0.27* 0.89***      

Bulk leaf 
D18O 0.43** -0.36** -0.45*** 0.22 -0.25* 0.73*** 0.61***     

Cellulose 
D18O 0.36* -0.17 0.22* 0.09 -0.05 0.34*** 0.58*** 0.41***    

Height -0.24* -0.01 0.02 0.22 0.08 0.04 0.05 0.06 0.15   
Leaf N 0.06 -0.02 0.1 -0.25* 0.27* -0.16* -0.20* -0.34** -0.26* -0.18  

Source water 
δ18O -0.02 0.08 0.01 0.02 0.24 -0.12* -0.17* -0.11 -0.27* -0.25* 0.07 
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Figure A2.1: Patterns of soil water content (%) and soil water d18O (‰) with depth across 

two growing seasons, 2017 and 2018, in a successional old field in Ithaca, NY. Data are plot 

means (n=5 per plot, per year).  
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Appendix 3.1 

 

Figure A3.1: Changes in leaf area (LA, cm2) across five experimental water treatments that 

span a gradient from the driest (‘treatment 1’) to the wettest (‘treatment 5’) year on record 

from the last 30 years in Ithaca, NY. Data are species means ± standard error for seven co-

occurring Asteraceae species (n = 9 per species, per treatment). Species abbreviations are the 

first two letters of the genus and species epithet given in Materials and Methods. 
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Figure A3.2: Changes in plant height (cm) across five experimental water treatments that 

span a gradient from the driest (‘treatment 1’) to the wettest (‘treatment 5’) year on record 

from the last 30 years in Ithaca, NY. Data are species means ± standard error for seven co-

occurring Asteraceae species (n = 9 per species, per treatment). Species abbreviations are the 

first two letters of the genus and species epithet given in Materials and Methods. 
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Figure A3.3: Changes in leaf nitrogen content (N, %) across five experimental water 

treatments that span a gradient from the driest (‘treatment 1’) to the wettest (‘treatment 5’) 

year on record from the last 30 years in Ithaca, NY. Data are species means ± standard error 

for seven co-occurring Asteraceae species (n = 9 per species, per treatment). Species 

abbreviations are the first two letters of the genus and species epithet given in Materials and 

Methods. 
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Figure A3.4: Changes in plant source water oxygen isotope composition (d18O) across five 

experimental water treatments that span a gradient from the driest (‘treatment 1’) to the 

wettest (‘treatment 5’) year on record from the last 30 years in Ithaca, NY. Data are species 

means ± standard error for seven co-occurring Asteraceae species (n = 9 per species, per 

treatment). Species abbreviations are the first two letters of the genus and species epithet 

given in Materials and Methods. 

 



 

 149 

 

Figure A3.5: Pair-wise species relationships between aboveground biomass (standardized) 

across five experimental water treatments that span a gradient from the driest (‘treatment 1’) 

to the wettest (‘treatment 5’) year on record from the last 30 years in Ithaca, NY. Data are 

species means ± standard error for seven co-occurring Asteraceae species (n = 9 per species, 

per treatment). Species abbreviations are the first two letters of the genus and species epithet 

given in Materials and Methods. 
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