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ABSTRACT 

The use of commercially manufactured nitrogen in agriculture has increased the nitrate and 

ammonium levels of freshwater wetlands, which filter hydrological systems by absorbing 

nutrients from upstream.  The resulting increase in available nitrogen has advantaged 

invasive plant species, which are washed into freshwater wetlands as seeds and plant parts. 

Invasive species can drastically alter a wetland’s composition and decrease its biodiversity 

by out- competing native species for nutrients.  Carex stricta is an ecosystem engineer in 

sedge meadows across the United States’ Upper Midwest and is thus commonly used in 

wetland restoration efforts.  Phalaris arundinacea is a common invader of the wetlands 

home to Carex stricta, including restored wetlands, though its strategy for invading 

wetlands is unknown.  My purpose was to learn how the physiological processes used by P. 

arundinacea during invasions differ from those used by Carex stricta and other Carex 

species.  Understanding these processes provided insight into P. arundinacea’s success as 

an invader and into how future invasions of P. arundinacea can be prevented.  I completed 

the following objectives: (1) I identified the differences in carbon assimilation and leaf 

traits between Phalaris arundinacea and Carex stricta under various growth temperature 

and nitrogen availability conditions; (2) I examined the relationship between leaf traits in 

Phalaris arundinacea and Carex stricta and seasonal changes in nitrate and ammonium 

availability; and (3) I examined how nitrogen availability affects interspecies competition 

between Carex stricta and Phalaris arundinacea and between Carex lacustris and Phalaris 

arundinacea. 
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CHAPTER 1 

BACKGROUND 

 Humans have reduced the prevalence of wetlands in the United States.  It is 

estimated that between 1780 and 1980, land conversion eliminated approximately 53% of 

all wetlands in the lower 48 states (Dahl and T.E., 1990).  Though wetlands now occupy 

only 9% of the earth’s land area, however, they provide over 40% of the earth’s renewable 

ecosystem services by promoting biodiversity and preventing floods (Zedler & Kercher, 

2005).  Wetlands also filter hydrological systems: when hydrological systems become 

inundated with water, freshwater wetlands absorb non-point source (NPS) pollutants from 

upstream.   

NPS pollution often includes urban and agricultural runoff (Keddy, 2000), which 

has become the most common cause of excess soil nitrogen.  It is estimated that nitrate and 

ammonium levels in soils have doubled since the advent of commercially manufactured 

nitrogen for agricultural use (Galloway et al., 2008). 

By inundating wetlands with excess nitrogen, urban and agricultural runoff has 

altered the nitrogen cycle of wetland systems, putting them at greater risk of invasion 

(Vitousek et al., 1997; Zedler & Kercher, 2004).  In the form of seeds and other plant 

materials (e.g. rhizomes), invasive species are transported into wetlands by runoff (Zedler 

and Kercher, 2004).  Once they arrive, they can alter wetlands’ hydrology, decrease their 

biodiversity through competition, and limit their available nutrients (Gordon, 1998).  Urban 

and agricultural runoff has advantaged invasive plant species better adapted than native 

species to high amounts of available nitrogen (Herr-Turoff & Zedler, 2005; Leishman et al. 

2007, Eppinga et al., 2011).   
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Carex stricta and Phalaris arundinacea- The sedge meadows of the United States’ Upper 

Midwest are supported by considerable populations of Carex stricta Lam. (tussock sedge), a 

native ecosystem engineer.  A defining characteristic of Carex stricta is its formation of 

tussocks, which increase wetlands’ diversity by functioning as microhabitats for other 

organisms (Peach and Zedler, 2006).  Monocultures of Carex stricta thus signal a highly 

diverse wetland system, and Carex stricta and other Carex species are commonly used to 

restore wetlands in sites that have previously been intensively managed for agriculture. 

Phalaris arundinacea L. (reed canarygrass) is a common invader of freshwater 

wetlands, especially the sedge meadows home to Carex stricta.  Studies have shown that 

once it invades a sedge meadow, P. arundinacea lowers the meadow’s species diversity and 

changes its hydrologic movement (Green & Galatowistch, 2002; Kercher et al., 2007; 

Spryrea et al., 2010).  While P. arundinacea is known to take advantage of excess soil 

nitrogen, easily invading eutrophic wetlands, its strategies for doing so are largely 

unknown.  

 In this dissertation, I examined how nitrogen use and carbon assimilation strategies 

differ between native and invasive species.  I accomplished this by collecting and analyzing 

data on the strategies used by P. arundinacea and Carex species (particularly C. stricta) to 

regulate their nitrogen and carbon metabolism seasonally and under different environmental 

conditions, including different temperatures, different photoperiods, and different nitrogen 

availabilities.  

 Understanding the mechanisms by which P. arundinacea maximizes its use of 

excess nitrogen is crucial to controlling P. arundinacea invasion and to maintaining the 

ecosystem services provided by native Carex sedge meadows.  Identifying a Carex species 

can be that employs establishment strategies for nitrogen-rich wetlands similar to those of 

P. arundinacea could potentially withstand P. arundinacea invasion to aid ongoing 
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restoration efforts disrupted by P. arundinacea and other invasive species (Zedler, 2000; 

Green & Galatowitsch, 2001; Green & Galatowistch, 2002).  

 

Hypotheses-P. arundinacea grows leaves with high leaf nitrogen and high photosynthetic 

rates. Such leaves tend to be highly plastic and to have short life spans (Wright et al., 2004) 

because they are easily replaced and quickly paid off with their high carbon gains.  Carex 

species, in contrast, grow leaves with lower leaf nitrogen and lower photosynthetic rates.  

These leaves are less plastic because they contain protective fibers and take longer to grow.  

They also have longer life spans, which are necessary to pay-off their high construction 

costs.   

The ability to allocate a large proportion of leaf nitrogen to primary metabolism, 

especially photosynthesis, is a characteristic of many invasive plant species (Feng et al., 

2008 and 2009).  It allows species like P. arundinacea to exploit resources like soil nitrogen 

and available light to maintain the high net carbon gains on which they depend (Lavergne & 

Molofsky, 2004; Perry et al., 2004, Eppinga et al., 2011; He et al., 2011).  It also allows 

them to adjust their leaves to changing environmental conditions and to remain productive 

enough to invade communities with Carex species, which cannot adjust their leaves so 

easily.  My central hypothesis, therefore, is that P. arundinacea focuses its nitrogen 

metabolism and allocation on carbon gain to a greater degree than does C. stricta.  I also 

hypothesize that in doing so, P. arundinacea is able to maintain its carbon gain over a 

longer portion of the growing season than species like C. stricta.  

 

DISSERTATION OBJECTIVES 

Objective 1. I identified the differences in carbon assimilation and leaf traits between 

Phalaris arundinacea and Carex stricta under various growth temperature and 
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nitrogen availability conditions. Because the ability to allocate more nitrogen to 

photosynthesis than C. stricta does would give P. arundinacea a competitive advantage, 

especially at high growth temperatures, I hypothesized that P. arundinacea will have higher 

carbon assimilation and nitrogen use rates than C. stricta under all environmental 

conditions.  I also expected P. arundinacea’s rate of photosynthesis to decrease when 

nitrogen availability is low, especially when growth temperature is high.  

Objective 2. I examined the relationship between leaf traits in Phalaris 

arundinacea and Carex stricta and seasonal changes in nitrate and ammonium 

availability. I hypothesized that the ability of P. arundinacea to maintain relatively high 

levels of leaf nitrogen from spring to growth cessation in late autumn is a mechanism for 

the plant to gain carbon well into the autumn months for use the following spring. Data 

collected in 2012 and contained in Chapter 2 showed P. arundincacea maintains leaf 

nitrogen at a constant or increasing level over the entire growing season, while C. stricta 

begins removing nitrogen from its leaves earlier in the year. Renewing short-lived leaves 

well into the autumn can be a strategy of P. arundinacea to help maintain carbon gain to 

support growth the following spring, but it is highly dependent on nitrogen availability and 

allocation. Carex stricta, on the other hand, appears to reduce the production of its long-

lived leaves by the middle of the summer, allowing the leaves formed early in the growing 

season to senesce, presumably moving their nitrogen to its roots and rhizomes for 

conservation and use the following spring.  

 Objective 3. I investigated how nitrogen availability affects interspecies 

competition between Carex stricta and Phalaris arundinacea and between Carex 

lacustris and Phalaris arundinacea.  If C. lacustris could better use soil nitrogen while 

being invaded by P. arundinacea than C. stricta, it could improve the resilience of restored 

sedge meadows against invasion.  I assessed the performance of C. lacustris and C. stricta 
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under different levels of nitrogen availability when grown singly and when grown in 

mesocosms with P. arundinacea.  Growing both Carex species in mesocosms with P. 

arundinacea allowed me to determine the degree to which the presence of P. arundinacea 

affects their nitrogen assimilation and photosynthesis rates.  I hypothesized that C. lacustris 

would better compete for soil nitrogen and allocate more nitrogen to photosynthesis than C. 

stricta.  
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 CHAPTER 2   

HIGH GROWTH TEMPERATURES AND HIGH SOIL NITROGEN DO NOT 

AFFECT THE GAP IN CO2 ASSIMILATION BETWEEN INVASIVE PHALARIS 

ARUNDINACEA (POACEAE; REED CANARY GRASS) AND CAREX STRICTA 

(CYPERACEAE, TUSSOCK SEDGE) 

INTRODUCTION 

The response of plants to global temperature increases over the next century 

(Hansen et al., 2006) will affect plant diversity and community composition (Cleland et al., 

2007; Mack et al., 2011). It is anticipated that plants living in mid-latitude regions will 

experience more frequent hot periods in summer and autumn (Busch et al., 2007; Piao et al., 

2008). Plant species that cannot acclimate well to the increased temperatures will 

experience a reduction in carbon assimilation, possibly to the extent that they will be 

replaced in certain habitats by other species less negatively affected by high growth 

temperatures. While anthropogenic activities are affecting climate, they are not affecting the 

photoperiod to which the plants are exposed, potentially causing changes to the phenology 

of plants (Cleland et al., 2007; Luterbacher et al., 2007). How perennial plants will be 

affected by warmer springs/autumns has been examined on the basis of changes in 

phenology, but it is less known how photosynthetic traits of plants in a natural setting might 

be affected (Körner and Basler, 2010). 

In addition to increasing temperatures over the last century, there have been major 

changes to the nitrogen (N) cycle and soil N availability due to anthropogenic activities 

(Galloway et al. 2008). The increase in N is especially noticeable for wetlands in regions of 

high agricultural activity, because wetlands are landscape sinks (Zedler and Kercher, 2004; 

Zedler, 2009). Photosynthetic processes use large amounts of N in the proteins of the 

Calvin-Benson Cycle, and to a lesser degree, the photon capturing apparatus (Evans, 
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1983,1989; Poorter and Evans, 1998). Moderately high temperatures result in an increase in 

the proportion of Rubisco that is inactivated in a leaf (Salvucci and Crafts-Brandner, 2004). 

A higher N supply to a plant under moderate heat stress might improve Rubisco content in 

the leaf and compensate, to some extent, for the increase in Rubisco inactivation. Invasive 

species might benefit in such a situation, because some invaders are found to allocate a 

greater proportion of N to carbon assimilation compared to non-invasive species whose N 

allocation in leaves is more diverse (Feng, 2008a; b; Holaday et al., 2015). Indeed, high N 

availability in freshwater wetlands increases their susceptibility to invasion by non-native, 

rapidly-growing species (Green and Galatowitsch, 2001; Zedler and Kercher, 2004; Kercher 

et al., 2006) that can take advantage of other enhancing factors, such as increased light 

availability from disturbance (Spyreas et al., 2009; Mack et al., 2011). To better predict the 

effects of global warming on species composition in wetlands, it is important to know how 

the eutrophication of wetlands will affect the ability of plants of different species to 

acclimate to prolonged periods of high growth temperatures. 

Phalaris arundinacea L. (reed canarygrass) plants are rapidly-growing, perennial, 

C3-photosynthesis grasses that invade and often dominate temperate freshwater marshes in 

North America, particularly wet sedge meadows of the Midwestern region of the U.S.A. 

(Lavergne and Molofsky, 2004; Spyreas et al., 2009). Using their extensive rhizome system 

and high seed production to colonize a sedge meadow, P. arundinacea plants can quickly 

grow taller than the sedges, such as the dominant sedge-meadow species Carex stricta Lam. 

(tussock sedge), shading and eventually eliminating them (Wetzel and van der Valk, 1998; 

Kercher et al., 2006; Iannone and Galatowitsch, 2008; He et al., 2011; Ge et al., 2012). The 

rapid growth by P. arundinacea appears to be linked to high values of CO2 assimilation (A) 

across a broad temperature range in the field at a given level of N availability (He et al., 

2011) and a strong allocation of N to photosynthesis at a given growth temperature 
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(Holaday et al., 2015), with a strong dependence on high soil N (Iannone and Galatowitsch, 

2008). These previous studies have not investigated how increasing temperature in addition 

to increasing soil N affect the carbon assimilation traits of both species. Information as to 

how an increase in the frequency of supra-optimal temperatures during the growing season 

would affect this species’ ability to invade and dominate eutrophic sedge meadows is 

needed when developing management plans for these communities. 

Adding to the studies of He et al (2011) and Holaday et al. (2015), I wanted to 

determine whether increasing temperature had a differential effect on photosynthesis for 

these two co-existing species. I took advantage of an abnormally warm growing season 

(NOAA, 2016) at our field site in northern Indiana, U.S.A. during 2012 to determine 

whether the increased temperature affected carbon assimilation seasonally in the absence of 

major fluctuations in N availability (Waring and Holaday, unpublished data). I then used 

the controlled environment of a growth chamber to simulate a hot summer period followed 

by a hot autumn period. Our aim was to mimic a growing season but extend the high 

temperature treatment to the worst case scenario for the two temperate wetland species. I 

could then assess any enhanced response to heat under autumn-like conditions. I wanted to 

know whether this prolonged, simulated heat wave would differentially affect carbon 

assimilation and possible timing or rapidity of leaf senescence for the species. I focused on 

carbon assimilation, because our previous studies indicated that respiration changed in 

concert with carbon assimilation whether on a seasonal basis (He et al. 2011) or on a basis 

of N availability (Holaday et al. 2015). To address our next question as to how increased 

eutrophication of wetlands will be affected by increased periods of hot temperatures, I 

measured whether N availability affects the response of photosynthetic processes to 

increases in growth temperature. Our post-hoc hypothesis for the field work was that high 

temperatures during 2012 would affect the CO2 assimilatory processes of C. stricta to a 
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greater extent than P. arundinacea. For the growth chamber experiment, I hypothesized that 

high N availability would allow P. arundinacea to maintain its rate of CO2 assimilation at a 

high growth temperature but would not affect the acclimation of CO2 assimilation for C. 

stricta to a high temperature. This hypothesis was based on our earlier findings that 

photosynthesis for C. stricta is less responsive to growth at high N than is photosynthesis 

for P. arundinacea (Holaday et al., 2015). I hypothesized a priori that carboxylation would 

be affected by changes in N and temperature would affect carboxylation and electron 

transport for both species. 

 

MATERIALS AND METHODS 

Field experiment- Site descriptions- The field sites were the same as those used by He et al. 

(2011) and located in south-central, Marshall County, IN, U.S.A. (41.19°N and 86.29°W). 

They were about 100 m apart, being separated by a small drainage ditch. Site 1 was 

approximately 0.8 hectares in size and consisted of drained but moist organic soil with a 

small portion subjected to periodic flooding throughout the year. Site 1 was dominated by 

Phalaris arundinacea, with some Carex stricta plants scattered throughout the site. Site 2 

was approximately 0.2 hectares in size and was a natural remnant sedge meadow dominated 

by C. stricta. There was a stand of P. arundinacea on the southern edge of the site. 

Experimental design- In 2012, four individuals of P. arundinacea and C. stricta were 

chosen for gas-exchange analyses within each site. The four chosen individuals per site for 

a given species were separated by 1-3 m. The plants were measured on May 7-9 before 

either species had flowered, on July 24-26, and on October 14-16, but the same individuals 

were not measured over the entire season. These dates represented the spring, summer, and 

autumnal conditions, respectively. All gas-exchange measurements were performed on 
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vegetative tillers, which were also sampled at the same time for leaf N content, as described 

below. 

 

Growth chamber experiment- Plant material and growth conditions˗ Phalaris arundinacea 

individuals were grown from seed collected at the same field sites described above in south-

central, Marshall County, IN, U.S.A. using methods detailed in Holaday et al. (2015). 

Based on our experience, the plants of this species do not self. Therefore, the seedlings were 

considered to be produced by out-crossing. After germination, the seedlings were 

transferred to 1.3-L pots containing potting soil (Metro-mix, Sun Gro Horticulture, Seba 

Beach, AB, Canada) and placed into a greenhouse at Texas Tech University to serve as 

stock for the experiments, which were conducted in a growth chamber. Individuals of C. 

stricta were obtained as seedlings from Dr. Joy Zedler, the University of Wisconsin-

Madison Arboretum, and maintained as stock in the greenhouse at Texas Tech for the 

experiments in the growth chamber, as well. 

Experimental design˗ Six genetically distinct individuals of each species were used per 

treatment over the two experiments. The plants were removed from the greenhouse, washed 

of potting soil, and planted in 18-L pots in an artificial gravel (Turface MVP clay mix, 

ROFILE Products LLC, Buffalo Grove, Illinois) and Perlite (Sunshine Perlite, Sun Gro 

Horticulture, Seba Beach, Alberta, Canada) medium (10:1 ratio) that provided no nutrients. 

All of the plants used in the experiments were similar in size, and developmental stage, with 

good tiller development. The plants were moved to a Conviron BDW120 growth chamber 

(Conviron Inc, Winnipeg, Manitoba, Canada) set at 25/18 ºC (day/night) and a 14-h 

photoperiod, and the fully-expanded leaves were cut to approximately 5 cm in length to 

assure that only new leaves that developed under the growth chamber conditions were used 

in the study. To establish the plants in the growth chamber, they were grown at 25/18 oC 
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(day/night) and a 14-h photoperiod and given 300 mL of full strength Hoagland’s nutrient 

solution (Hoagland and Arnon, 1950) containing 15 mM total N three times a week for 

approximately 5 weeks. The chamber temperature was raised over the first 4 h of the 

photoperiod and lowered over the last 3 h of the photoperiod in a stepwise fashion (~2 oC h-

1). The photon flux density (PFD) was raised and lowered in a stepwise fashion at the same 

time that the temperature was changed. The peak PFD at plant height was ~650 µmol m-2 s-

1. 

 The N treatments were imposed before a temperature change was made. Based on 

information from a previous study (Holaday et al., 2015), the plants were exposed to the 

different N treatments for 6 weeks (P. arundinacea) or 8 weeks (C. stricta) at 25/18 ºC and 

a 14-h photoperiod. These periods had been determined during an earlier study (Holaday et 

al., 2015) to be sufficient for acclimation to the supplied N concentrations. The three N 

treatments were high (15 mM N), medium (3 mM N), and low (0.15 mM N), with the 

medium concentration being approximately what the plants in Site 1 had available in the 

field (Waring and Holaday, unpublished data). The plants were given 300 mL of the 

respective nutrient solution after flushing with de-ionized water three times a week. The 

high N treatment was the N concentration in standard Hoagland’s solution (Hoagland and 

Arnon, 1950), whereas the Hoagland’s solution was modified, as described by Holaday et 

al. (2015), to produce the medium and low N treatments with the same ratio of nitrate to 

ammonium (2:13) and the same concentrations of K, P, and Ca. 

 At the end of the 25/18 oC period (6 or 8 weeks), gas-exchange measurements and 

leaf sampling were performed. Then the growth temperature was raised for the same set of 

plants to 32/21 ºC (day/night) to simulate a typical hot summer period for the mid-latitudes 

of North America. These growing conditions were maintained for an additional 4 weeks, at 

which point, gas-exchange measurements and leaf sampling were performed. Then the 
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photoperiod was lowered to 10 h for the same set of plants while maintaining the 32/21 ºC 

temperature regime and N treatments to simulate a hot autumn period following a hot 

summer period. After 4 weeks, gas-exchange measurements and leaf sampling were 

performed. At the end of this experiment, the plants were comparable in age and 

development to plants in the field in late September. 

The experiment was performed twice. The data from each round of the experiment 

were not significantly different and were combined. 

 

Gas-exchange analyses˗ A Li-Cor Li-6400XT Portable Photosynthesis System (Li-Cor, 

Inc., Lincoln, Nebraska) was used to measure gas exchange on the youngest, fully-

expanded leaves of both species in the field and the growth chamber. Because a single leaf 

did not fill the leaf chamber, multiple leaves of similar development were used, with care 

taken to ensure leaves were not overlapping. In the field, all measurements were conducted 

between 09:00 and 11:00 local time, with the conditions of a clear sky and a leaf 

temperature of 25 oC in the 6-cm2 leaf chamber. A saturating PFD of 1800 µmol m-2 s-1 was 

provided by red and blue LED lamps. To determine the values of the components of A, the 

response of A to increasing leaf internal CO2 concentration (Ci) (A/Ci curve) was performed 

by exposing the leaves sequentially to different pCO2 values, as described in Holaday et al. 

(2015). The maximum rate of carboxylation by Rubisco (Vcmax) and the maximum rate of 

light-saturated electron transport (Jmax) were calculated using the “plantecophys” package in 

R (Duursma, 2015) The “plantecophys” package takes the output of the Li-6400XT data 

and fits it to the photosynthetic model for C3 species by Farquhar et al. (1980) in R 

accounting for temperature dependencies using Medlyn et al. (2002). 

 In the growth chamber, the measurements were conducted between 10:00 and 14:00 

local time (mid-photoperiod) at a leaf temperature of 25 or 32 °C, depending on the growth 
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chamber temperature. The response of the rate of CO2 assimilation (A) to PFD was 

determined in the growth chamber following the methods of Waring and Maricle (2012). 

From the response of A to PFD, the following data were determined: (a) estimated net 

quantum efficiency (qe); (b) empirically estimated dark respiration rates (Rd, “A” at 0 PFD). 

The estimated net qe is the efficiency of photon use in CO2 assimilation calculated using the 

initial slope of A at PFDs of 0, 25, and 50 µmol m-2 s-1 within the sample cuvette of the LI-

6400XT. The response of A to Ci was also determined for the plants in the growth chamber 

at the chamber temperature and a saturating PFD of 1000 µmol m-2 s-1. 

The relative humidity inside of the leaf chamber of the LI-6400XT was near 

ambient levels (50-60%) during the field and growth chamber measurements. From the 

A/Ci curves, the rates of CO2 assimilation at the approximate field and chamber pCO2 (A at 

40 Pa) was designated as Aamb. 

 

Measuring the leaf N content˗ After the completion of the gas-exchange measurements in 

the growth chamber, other young, fully-expanded leaves of each individual were collected 

for the analysis of leaf N content. The area of each leaf was measured using a LI-3100 Leaf 

Area Meter (Li-Cor, Inc., Lincoln, Nebraska). Then, the leaves were dried in an oven at 65 

ºC for 24-48 h. The mass of the dried leaves was measured prior to grinding them to a 

powder using a Pica Blender Mill (Cianflone Scientific Instruments Inc., Pittsburgh, 

Pennsylvania, U.S.A.). The leaf mass per area (g cm-2) was calculated using the area and 

dry mass of the leaf sample and used to convert A on an area basis to A on a mass basis. A 

1.0 ± 0.5 mg portion of each sample was packaged for the analysis of N content performed 

by Dr. Raymond Lee, Washington State University. Leaf N content is reported on a 

percentage basis (cg g-1).  
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Statistical analysis˗ All statistical analyses were performed using R statistical software (R 

core team, 2015). For the analysis of the field data, hierarchical linear models were run with 

collection date, species, and site as fixed effects. The sample size was four plants per 

species per site. 

 For the analysis of the growth chamber data, I combined the changes in photoperiod 

and temperature (environmental factors) into one fixed variable with 25/18 oC and the 14-h 

photoperiod as optimum-long (“O-L”), 32/21 oC with a 14-h photoperiod was high-long 

(“H-L”), and 32/21 oC with a 10-h photoperiod was high-short (“H-S”).  Mixed-effects 

linear models were run with environmental factors, species, and N treatment as fixed 

effects. The data for Jmax, leaf N, and Vcmax were transformed using the natural log, because 

they were not normally distributed. Statistical differences across temperature, photoperiod, 

species, and N treatment were determined using ANCOVA models. The total sample size 

was six individuals per N treatment for the growth chamber experiment. The repeatedly-

measured, individual plants in the chamber were also the random effect in the model (Zuur 

et al., 2009). Models for both experiments were fit with the “nlme” package in R (Pinheiro 

et al, 2016). Using the “nlme” package, all possible interactions were tested along with the 

main effects of each fixed effect. All interactions, whether significant or not, were kept in 

the model to maintain the most accurate analysis of the main effects as well as testing our 

hypothesis on the effects of increased soil N and temperature on CO2 assimilation in both 

species. All the interactions were needed to fully test that hypothesis. Along with p-values 

the approximate f-statistic and numerator and denominator degrees of freedom are reported 

as F= f-statistic value, df = numerator-value, denominator-value. A Tukey’s HSD post-hoc 

test, using the ‘lsmeans’ package in R, was performed on the results of the mixed-effects 

models for the growth chamber data. In addition to the mixed-effects models, a PCA was 

run on the growth chamber data to show how interrelated the components of carbon 
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assimilation are as well as to test how the interrelated components were affected by the 

changes to the environmental factors. 

 

RESULTS 

Field experiment- The average maximum daily temperatures for the months of May, June, 

and July, 2012 at the nearest weather station to our field site (approximately 57 km, South 

Bend Airport, South Bend, IN, U.S.A., 41.71 °N, -86.32 °W) were considerably higher than 

the maximum daily temperatures in 2008 when the He et al. (2011) study was conducted 

(Fig. 1, NOAA, 2016). The values in 2012 were 2.2 to 3.8 oC above the 30-year averages 

for these months. 

 There was no significant effect of site for the gas-exchange data obtained in the 

wetland (F=3.126, df=1,12, p=0.1025 for Aamb; F=0.719, df=1,12, p=0.4164 for Vcmax; 

F=1.332, df=1,10, p=0.2752 for Jmax). Therefore, the data presented in Fig. 2 represent the 

combined data from each of the two sites studied. During the 2012 growing season, P. 

arundinacea had a significantly higher Aamb (F = 95.05, df = 1,14, p < 0.0001) than C. 

stricta (Fig. 2A). Although there was no significant effect of date of measurement (F = 

0.526, df = 1,22, p = 0.4757), there was a significant interaction between species and date of 

measurement (F = 32.95,df = 1,22, p < 0.0001). Values of Aamb did not change with the date 

of measurement for P. arundinacea, but they did decline for C. stricta. In fact, Aamb could 

not be measured on the dying leaves of C. stricta in October. Similar seasonal patterns for 

calculated carboxylation parameters (Vcmax, Fig. 2B) were observed, with P. arundinacea 

having the higher values (F = 77.21,df = 1,12, p < 0.00001). There was no significant effect 

of the date of Vcmax (F = 0.054, df = 1,17, p = 0.8186), but there were significant interactions 

between species and date of measurement (F = 14.15, df = 1,17, p = 0.0016 for Vcmax). The 

values of Vcmax declined for C. stricta, as the growing period progressed. In the case of the 
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electron transport parameter, Jmax (Fig. 2C), P. arundinacea had the higher values at all 

measurement dates (F = 65.10, df = 1,12, p < 0.0001). For this parameter, there was a 

significant effect of date of measurement (F = 6.246, df = 1,17, p = 0.0230), as well as an 

interaction between species and date of measurement (F = 16.34, df = 1,17, p = 0.0008). 

Values for C. stricta decreased between May and July and were not able to be calculated for 

leaves in October, whereas values for P. arundinacea increased from July to October. 

 

Growth chamber experiment- As mentioned in the statistical methods, the parameter, 

environmental factors, was the combination of photoperiod and temperature into one fixed 

variable, namely, 25/18 oC with the 14-h photoperiod was optimum-long (“O-L”), 32/21 oC 

with a 14-h photoperiod was high-long (“H-L”), and 32/21 oC with a 10-h photoperiod was 

high-short (“H-S”). Based on the response of A measured at ambient pCO2 to PFD, 

estimated net qe decreased significantly for both species (F = 11.62, df=2,52, p = 0.0001) as 

the experiment progressed for 4 weeks at 32/21 oC (14 h photoperiod) through 4 weeks at 

32/21 oC (10-h photoperiod) (Fig. 3A). This change was significantly driven by the 

differences between the O-L and H-S conditions (p<0.0001) and H-L to H-S (p = 0.0162). 

By the end of the experiment, estimated net qe decreased by 33% for C. stricta and 20% for 

P. arundinacea, indicating a decrease in energy efficiency for CO2 assimilation with an 

increase in growth temperature for both species. However, P. arundinacea had the higher 

estimated net qe than C. stricta throughout the experiment (F = 73.03, df = 1,37,  p < 

0.0001). There were no significant interactions between terms for estimated net qe. Also, I 

did not detect any significant effect of the concentration of N supplied on estimated net qe 

(F = 2.121, df = 2,37, P = 0.1375). 

 There was no difference in Rd between the species (F = 0.5011, df = 1,37, p = 

0.4835). Values of Rd increased with a change in environmental factors (F = 5.199, df = 
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2,52, p = 0.0087). The change in Rd from environmental changes was driven by differences 

in O-L to H-S (p = 0.0246) and H-L to H-S (p=0.0162) based on the Tukey’s post-hoc test, 

and was associated with P. arundinacea. There was an interaction between species and the 

environmental changes for Rd (F = 9.186, p = 0.0004, see Table 3 for full results of the 

Tukey’s test) (Fig. 3B). There was no significant effect of N treatment on Rd for both 

species (F = 0.7480, df = 2,37, p = 0.4640). All other interactions were not significantly 

different from random. 

 Based on the response of A to internal leaf CO2 concentration (Ci), generally, at each 

N treatment, A at 40 Pa (Aamb), the approximate ambient chamber pCO2, was greater for P. 

arundinacea than for C. stricta (Fig. 3C) (F = 64.64, df = 1,37, p < 0.0001). Overall, there 

was a decrease of Aamb with the environmental factors (F = 19.56, df = 2,52, p < 0.0001). 

This decrease is driven by changes in O-L to H-S as well as differences in O-L and H-L (p 

< 0.0001 for both species based on a Tukey’s test). There was also a significant increase in 

Aamb with N treatment (F = 7.443, df = 2,37, p = 0.0019) on Aamb driven by the increase of 

Aamb from medium to high N according to a Tukey’s post hoc test (p = 0.0021) and the 

increase from low to medium N (p=0.0245), and there was one significant interaction for 

Aamb in species and N treatment (F = 3.794, df = 2,37, p = 0.0317). This interaction was 

primarily driven by the large increase in Aamb in P. arundinacea under high N compared to 

other treatments in both species (Tukey’s results in Table 3).  All other interactions were 

not significantly different. However, during the change from optimum to high temperatures 

under a 14-h photoperiod, Aamb decreased approximately 27% for P. arundinacea at all N 

treatments and approximately 50% with low and medium N treatments for C. stricta. For P. 

arundinacea, the response of Aamb to N availability (Fig. 3C) was not strong, but there were 

trends of increasing Aamb with increasing N availability, especially under the 14-h 

photoperiod. Values of Aamb were generally not responsive to N availability for C. stricta, 



Texas Tech University, Elizabeth F. Waring, May, 2017 

18 

 

except under the high growth temperature and a long photoperiod that simulated a hot 

summer condition (Fig. 3C). 

Generally, Vcmax determined from the A/Ci curves was affected by the environmental 

factors (Fig. 4A). For Vcmax, species (F = 17.31, df = 1,37 p = 0.0002), N treatment (F = 

5.772, df = 2,37, p = 0.0066), and environmental factors (F = 58.39, df = 2,52, p < 0.0001) 

all caused significant differences in mean values, with an increase in growth temperature 

from O-L to H-L and O-L to H-S reducing Vcmax (Tukey’s p < 0.0001 for both, Fig. 4A). A 

decrease in N treatment from High to Low also caused a decrease in Vcmax (Tukey’s 

p=0.0064). There were no significant interactions for Vcmax. 

Values of Jmax were affected in the same manner as Vcmax, with significant 

differences in species (F = 50.42, df = 1,37, p < 0.0001), N treatment (F = 19.77, df = 2,37, 

p < 0.0001), and environmental factors driven largely by temperature changes (F = 20.14, df 

= 2,52, p < 0.0001) (Fig. 4B). Similar to the Vcmax, situation, there were no significant 

interaction terms for Jmax. Therefore, the environmental factors, especially temperature 

increases from O-L and H-L and O-L to H-S (Tukey’s p < 0.0001 for both), and N 

treatment affected both carboxylation and electron transport (Tukey’s p <0.0001 for High N 

to Low, p =0.0153 for High to Medium N, and p=0.00064 for Medium to Low N). 

However, the change to an autumn-like photoperiod at high temperature did not affect any 

component of photosynthesis. 

Leaf N content differed significantly between species (F = 68.89, df = 1,37, p < 

0.0001) (Fig. 4C), increased with N treatments (F = 13.11, df = 2,37,p < 0.0001), and 

decreased with environmental factors (F = 16.81, df = 2,52, p < 0.0001) (Fig. 4C).  The 

decrease with environmental factors was driven by the increase in temperature with the 

change between O-L and H-L (Tukey’s p<0.001). I am confident that the decrease with 

environmental factors is due to changes in the environment and not leaf age, because only 
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young, newly formed leaves were collected at the end of each treatment period. There was a 

significant interaction between N treatment and environmental factors (F = 2.90, df = 4,52, 

p = 0.0306) and species and environmental factors (F = 4.599, df = 2,52, p = 0.0145). The 

increase with N treatments was clearly affected by high N (Tukey’s for High to Low p < 

0.0001, for High to Medium N p= 0.0013). All other interactions were not significantly 

different. Thus, leaf N content decreased with an increase in temperature for P. arundinacea 

when the photoperiod was 14 h, but it was generally unresponsive to temperature change 

for C. stricta. Overall, P. arundinacea had a higher leaf N content than C. stricta by as 

much as two fold when grown at the high N treatment under the short photoperiod. 

 The results of a PCA placed all variables, expect for Rd, on the first axis (Fig. 5). 

Given the interrelationship between the photosynthetic parameters, it is not surprising that 

there is a high relatedness between these measured variables. This axis alone contributes to 

53% of the variation in the PCA. The second axis was primarily influenced by Rd, 

explaining an additional 18% of the variation. Phalaris arundinacea showed greater 

increases in all variables related to carbon assimilation compared to C. stricta. 
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Figure 1. The monthly averages of the daily maximum temperatures for 2008 (black circles) 

and 2012 (grey triangles ) recorded at South Bend, Indiana, U.S.A. (NOAA 2016) 

approximately 57 km north of the field site. 
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Figure 2. The values of Aamb (A), Vcmax (B), and Jmax (C) for Phalaris arundinacea (gray 

circles) and Carex stricta (black circles) at the two field sites in Marshall County, Indiana, 

U.S.A. at three dates during the growing season of 2012. Shown for each species is the 

mean ± 1 standard deviation. Missing points for C. stricta in October are due to senescence 

of the leaves and the lack of living tissue. There was no significant site effect, so the data 

from both sites were combined. n = 4 plants per species per site. For Aamb, P. arundinacea 

had a significantly higher Aamb (F = 95.05, df = 1,14, p < 0.0001) than C. stricta. There was 

no significant effect of date of measurement (F = 0.526, df = 1,22, p = 0.4757), and there 

was a significant interaction between species and date of measurement (F = 32.95,df = 1,22, 

p < 0.0001). For Vcmax, P. arundinacea was the higher value (F = 77.21,df = 1,12, p < 

0.00001). There was no significant effect of the date of Vcmax (F = 0.054, df = 1,17, p = 

0.8186), but there were significant interactions between species and date of measurement (F 

= 14.15, df = 1,17, p = 0.0016 for Vcmax). Lastly, for Jmax, P. arundinacea had the higher 

values at all measurement dates (F = 65.10, df = 1,12, p < 0.0001). There was a significant 

effect of date of measurement (F = 6.246, df = 1,17, p = 0.0230), as well as an interaction 

between species and date of measurement (F = 16.34, df = 1,17, p = 0.0008).  
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Figure 3. The values of estimated net quantum efficiency of CO2 assimilation (qe, A), 

empirically estimated dark respiration rate (Rd, B), and the rate of CO2 assimilation at pCO2 

of 40 Pa (Aamb, C) for Carex stricta and Phalaris arundinacea exposed to sequential periods 

of 25/18 °C (day/night) and a 14-h photoperiod (N-L), 32/21 °C (day/night) and a 14-h 

photoperiod (H-L), and 32/21 °C (day/night) and a 10-h photoperiod (H-S) in a growth 

chamber. Shown for each species is the mean ± 1 standard deviation. The plants were 

supplied either 0.15 mM (black circles), 3.0 mM (open squares), or 15 mM (gray diamonds) 

nitrogen. n = 6 plants. Estimated net qe decreased significantly for both species (F = 11.62, 

df=2,52, p = 0.0001). Phalaris arundinacea had the higher estimated net qe than C. stricta 

throughout the experiment (F = 73.03, df = 1,37,  p < 0.0001). There were no significant 

interactions between terms for estimated net qe. Also, I did not detect any significant effect 

of the concentration of N supplied on estimated net qe (F = 2.121, df = 2,37, P = 0.1375). 

For Rd, there was no significant difference between the species (F = 0.5011, df = 1,37, p = 

0.4835). There was an interaction between species and the environmental changes for Rd (F 

= 9.186, p = 0.0004). Values of Rd increased significantly with environmental factors (F = 

5.199, df = 2,52, p = 0.0087). There was no significant effect of N treatment on Rd for both 

species (F = 0.7480, df = 2,37, p = 0.4640). All other interactions were not significantly 

different. Lastly, Aamb was greater for P. arundinacea than for C. stricta (F = 64.64, df = 

1,37, p < 0.0001). Overall, there was a decrease of Aamb with the environmental factors (F = 

19.56, df = 2,52, p < 0.0001). There was also a significant increase in Aamb with N treatment 

(F = 7.443, df = 2,37, p = 0.0019) and there was one significant interaction for Aamb in 

species and N treatment (F = 3.794, df = 2,37, p = 0.0317). 
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Figure 4.  The values of  maximum rate of carboxylation (Vcmax, A), the maximum rate of 

electron transport (Jmax, B), and leaf N content (C) for Carex stricta and Phalaris 

arundinacea exposed to sequential periods of 25/18 °C (day/night) and a 14-h photoperiod 

(N-L), 32/21 °C (day/night) and a 14-h photoperiod (H-L), and 32/21 °C (day/night) and a 

10-h photoperiod (H-S) in a growth chamber. Shown for each species is the mean ± 1 

standard deviation. The plants were supplied either 0.15 mM (black circles), 3.0 mM (open 

squares), or 15 mM (gray diamonds) nitrogen. n = 6 plants. For Vcmax, species (F = 17.31, df 

= 1,37 p = 0.0002), N treatment (F = 5.772, df = 2,37, p = 0.0066), and environmental 

factors (F = 58.39, df = 2,52, p < 0.0001) all caused significant differences in mean values. 

There were no significant interactions for Vcmax. Values of Jmax were significantly different 

between species (F = 50.42, df = 1,37, p < 0.0001), N treatment (F = 19.77, df = 2,37, p < 

0.0001), and environmental factors driven largely by temperature changes (F = 20.14, df = 

2,52, p < 0.0001). There were no significant interaction terms for Jmax. Lastly, leaf N 

content differed significantly between species (F = 68.89, df = 1,37, p < 0.0001), increased 

with N treatments (F = 13.11, df = 2,37,p < 0.0001), and decreased with environmental 

factors (F = 16.81, df = 2,52, p < 0.0001) .There was a significant interaction between N 

treatment and environmental factors (F = 2.90, df = 4,52, p = 0.0306) and species and 

environmental factors (F = 4.599, df = 2,52, p = 0.0145). All other interactions were not 

significantly different.  
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Figure 5.  PCA of all variables. The first axis (PC1) is primarily influenced by Aamb, Jmax, 

Vcmax¸ estimated qe, and leaf N content. The second axis (PC2) is primarily influenced by 

Rd. Phalaris arundinacea data are represented by open symbols, and C. stricta data are 

represented by black symbols. The plants were supplied either 0.15 mM (circles), 3.0 mM 

(squares), or 15 mM (diamonds) nitrogen. 
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DISCUSSION 

In wetlands, high temperature may contribute to an early decline in CO2 assimilation for 

C. stricta, reducing its ability to resist invasion by P. arundinacea- A comparison of 

seasonal changes in photosynthesis for C. stricta and P. arundinacea was performed in the 

field in 2008 (He et al., 2011). In that study, there was no substantial decline in the 

maximum daily values of A at ambient pCO2 (Aamb) for either species from May to July. By 

October, a notable decline in the maximum daily Aamb had occurred for C. stricta, but the 

value was still approximately 60% of the value in July. The value of A for P. arundinacea 

in October was approximately 90% of the value in July. Therefore, although the species 

difference in photosynthetic activity was increasing from the summer into the autumn, C. 

stricta was still maintaining some CO2 assimilation in the autumn of 2008. However, in the 

2012 growing season, Aamb had declined from May values by 50% for C. stricta by July 

(Fig. 2C), and the leaves were no longer green by October (not shown). As I expected, Aamb 

for P. arundinacea did not change appreciably from May to October (Fig. 2C), developing 

a very large gap in carbon assimilation between the species. Because this decline in A for C. 

stricta was associated with a general decline in all components of photosynthesis (Vcmax, 

Jmax), it is likely that the leaves were undergoing a general senescence process as early as 

mid-July. Given that one major difference between the 2008 and 2012 growing seasons was 

the early onset of hot weather in May that continued into July of 2012 (Fig. 1), I 

hypothesized that the early season heat had triggered early leaf senescence for C. stricta but 

not for P. arundinacea. In support of this hypothesis, it was noted that, in 2008, Aamb for C. 

stricta was more sensitive to short-term (30-min) exposures to temperatures above 

approximately 28 oC than was Aamb for P. arundinacea (He et al., 2011). 
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Simulated hot summer and autumn conditions negatively affect carbon assimilation 

parameters for P. arundinacea and C. stricta- To test our hypothesis that high growth 

temperature is more stressful for C. stricta than for P. arundinacea, I performed the growth 

chamber study in which I could control temperature and photoperiod more precisely than in 

the field or in a greenhouse. Our aim was to determine how Aamb and its components for 

these competing wetland species would be affected by increases in growth temperature that 

were maintained through simulated summer and autumn conditions. Four weeks at 32/21 oC 

in summer-like conditions did reduce Aamb for both species, with the differences in carbon 

assimilation between species maintained at each level of N supplied (Fig. 3C). A 

continuation of the high temperatures through 4 weeks of an autumn-like photoperiod failed 

to cause further decreases in Aamb. Therefore, the growth chamber results suggest that 

neither species may gain a substantial advantage relative to the other species in hot 

summers that progress into the autumn. However, in the wetland during a hot summer, C. 

stricta leaves entered senescence earlier than when the summer temperatures were lower 

(Fig. 2). 

 If the PFD is high, as in an open wetland, growth at high temperature can result in 

photo-damage to photosystems and stimulate the development of photo-protective 

mechanisms, all of which reduce the estimated net qe of CO2 assimilation and electron 

transport rates (Kornyeyev et al., 2001; Kornyeyev et al., 2002; Snider et al., 2010). In the 

growth chamber experiment, both estimated qe and Jmax progressively declined with growth 

at high temperature until the end of the experiment (Figs. 3A and 4B). Our testable 

hypothesis is that this diminishing of efficiency of light energy capture and photochemistry 

reflected the progressive development of excessive light stress, even at the moderate PFD of 

the growth chamber.  In fact, C. stricta may be somewhat more negatively affected than P. 

arundinacea (Fig. 3A). Future work should incorporate analyses of photochemistry, 
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quantum efficiency of photosystem II, and energy dissipation for both species in field 

conditions to test whether C. stricta electron transport is more sensitive to high PFD during 

high temperature periods than is electron transport for P. arundinacea. 

 

Does N availability affect the response of photosynthetic parameters to high 

temperature?-I also tested whether high N availability would ameliorate the effects of high 

growth temperatures on CO2 assimilation. I did observe an effect of N on the response of 

Aamb to growth at high temperature for both species under summer-like conditions (Fig. 3C). 

These results support our hypothesis that increasing N may ameliorate some of the effects 

of high temperature on photosynthesis for these species. Moderately high temperatures, as 

applied in our study, can result in diminished activation of Rubisco in heat-sensitive 

species, leading to reduced carboxylation (Salvucci and Crafts-Brandner, 2004a,b). The 

decrease in Vcmax with an increase in growth temperature under a 14-h photoperiod for both 

species is an indication of less Rubisco activity for some reason. Increasing N availability 

might increase Rubisco content and improve carboxylation rates. However, the effect that 

the increased N supply had on the processes that compose Aamb was not easily discernible 

for both species (Fig. 4). Despite our measurement of an improved average Vcmax value 

when P. arundinacea was grown with a high N supply at the high temperature regime (Fig. 

4A), the variation within our small sample size made it impossible to statistically determine 

any effect of N on Vcmax. The same situation existed for Jmax (Fig. 4B). However, if C. 

stricta were more susceptible to photo-damage than P. arundinacea, based on the qe data, 

this process could lead to the allocation of N away from carboxylation and toward electron 

transport (Walker et al., 2014). I pose that future research should examine how changes in 

N supply effect photoinhibition for C. stricta to better understand how environmental 

changes will impact its photosynthetic processes. 
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The response of Rd to simulated hot summer and autumn conditions- Although the aim of 

the experiments in the growth chamber was not to study the effects of increased temperature 

on net carbon gain by the leaves, which would require additional diel measurements of Rd, I 

did determine values of Rd under the various treatment conditions at the same period in 

which A was measured (Fig. 3B). Unlike the case for photosynthesis, the values of Rd for 

the two species were not responsive to supplied N, consistent with the relatively low N 

allocation to respiration relative to photosynthesis (Makino and Osmond, 1991). Although 

leaf Rd did increase with an increase in growth temperature for P. arundinacea plants, the 

incremental increase was small, especially relative to the values of Aamb (Fig. 3B&C), and 

resulted in values essentially the same as the values for C. stricta. Therefore, I propose that 

any changes in Rd with an increase in growth temperature would not play a large role in 

altering any gap in carbon gain between the two species. 

 

Nitrogen allocation to leaves˗ As had been observed in wetlands (He et al., 2011), P. 

arundinacea allocated more N to leaves than did C. stricta in the growth chamber under 

optimum growth temperatures at every level of supplied N. This observation is consistent 

with the focus of P. arundinacea on CO2 assimilation (Holaday et al., 2015). However, 

growth under high temperatures caused less N allocation to leaves for P. arundinacea but 

not for C. stricta (Fig 4C). One possible explanation for this response by P. arundinacea 

plants is that high temperature conditions signal an increasing allocation of N to root and/or 

rhizome development. However, despite this reduction in N allocation to leaves, P. 

arundinacea plants were able to maintain Aamb above that for C. stricta. 
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Conclusions˗ Based on the results of this study, extended periods of high temperatures that 

typically occur over shorter periods in mid-latitude regions of North America, presently, are 

likely to diminish A for both P. arundinacea and C. stricta, with the maintenance of the gap 

in carbon assimilation that exists under cooler temperatures. Nitrogen availability in excess 

of what is now normally available in wetlands may improve the response of photosynthesis 

to hot periods for both species, at least in the summer. However, a testable hypothesis 

resulting from this study is that excessive light stress may contribute to early leaf 

senescence for C. stricta plants during hot summers, reducing its ability to compete 

successfully with P. arundinacea. 
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Tables 

Table 1. Full statistical tables for the mixed effects models of each of the variables, Aamb, 

Vcmax,  Jmax, measured in 2012 in north central IN. 

 

  

Aamb numDF denDF F-value p-value 

(Intercept) 1 22.00 564.24 0.00 

Species 1 14.00 95.10 0.00 

Date 1 22.00 0.53 0.48 

Species:Date 1 22.00 32.95 0.00 

Vcmax numDF denDF F-value p-value 

(Intercept) 1 17.00 638.13 0.00 

Species 1 12.00 77.21 0.00 

Date 1 17.00 0.05 0.82 

Species: Date 1 17.00 14.15 0.00 

Jmax numDF denDF F-value p-value 

(Intercept) 1 17.00 541.48 0.00 

Species 1 12.00 65.10 0.00 

Date 1 17.00 6.25 0.02 

Species: Date 1 17.00 16.34 0.00 
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Table 2:  Full statistical tables for the mixed effects models of each of the variables, Net qe, 

Rd, Aamb, Vcmax,  Jmax, and Leaf N, measured in the growth chamber experiment including all 

interaction. 

 

 

Estimate net qe numDF denDF F-value p-value 

(Intercept) 1 52.00 2091.58 0.00 

Species 1 37.00 73.03 0.00 

N Treatment 2 37.00 0.02 0.98 

Environmental Factors 2 52.00 11.62 0.00 

Species: N Treatment 2 37.00 0.80 0.46 

Species: Environmental Factors 2 52.00 0.10 0.90 

N Treatment: Environmental Factors 4 52.00 0.48 0.75 

Species: N Treatment: Environmental Factors 4 52.00 0.36 0.84 

Rd numDF denDF F-value 
p-

value 

(Intercept) 1 52.00 500.91 0.00 

Species 1 37.00 0.50 0.48 

N Treatment 2 37.00 0.78 0.46 

Environmental Factors 2 52.00 5.20 0.01 

Species: N Treatment 2 37.00 0.95 0.40 

Species: Environmental Factors 2 52.00 9.19 0.00 

N Treatment: Environmental Factors 4 52.00 1.11 0.36 

Species: N Treatment: Environmental Factors 4 52.00 3.15 0.02 

Aamb numDF denDF F-value 
p-

value 

(Intercept) 1 52.00 2081.26 0.00 

Species 1 37.00 64.64 0.00 

N Treatment 2 37.00 7.43 0.00 

Environmental Factors 2 52.00 19.56 0.00 

Species: N Treatment 2 37.00 3.79 0.03 

Species: Environmental Factors 2 52.00 1.48 0.24 

N Treatment: Environmental Factors 4 52.00 2.33 0.07 

Species: N Treatment: Environmental Factors 4 52.00 2.45 0.06 

Vcmax numDF denDF F-value 
p-

value 
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(Intercept) 1 52.00 9431.74 0.00 

Species 1 37.00 17.31 0.00 

N Treatment 2 37.00 5.77 0.01 

Environmental Factors 2 52.00 58.39 0.00 

Species: N Treatment 2 37.00 0.14 0.87 

Species: Environmental Factors 2 52.00 0.55 0.58 

N Treatment: Environmental Factors 4 52.00 1.34 0.27 

Species: N Treatment: Environmental Factors 4 52.00 1.73 0.16 

Jmax numDF denDF F-value p-value 

(Intercept) 1 52.00 39746.82 0.00 

Species 1 37.00 50.42 0.00 

N Treatment 2 37.00 19.77 0.00 

Environmental Factors 2 52.00 20.14 0.00 

Species: N Treatment 2 37.00 0.24 0.79 

Species: Environmental Factors 2 52.00 0.69 0.50 

N Treatment: Environmental Factors 4 52.00 1.36 0.26 

Species: N Treatment: Environmental Factors 4 52.00 2.13 0.09 

Leaf N numDF denDF F-value p-value 

(Intercept) 1 52.00 2135.19 0.00 

Species 1 37.00 68.89 0.00 

N Treatment 2 37.00 13.11 0.00 

Environmental Factors 2 52.00 16.81 0.00 

Species: N Treatment 2 37.00 0.36 0.70 

Species: Environmental Factors 2 52.00 4.60 0.01 

N Treatment: Environmental Factors 4 52.00 2.90 0.03 

Species: N Treatment: Environmental Factors 4 52.00 0.74 0.57 
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Table 3. The following tables are the full results of the Tukey’s post-hoc analysis done 

the data using the ’lsmeans’ package in R. 

Results of Tukey’s for Environmental Factors on estimated net 

qe 

contrast estimate SE df t.ratio p.value 

O-L - H-S 0.0117 0.0024 52 4.785 <.0001 

O-L - H-L 0.0046 0.0025 52 1.879 0.1551 

H-S - H-L -0.0070 0.0025 52 -2.867 0.0162 

 

    Results of Tukey’s for Environmental Factors on Rd  

contrast estimate SE df t.ratio p.value 

O-L - H-S -0.2850 0.1054 52 -2.705 0.0246 

O-L - H-L 0.0172 0.1061 52 0.163 0.9856 

H-S - H-L 0.3023 0.1055 52 2.866 0.0162 

 

 Results of Tukey’s for the interaction of Species:Environmental Factors on 

Rd  

contrast estimate SE df t.ratio p.value 

C. stricta,O-L -P. arundinacea,O-L 0.5625 0.1538 37 3.657 0.0095 

C. stricta,O-L - C. stricta,H-S 0.0211 0.1498 52 0.141 1.0000 

C. stricta,O-L - P. arundinacea,H-S -0.0287 0.1535 37 -0.187 1.0000 

C. stricta,O-L - C.  stricta,H-L 0.4601 0.1521 52 3.025 0.0424 

C. stricta,O-L - P. arundinacea,H-L 0.1369 0.1536 37 0.891 0.9462 

P. arundinacea,O-L - C. stricta,H-S -0.5414 0.1536 37 -3.525 0.0135 

P. arundinacea,O-L - P. arundinacea,H-S -0.5911 0.1483 52 -3.987 0.0027 

P. arundinacea,O-L - C. stricta,H-L -0.1024 0.1561 37 -0.656 0.9856 

P. arundinacea,O-L - P. arundinacea,H-L -0.4256 0.1480 52 -2.876 0.0612 

C. stricta,H-S - P. arundinacea,H-S -0.0497 0.1533 37 -0.324 0.9995 

C. stricta,H-S - C. stricta,H-L 0.4390 0.1503 52 2.920 0.0550 

C. stricta,H-S - P. arundinacea,H-L 0.1158 0.1533 37 0.755 0.9732 

P. arundinacea,H-S - C. stricta,H-L 0.4887 0.1558 37 3.136 0.0364 

P. arundinacea,H-S - P. arundinacea,H-L 0.1655 0.1480 52 1.119 0.8715 

C. stricta,H-L - P. arundinacea,H-L -0.3232 0.1558 37 -2.074 0.3227 
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  Results of Tukey’s for Environmental Factors on Aamb  

contrast estimate SE df t.ratio p.value 

O-L - H-S 2.4794 0.4609 52 5.380 <.0001 

O-L - H-L 2.5378 0.4647 52 5.461 <.0001 

H-S - H-L 0.0584 0.4647 52 0.126 0.9913 

 

  Results of 

Tukey’s for N Treatment on Aamb  

contrast estimate SE df t.ratio p.value 

high - low 1.6953 0.4609 37 3.678 0.0021 

high - med 0.4186 0.4647 37 0.901 0.6432 

low - med -1.2767 0.4647 37 -2.747 0.0245 

 

 

 Results of Tukey’s for the interaction of Species:N Treatment on Aamb  

contrast estimate SE df t.ratio p.value 

C. stricta,high - P. arundinacea,high -4.3978 0.6518 37 -6.747 <.0001 

C. stricta,high - C. stricta,low 0.4349 0.6518 37 0.667 0.9845 

C. stricta,high - P. arundinacea,low -1.4421 0.6518 37 -2.213 0.2565 

C. stricta,high - C. stricta,med -0.3303 0.6626 37 -0.498 0.9959 

C. stricta,high - P. arundinacea,med -3.2304 0.6518 37 -4.956 0.0002 

P. arundinacea,high - C. stricta,low 4.8327 0.6518 37 7.415 <.0001 

P. arundinacea,high - P. arundinacea,low 2.9557 0.6518 37 4.535 0.0008 

P. arundinacea,high - C. stricta,med 4.0676 0.6626 37 6.139 <.0001 

P. arundinacea,high - P. arundinacea,med 1.1675 0.6518 37 1.791 0.4835 

C. stricta,low - P. arundinacea,low -1.8770 0.6518 37 -2.880 0.0667 

C. stricta,low - C. stricta,med -0.7652 0.6626 37 -1.155 0.8548 

C. stricta,low - P. arundinacea,med -3.6653 0.6518 37 -5.623 <.0001 

P. arundinacea,low - C. stricta,med 1.1118 0.6626 37 1.678 0.5543 

P. arundinacea,low - P. arundinacea,med -1.7883 0.6518 37 -2.744 0.0904 

C. stricta,med - P. arundinacea,med -2.9001 0.6626 37 -4.377 0.0012 
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  Results of Tukey’s for Environmental Factors on Vcmax  

contrast estimate SE df t.ratio p.value 

O-L - H-S 0.2776 0.0313 52 8.875 <.0001 

O-L - H-L 0.3119 0.0315 52 9.916 <.0001 

H-S - H-L 0.0343 0.0311 52 1.104 0.5161 

 

 

  Results of 

Tukey’s for N Treatment on Vcmax  

contrast estimate SE df t.ratio p.value 

high - low 0.1211 0.0370 37 3.271 0.0064 

high - med 0.0346 0.0373 37 0.926 0.6273 

low - med -0.0866 0.0375 37 -2.309 0.0669 

 

 

  Results of Tukey’s for Environmental Factors on Jmax  

contrast estimate SE df t.ratio p.value 

O-L - H-S 0.1154 0.0229 52 5.038 <.0001 

O-L - H-L 0.1356 0.0231 52 5.870 <.0001 

H-S - H-L 0.0202 0.0231 52 0.873 0.6598 

 

 

  Results of 

Tukey’s for N Treatment on Jmax  

contrast estimate SE df t.ratio p.value 

high - low 0.1439 0.0229 37 6.281 <.0001 

high - med 0.0678 0.0231 37 2.937 0.0153 

low - med -0.0760 0.0231 37 -3.292 0.0061 

 

 

Results of Tukey’s for Environmental Factors on Leaf N 

Content 
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contrast estimate SE df t.ratio p.value 

O-L - H-S 0.0879 0.0241 52 3.642 0.0018 

O-L - H-L 0.1378 0.0243 52 5.661 <.0001 

H-S - H-L 0.0499 0.0243 52 2.049 0.1107 

 

 

Results of Tukey’s for N Treatment on Leaf N Content 

contrast estimate SE df t.ratio p.value 

high - low 0.1171 0.0241 37 4.849 0.0001 

high - med 0.0937 0.0243 37 3.847 0.0013 

low - med -0.0234 0.0243 37 -0.962 0.6052 
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Results of Tukey’s for the interaction of Environmental Factors:N Treatment 

  on Leaf N Content  
contrast estimate SE df t.ratio p.value 

O-L,high - H-S,high 0.0593 0.0418 52 1.418 0.8856 

O-L,high - H-L,high 0.1261 0.0418 52 3.014 0.0863 

O-L,high - O-L,low 0.0601 0.0418 37 1.438 0.8757 

O-L,high - H-S,low 0.2543 0.0418 37 6.081 <.0001 

O-L,high - H-L,low 0.2222 0.0418 37 5.313 0.0002 

O-L,high - O-L,med 0.1103 0.0418 37 2.636 0.2065 

O-L,high - H-S,med 0.1205 0.0418 37 2.882 0.1263 

O-L,high - H-L,med 0.2356 0.0429 37 5.497 0.0001 

H-S,high - H-L,high 0.0667 0.0418 52 1.596 0.8026 

H-S,high - O-L,low 0.0008 0.0418 37 0.019 1.0000 

H-S,high - H-S,low 0.1950 0.0418 37 4.663 0.0012 

H-S,high - H-L,low 0.1629 0.0418 37 3.895 0.0106 

H-S,high - O-L,med 0.0509 0.0418 37 1.218 0.9472 

H-S,high - H-S,med 0.0612 0.0418 37 1.464 0.8645 

H-S,high - H-L,med 0.1763 0.0429 37 4.113 0.0058 

H-L,high - O-L,low -0.0659 0.0418 37 -1.577 0.8109 

H-L,high - H-S,low 0.1282 0.0418 37 3.067 0.0845 

H-L,high - H-L,low 0.0961 0.0418 37 2.299 0.3686 

H-L,high - O-L,med -0.0158 0.0418 37 -0.378 1.0000 

H-L,high - H-S,med -0.0055 0.0418 37 -0.132 1.0000 

H-L,high - H-L,med 0.1095 0.0429 37 2.556 0.2398 

O-L,low - H-S,low 0.1942 0.0418 52 4.643 0.0007 

O-L,low - H-L,low 0.1621 0.0418 52 3.876 0.0084 

O-L,low - O-L,med 0.0501 0.0418 37 1.199 0.9517 

O-L,low - H-S,med 0.0604 0.0418 37 1.445 0.8727 

O-L,low - H-L,med 0.1754 0.0429 37 4.094 0.0061 

H-S,low - H-L,low -0.0321 0.0418 52 -0.768 0.9973 

H-S,low - O-L,med -0.1440 0.0418 37 -3.444 0.0344 

H-S,low - H-S,med -0.1338 0.0418 37 -3.199 0.0624 

H-S,low - H-L,med -0.0187 0.0429 37 -0.437 1.0000 

H-L,low - O-L,med -0.1119 0.0418 37 -2.677 0.1913 

H-L,low - H-S,med -0.1017 0.0418 37 -2.431 0.2981 

H-L,low - H-L,med 0.0134 0.0429 37 0.312 1.0000 

O-L,med - H-S,med 0.0103 0.0418 52 0.246 1.0000 

O-L,med - H-L,med 0.1253 0.0429 52 2.924 0.1064 

H-S,med - H-L,med 0.1150 0.0429 52 2.684 0.1788 



Texas Tech University, Elizabeth F. Waring, May, 2017 

38 

 

 

 

Results of Tukey’s for the interaction of Environmental Factors:Species 
on 

  Leaf N 
Content  

contrast estimate SE df t.ratio p.value 

O-L,C. stricta - H-S,C.  stricta 0.0671 0.0341 52 1.966 0.3753 

O-L,C. stricta - H-L,C.  stricta 0.0658 0.0347 52 1.896 0.4162 

O-L,C. stricta - O-L,P. arundinacea -0.2270 0.0341 37 -6.647 <.0001 

O-L,C. stricta - H-S,P. arundinacea -0.1182 0.0341 37 -3.463 0.0159 

O-L,C. stricta - H-L,P. arundinacea -0.0171 0.0341 37 -0.502 0.9958 

H-S,C. stricta - H-L,C. stricta -0.0013 0.0347 52 -0.038 1.0000 

H-S,C. stricta - O-L,P. arundinacea -0.2941 0.0341 37 -8.613 <.0001 

H-S,C. stricta - H-S,P. arundinacea -0.1854 0.0341 37 -5.429 0.0001 

H-S,C. stricta - H-L,P. arundinacea -0.0843 0.0341 37 -2.468 0.1601 

H-L,C. stricta - O-L,P. arundinacea -0.2928 0.0347 37 -8.435 <.0001 

H-L,C. stricta - H-S,P. arundinacea -0.1841 0.0347 37 -5.303 0.0001 

H-L,C. stricta - H-L,P. arundinacea -0.0830 0.0347 37 -2.390 0.1861 

O-L,P. arundinacea - H-S,P. arundinacea 0.1087 0.0341 52 3.184 0.0280 

O-L,P. arundinacea - H-L,P. arundinacea 0.2098 0.0341 52 6.145 <.0001 

H-S,P. arundinacea - H-L,P. arundinacea 0.1011 0.0341 52 2.961 0.0497 
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CHAPTER 3 

 PLASTICITY OF NITROGEN ALLOCATION IN THE LEAVES OF THE 

INVASIVE WETLAND GRASS, PHALARIS ARUNDINACEA AND CO-

OCCURRING CAREX SPECIES DETERMINES THE PHOTOSYNTHETIC 

SENSITIVITY TO NITROGEN 

(My contribution to the following manuscript: Holaday, A. S., D.W. Schwilk, 

E.F.Waring, H. Guuvala, C.M. Griffin, O.M. Lewis. 2015. Plasticity of nitrogen 

allocation in the leaves of the invasive wetland grass, Phalaris arundinacea and co-

occurring Carex species determines the photosynthetic sensitivity to nitrogen. Journal of 

Plant Physiology. 177: 20–9) 

INTRODUCTION 

 Plant species fall into a consistent axis of leaf trait variation called the leaf 

economics spectrum (Westoby et al., 2002; Reich et al., 2003; Diaz et al., 2004; Wright 

et al., 2004).  Position on this spectrum is, in part, associated with strategies of resource 

use (Reich et al., 2003; Diaz et al., 2004; Wright et al., 2004; Sorrell et al., 2012). At one 

end of this spectrum are the “fast” species (Reich, 2014) that are rapidly-growing, highly 

productive, often invasive species with high rates of CO2 assimilation (A) and a small 

investment in leaf development, as indicated by their high specific leaf area (SLA).  

Generally, such species exhibit high phenotypic plasticity (both morphological and 

physiological) with changes in resource availability (Davidson et al., 2011).  At the other 

end of the spectrum are the “conservative” or “slow” species (Reich, 2014) that are 
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slowly-growing plants of less productivity with a low A and low SLA, which are often 

adapted to infertile soils (Berendse and Aerts, 1987; Aerts and Caluwe, 1995; Aerts and 

Chapin, 1999; Adamidis et al., 2014).  Interestingly, many of these species maintain 

“greater fitness homeostasis when comparing growth between low and average resource 

availability” (Davidson et al., 2011). 

 Of the resources that are linked to this spectrum, the supply of nitrogen (N) and 

leaf-level N are of great importance, if for no other reason than the close relationship 

between N availability and carbon gain via photosynthesis (Evans, 1989; Poorter and 

Evans, 1998).  Indeed, the success of many rapidly-growing, often invasive species has 

been attributed to high photosynthetic nitrogen use efficiency (PNUE) relative to that for 

slower-growing species (Poorter and Evans, 1998; Onoda et al., 2004; Feng, 2008a; b, 

Feng et al., 2008, 2009, 2011; Funk et al., 2013)  The high PNUE indicates that these 

invasive species allocate proportionately more of their leaf N to photosynthetic proteins 

than to other N uses, such as cell wall proteins or storage pools.  In contrast, the species 

that the invaders displace generally have lower PNUE.  Thus, it is possible that N 

availability could affect the ability of rapidly-growing, invasive species to displace other 

species and become abundant through its effects on photosynthetic capacity.  A high rate 

of net carbon gain is important to high productivity and is a trait of many invasive species 

(Leishman et al., 2007; Feng et al., 2011). 

 I sought to identify the physiological and morphological responses for these 

disparate strategies of N allocation in co-occurring species from opposite ends of the leaf 

economics spectrum.  By identifying the physiological basis for any leaf-level plasticity 

in response to N availability, I strived to improve my understanding of why N influences 
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the distribution of certain species and the competitive success of some invasive species 

over more conservative species.  Also, given that considerable agricultural plant research 

is focused on the improvement in yield relative to the amount of N required (Kant et al., 

2011), such a study could also provide some insights into what mechanisms might be of 

value to improve the performance of crop species under low N availability. 

 Nowhere is it more evident that N availability affects species growth rates and 

success than in wetlands.  Wetlands are landscape sinks, accumulating large amounts of 

nutrients, sediments, and water that originate at agricultural and industrialized, urban sites 

(Kercher and Zedler, 2004; Zedler and Kercher, 2004; Zedler, 2009).  The periodic input 

of excessive N can have a large impact on the plant communities that originally became 

established during earlier periods of much lower, more evenly dispersed N inputs.  These 

communities become increasingly susceptible to invasion by more rapidly-growing, 

invasive species that take advantage of the disturbances to the communities and 

eutrophication of the wetland, converting the wetlands from species-rich, native 

vegetation to a near monotype of the invasive species (Lindig-Cisneros and Zedler, 

2002).  The success of two common invasive species in North America, Phalaris 

arundinacea and Phragmites australis, over more conservative species, such as members 

of the genus, Carex, is related to increases in N availability (Green and Galatowitsch, 

2002a; Rickey and Anderson, 2004; Kercher et al., 2006; Bartodziej et al., 2011a; 

Martina and Ende, 2012).  There appears to be a direct relationship between the 

availability of N, especially nitrate, and the extent of invasion (Rickey and Anderson, 

2004; Martina and von Ende, 2008; Bartodziej, 2011) for these species. 
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 For my study, I chose the wetland grass species, P. arundinacea, as the 

representative of an invasive species and the common sedge that P. arundinacea 

displaces, C. stricta as a representative of a conservative species.  I hypothesized that 

photosynthesis and associated leaf traits for P. arundinacea and C. stricta would respond 

differently to growth at different levels of N supply, with the responses for P. 

arundinacea being the most plastic.  A major focus of my experiments was to identify 

any differences in the plasticity of specific photosynthetic components.  In particular, 

given that wetlands can experience pulses of nutrients, I hypothesized that P. 

arundinacea would have a more rapid physiological response, especially with respect to 

A, to a rapid increase in N supply than would C. stricta. 

 

METHODS AND MATERIALS 

Plant material, experimental growth conditions, and leaf sampling for the first set of 

experiments-Seeds of Phalaris arundinacea L., reed canary grass, were collected in the 

field over an area of approximately 0.4 hectare in Marshall County, Indiana, U.S.A., and 

bulked before germinating as described in He et al. (2011).  Seedlings of Carex stricta 

Lam., tussock sedge, were supplied by Dr. Joy Zedler (University of Wisconsin, U.S.A.).  

For Carex lacustris Willd., common lake sedge, tillers were collected in the field with a 

minimum of 10 m and a maximum of 12 km between sample points in Marshall County, 

Indiana, U.S.A.  Initially, the seedlings were planted into pots containing a coarse, non-

soil medium that provided no nutrients (Turface Athletics Soil, Profile Products LLC, 

Buffalo Grove, IL, U.S.A.) and fertilized them with a nutrient solution based on that of 

Hoagland and Arnon (1950) (Hoagland's solution) containing 15 mM N and adjusted to a 



Texas Tech University, Elizabeth F. Waring, May, 2017 

43 

 

pH of ~6.5.  After several tillers had been produced, the tillers were separated to establish 

clones from the original seedlings or tillers. 

Plant material, experimental growth conditions, and leaf sampling for the second 

experiment 

 The experiment, which was performed in the late winter through the spring, 

included plants of a second Carex species, C. lacustris, which grow approximately 50% 

taller than C. stricta plants and have leaves that are approximately twice the size of the 

leaves of C. stricta (unpublished observations).  Five genets each of C. stricta, C. 

lacustris, and P. arundinacea were grown under the same greenhouse conditions 

established for the first set of experiments, except that the plants were fertilized with 500 

mL of Hoagland’s solution containing 15 mM N for 9 weeks in an attempt to maximize 

the leaf N content.  Each circular pan holding three, 16-L pots was 7 cm deep.  After this 

period, the plants were provided 500 mL of a modified Hoagland’s solution containing 

0.15 mM N every 4 d for 6 weeks.  At the end of each N-treatment period, leaf sections 

were removed to determine leaf nitrate, total leaf N, and chlorophyll content and SLA.  

For P. arundinacea, the first fully-expanded leaf was designated a young leaf, and for 

measurements taken at the end of the high N treatment, the fourth leaf below it (fifth or 

sixth leaf from the shoot tip) was designated an old leaf.  The old leaves sampled at the 

end of the low N treatment were 6 leaves below the first fully-expanded leaves (seventh 

or eighth leaves from the tip).  For the two Carex species, a leaf about to reach full 

elongation was designated a new leaf and sampling was performed from the mid-portion.  

The old Carex leaves were leaves that were approximately 10 weeks old at the time of 

measurement.  Similar leaves were used for the analyses of the response of A to the leaf 
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internal CO2 concentration (Ci), and all of the leaves were sampled during full-sun 

illumination from 09:00 to 12:00 local time. 

 

Determination of leaf nitrogen and carbon content-Dried leaf samples were ground to a 

fine powder by hand using a mortar and pestle with a small amount of liquid nitrogen or 

ground using a mechanical grinder (Cianflone Scientific Instruments Corporation, 

Pittsburgh, PA, U.S.A.).  To determine leaf C and N contents, either a CE Elantech CN 

2500 analyzer (Carlo Erba, Milan, Italy) at Texas Tech University was used or the 

samples were sent to Raymond Lee, Washington State University, U.S.A. for analysis 

using a Costech elemental analyzer (Costech Anatalytical Technologies Inc.). 

 

Gas-exchange measurements-Gas-exchange analyses were performed in the greenhouse 

from 09:00 to 16:00 local time using a Li-Cor, Li-6400 XT portable photosynthesis 

system (Li-Cor Inc, Lincoln, NE, U.S.A.).  In the first set of experiments, the 

measurements were conducted at the ambient CO2 partial pressure (38.5 Pa).  The blue 

and red light emitting diodes in the leaf chamber of the Li-6400A supplied a photon flux 

density of 1800 mol m-2 s-1 (growth irradiance), and the relative humidity in the leaf 

cuvette was 45-50%.  The temperature within the leaf cuvette was 25 oC (determined to 

be optimum).  The measurements were made on the first fully expanded leaf from the 

apex of P. arundinacea plants or the mid-section of the young leaves of C. stricta plants.  

In the second experiment, the environmental conditions were the same, except that the 

leaves were sequentially exposed to CO2 concentrations of 0, 4, 8, 10, 20, 30, 40, 60, 80, 

100, 120, 160, and 200 Pa to provide data on the carboxylation efficiency (CE) of 



Texas Tech University, Elizabeth F. Waring, May, 2017 

45 

 

Rubisco, the maximum carboxylation capacity (Vcmax), and the light-saturated maximum 

rate of electron transport (Jmax).  The values of Vcmax and Jmax were calculated using the 

“plantecophys” package (Duursma, 2013) for the R statistical program (R Development 

Core Team, 2014). 

 The values of R were measured as the rate of CO2 released with the light source 

switched off and the entire leaf and chamber covered by a black cloth for 30 min prior to 

measurement during the same portion of the photoperiod in which measurements of A 

had been performed.  The leaves measured were similar to the leaves used for 

measurements of A but on adjacent tillers of similar age. 

 

Chlorophyll analysis- For chlorophyll determinations, frozen leaf sections of known 

fresh mass were ground at liquid N2 temperature, and the chlorophyll was extracted in a 

known volume of 80% acetone.  After centrifugation at 10,000 g, the total chlorophyll (a 

and b) content was measured following the procedure of Lichtenthaler (1987). 

 

Determination of the total leaf soluble protein-After grinding frozen leaf sections in 

liquid N2 in a mortar, the frozen leaf powder was transferred to an ice-cold glass tissue 

grinder containing a 100 mM borate-buffered solution with 0.1% Triton-X 100 detergent 

at pH 7.8.  After centrifugation at 16,000 g for 20 min, the protein content of the extract 

was determined by the method of Bradford (1976).  The amount of protein in the extract 

was determined from a standard protein curve developed using bovine serum albumin. 
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Measuring the leaf nitrate content- In the second experiment, leaf sections in full sun 

were sampled and their fresh mass and area rapidly measured before freezing in liquid N2 

for nitrate measurements.  To determine the total leaf nitrate content, the frozen samples 

were ground to a powder at liquid N2 temperature.  The extraction and assay of the 

extract for nitrate followed the procedures of Cataldo et al. (1975). 

 

Determination of SLA-To determine the SLA, the areas of fresh leaf sections were 

measured using a Li-Cor, Li-3100 Area Meter (Li-Cor, Lincoln, NE, U.S.A.) prior to 

drying them in an oven at 65 oC for 48 h.  Using the masses of the dried leaf sections, the 

SLA was calculated as: 

SLA = fresh leaf area (cm2)/leaf dry mass (g) 

 

Statistical analyses-All analyses were conducted using the R statistical software (R 

Development Core Team, 2014).  For the first set of experiments, analysis of covariance 

was used to test for significant species differences in the responses to supplied N 

concentration (log transformed).  For analyses that used data from both of the 

experiments (A, soluble protein, and SLA), “experiment” was included as a fixed effect to 

account for growing condition and season differences (plants grown winter-spring vs. 

plants grown spring-summer).  Of greatest interest was relative plasticity: that is, the 

relative slopes of measured variables in response to supplied nitrogen concentration.  

Significant interactions between supplied nitrogen concentration and species (p ≤ 0.05) 

were interpreted as significant differences in plasticity.  In the second experiment, the 

effects of supplied nitrogen and of species were tested using a mixed-effects ANCOVA 
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in R using the lme function of the nlme package (Pinheiro et al., 2014) to account for 

repeated measures on individual plants. 

 

RESULTS 

The response of photosynthetic parameters, chlorophyll, and leaf nitrogen to low 

nitrogen supply in the second experiment-In the second experiment, providing 15 mM N 

for 9 weeks did increase the N content of the young leaves relative to the N content 

measured in the first set of experiments for both species but primarily for P. arundinacea 

(Table 1 and Fig. 1B).  There was also an increase in SLA and a decrease in the C:N 

values (Table 2).  However, the proportional changes in the values of all of these 

parameters after 6 weeks of growth with 0.15 mM N supplied were similar to the changes 

observed in the first experiments. 

 To further assess the responses of specific components of photosynthesis for C. 

stricta, C. lacustris, and P. arundinacea to low N availability, A vs. Ci analyses were 

performed on young and old leaves of plants of all three species before and after 6 weeks 

of growth at 0.15 mM supplied N.  Growth for 6 weeks at 0.15 mM supplied N 

significantly reduced the Vcmax and CE (p < 0.0001) for young and old leaves for all 

species, indicating that both sets of leaves had reduced in vivo Rubisco activity (Fig. 

1A,B).  The largest decreases of these two parameters occurred for the young leaves of P. 

arundinacea and C. lacustris, being approximately 60 to 70%, whereas for C. stricta 

young leaves, the decrease was only approximately 24%.  The values of Jmax were also 

negatively affected significantly for all species (p = 0.0001) in young and old leaves, 

indicating a reduction in electron transport capacity (Fig. 1C).  For the young leaves of P. 



Texas Tech University, Elizabeth F. Waring, May, 2017 

48 

 

arundinacea and C. lacustris, the reduction in Jmax was 53 and 58%, respectively, 

whereas it was only 20% for the young leaves of C. stricta.  In addition, growth at 0.15 

mM supplied N negatively affected the chlorophyll content of P. arundinacea leaves (p < 

0.0001) but not for the Carex species, with no effect of leaf age for all species (p = 

0.1424) (Fig. 6D). 

 There was no main effect of the age of a leaf on A measured at near ambient pCO2 

(Aamb, 40 Pa) or at CO2 saturation (Amax, 200 Pa) under either N treatment for any species, 

but there was an interaction of leaf age and species as well as leaf age and N treatment for 

all species (p = 0.0002 and p = 0.0001 for Aamb and p < 0.0001 and p = 0.0272 for Amax, 

respectively) (Table 3).  Growth for 6 weeks with 0.15 mM N supplied reduced A 

measured near ambient pCO2 (40 Pa) by only 14% for young C. stricta leaves, whereas it 

reduced A by 69 and 62 for young leaves of P. arundinacea and C. lacustris, 

respectively, and by 53% for the old leaves of C. stricta (Table 2).  Similarly, the values 

of A at CO2 saturation for young leaves of C. stricta were reduced less than they were for 

the other two species (Table 2).  Comparable to the results of the first set of experiments, 

the young leaves and even the old leaves of C. stricta maintained slightly increased 

PNUE when grown at 0.15 mM N supplied, whereas the PNUE decreased 50 to 60% for 

both sets of leaves of P. arundinacea and C. lacustris (Table 2). 

 

The response of leaf nitrate accumulation to low nitrogen supply- When grown for 8 

weeks at 15 mM supplied N, the young and old leaves of P. arundinacea and C. stricta 

and the young leaves of C. lacustris accumulated comparable amounts of nitrate (Table 

2).  However, the nitrate accumulation for the old leaves of C. lacustris was considerably 
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less.  Unexpectedly, over the 6 weeks of growth at 0.15 mM supplied N, the nitrate 

content in the young and old leaves increased for plants of P. arundinacea or did not 

change for plants of C. stricta.  Only for the young leaves of C. lacustris was there a 

large decrease in the nitrate content with growth at low N
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Table 1.  Leaf nitrogen (N) content, photosynthetic nitrogen use efficiency (PNUE), and leaf nitrate (NO3
-) content after 9 weeks of 

growth with 15 mM supplied nitrogen and after an additional 6 weeks of growth with 0.15 mM supplied nitrogen for young and old 

leaves of P. arundinacea, C. stricta, and C. lacustris (N = 5).  For all parameters, there was a significant difference between species (p 

< 0.005).  For leaf N and PNUE there were significant differences between treatments (p < 0.001) and an interaction between species 

and treatment (p < 0.0001).  There was no effect of age for any of the parameters or a treatment affect in leaf nitrate. 

 

 Phalaris arundinacea Carex stricta Carex lacustris 

N treatment 
High N 

(15 mM) 

Low N 

(0.15 mM) 

High N 

(15 mM) 

Low N 

(0.15 mM) 

High N 

(15 mM) 

Low N 

(0.15 mM) 

Leaf Age Young Old Young Old Young Old Young Old Young Old Young Old 

Leaf N 

(mg g-1) 

45.6 ± 

6.56 

44.9 ± 

5.60 

19.5 ± 

3.02 

19.0 ± 

3.22 

29.6 ± 

5.06 

30.3 ± 

3.80 

15.1 ± 

1.39 

15.1 ± 

3.65 

23.0 ± 

6.27 

33.6 ± 

2.74 

16.2 ± 

5.29 

16.2 ± 

1.43 

PNUE 

(µmol s-1 g N-1) 

11.3 ± 

2.60 

10.7 ± 

2.01 

4.83 ± 

1.63 

5.31 ± 

2.10 

5.29 ± 

2.24 

4.07 ± 

2.05 

8.40 ± 

4.37 

5.29 ± 

3.77 

5.66 ± 

3.08 

5.80 ± 

0.83 

2.27 ± 

0.60 

3.77 ± 

0.54 

Leaf NO3
- 

(mMol cm-2) 

0.648± 

0.25 

0.971± 

0.31 

1.51 ± 

0.67 

1.46 ± 

0.54 

2.37 ± 

1.69 

1.46 ± 

0.50 

2.05 ± 

0.70 

2.04 ± 

0.65 

2.56 ± 

1.66 

0.600 ± 

0.21 

0.844 ± 

0.41 

0.928 ± 

0.36 
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Table 2.  The rate of CO2 assimilation (A, mol CO2 m
-2 s-1) at near ambient pCO2 (40 Pa, Aamb) and the CO2-saturated A (Amax, 200 

Pa) after 9 weeks of growth with 15 mM supplied nitrogen and after an additional 6 weeks of growth with 0.15 mM supplied nitrogen 

for young and old leaves of P. arundinacea, C. stricta, and C. lacustris (N = 5).  For both parameters, there were significant 

differences between species (p < 0.0001) and treatment (p < 0.0001), as well as interaction between species and treatment (p < 0.0002) 

and between treatment and age (p = 0.0001).  There was no significant effect of leaf age for either parameter. 

 Phalaris arundinacea Carex stricta Carex lacustris 

N 

treatment 

High N (15 mM) Low N (0.15 mM) High N (15 mM) Low N (0.15 mM) High N (15 mM) Low N (0.15 mM) 

Leaf Age Young Old Young Old Young Old Young Old Young Old Young Old 

             

Aamb 

19.6 ± 

1.32 

18.2 ± 

1.82 

5.63 ± 

1.13 

6.13 ± 

2.23 

10.7 ± 

1.74 

11.3 ± 

2.07 

9.21 ± 

1.61 

5.37 ± 

1.82 

8.90 ± 

2.51 

14.0 ± 

1.36 

3.49 ± 

0.74 

5.31 ± 

0.27 
 

 

Amax 32.5± 

3.58 

28.9 ± 

4.42 

14.7 ± 

2.82 

14.6 ± 

4.28 

22.7 ± 

2.75 

24.6 ± 

2.27 

18.9 ± 

3.04 

12.7 ± 

3.26 

20.2 ± 

1.46 

28.6 ± 

1.74 

8.81 ± 

2.68 

11.8 ± 

1.19  
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Table 3.  Leaf specific leaf area (SLA) and carbon:nitrogen (C:N) after 9 weeks of growth with15 mM supplied nitrogen and after an 

additional 6 weeks of growth with 0.15 mM supplied nitrogen for young and old leaves of P. arundinacea, C. stricta, and C. lacustris  

 (N = 5).  For both parameters, there were significant differences between species (p < 0.0001) and treatment (p < 0.0001).  For leaf  

C:N there was also a significant difference between leaf age (p = 0.0350), but there was no effect of leaf age on SLA.

 Phalaris arundinacea Carex stricta Carex lacustris 

N treatment 
High N 

 (15 mM) 

Low N 

 (0.15 mM) 

High N  

(15 mM) 

Low N 

 (0.15 mM) 

High N 

 (15 mM) 

Low N  

(0.15 mM) 

Leaf Age Young Old Young Old Young Old Young Old Young Old Young Old 

SLA 

(cm2 g-1) 

263 ± 

66.3  

262 ± 

31.3  

163 ± 

30.0  

167 ± 

57.3  

178 ± 

43.9  

150 ± 

21.5  

94.4 ± 

14.7  

100 ± 

9.30  

133 ± 

22.9  

142 ± 

18.7  

100 ± 

29.3  

110 ± 

18.8  

Leaf C:N 

11.29± 

1.78  

11.16± 

0.80  

22.94± 

3.62  

24.86± 

5.12  

17.50± 

1.39  

16.31± 

1.82  

32.13± 

3.65  

29.70± 

4.02  

19.21± 

1.43  

14.18± 

1.32  

33.48± 

8.93  

26.98± 

2.73  
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Figure 1. The maximum carboxylation capacity (Vcmax, panel A), carboxylation 

efficiency (CE, panel B), maximum electron transport capacity (Jmax, panel C), and 

chlorophyll content (panel D) for young (lightly shaded) and old (darkly shaded) leaves 

of P. arundinacea, C. stricta, and C. lacustris when grown with 15 mM supplied nitrogen 

for 9 weeks (circles) followed by growth with 0.15 mM supplied nitrogen for 6 weeks 

(tiangles).  The values are means ± standard deviation (N = 5).  There was a significant 

negative effect of growth at low supplied nitrogen on Vcmax, CE, and Jmax (p ≤ 0.0001).  

There was a significant negative effect of low supplied nitrogen on chlorophyll content 

for P. arundinacea (p < 0.0001) but no effect for C. stricta. 
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DISCUSSION 

Phalaris arundinacea and C. stricta exhibit essentially opposite responses of leaf 

primary metabolism to nitrogen supply over 6 to 7 weeks-A high abundance of the 

invasive grass, P. arundinacea, is associated with moderate to high soil N (Martina and 

von Ende, 2008; Bartodziej, 2011), and its competitive success in stands of Carex species 

is dependent, to a large extent, on a high N supply (Green and Galatowitsch, 2002a; Perry 

et al., 2004).  These findings strongly suggest that this species is an opportunist, taking 

advantage of increased N to outcompete sedges, such as C. stricta.  My finding that P. 

arundinacea and C. stricta respond differently to high N supply with respect to A and 

PNUE is consistent with the results of these earlier studies.  At high N availability, the 

strategy of N use for P. arundinacea is to maximize carbon gain, as indicated by its high 

PNUE, which is typical for many invasive species (Feng, 2008a,b; Feng et al., 2008, 

2009, 2011).  The high PNUE is associated with a high carboxylation capacity and 

efficiency (Vcmax and CE), a high capacity for electron transport (Jmax), and a high 

capacity for CO2-saturated photosynthesis.  It is likely that the high leaf soluble protein 

content is due to a high allocation of N to Rubisco and other enzymes of photosynthesis 

and respiration (Kant et al., 2011).  Thus, it is not surprising that P. arundinacea thrives 

in N-rich soils, as do most crop species.  On the other hand, C. stricta allocates 

proportionately less N to photosynthesis than P. arundinacea (a lower PNUE) resulting 

in a lower A measured at ambient or at saturating CO2 due to a lower carboxylation 

capacity and efficiency and a lower electron transport capacity.  Studies of some other 
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species with these traits indicate that, compared to species with a high PNUE, 

proportionately more N is being allocated to proteins of leaf cell walls or possibly 

vegetative storage proteins than to metabolic proteins (Onoda et al., 2004; Funk et al., 

2013).  Given the low SLA for C. stricta leaves, such N allocation may reflect an 

emphasis on protection from herbivores or the existence of many, diverse N sinks, but a 

thorough investigation of cellular allocation of N in C. stricta leaves is required to verify 

this idea.  I propose that it is the emphasis on maximizing carbon gain by P. arundinacea 

to a greater degree than C. stricta in N-rich conditions that supports the rapid growth 

needed to out-compete C. stricta. 

 Phalaris arundinacea demonstrates considerable leaf physiological plasticity 

when switched to a low N supply for a 6- to 7-week period.  Associated with a decline in 

leaf N content and protein is a decline in leaf primary metabolism, whether the leaves are 

newly formed (the young leaves) or were formed prior to the switch to a low N supply 

(the old leaves).  Carboxylation and electron transport capacity, chlorophyll content, and 

CO2-saturated A are all strongly negatively affected, indicating diminished support of all 

components of photosynthesis.  In this regard, P. arundinacea responded much as major 

crop species would to low N supply (Kant et al., 2011).  The plastic response of 

photosynthesis to changes in N supply for P. arundinacea is consistent with mesocosm 

experiments showing large changes in total biomass, shoot:root ratio, plant height, tiller 

number, and total leaf area with changes in nutrient supply (Miller and Zedler, 2003; 

Herr-Turoff and Zedler, 2007).  The decline in R that I measured for P. arundinacea 

indicates a shift of N allocation away from proteins of primary metabolism, in general, 

not just from photosynthesis.  Thus, P. arundinacea sacrifices considerable carbon gain 
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and leaf respiratory activity in favor of other processes, possibly in other parts of the 

plant, such as roots.  Phalaris arundinacea has been observed to develop a larger root 

system along with a slowing of shoot growth under nutrient deficiency, presumably to 

improve nutrient absorption (Maurer and Zedler, 2002). 

 In contrast to the situation with P. arundinacea, primary metabolism in young C. 

stricta leaves is less plastic (less responsive) to growth at low N supply.  Carex stricta 

supports carboxylation and electron transport processes of photosynthesis, as well as 

respiratory metabolism in young leaves in the first 6 to 7 weeks of low N supply, but not 

for an extended period of 4 months.  What is important to keep in mind is that this slower 

decline in primary metabolism occurs despite a decline in total leaf N content and a 

decline in leaf soluble protein similar to the declines in P. arundinacea leaves.  Given 

that PNUE does not decrease and even increases in one of my experiments, C. stricta is 

clearly changing its N allocation strategy when N availability is low so that carbon gain 

and leaf respiration are supported.  Thus, leaf primary metabolism is an important focus 

of N allocation in young C. stricta leaves during N deprivation, at least in the short term. 

 As I hypothesized, when P. arundinacea experiences a high N supply following 

prolonged N deprivation, leaf N content increases rapidly to equal the N content of plants 

grown for 6 weeks with a high N supply.  More importantly, P. arundinacea allocates a 

high proportion of the new N absorbed to photosynthesis, as indicated by a rise PNUE, 

further attesting to the plasticity of these traits for this invasive species.  In contrast, the N 

content of young leaves of C. stricta rises more slowly.  In addition, increasing A is not 

the main focus of N allocation for C. stricta.  Thus, C. stricta allocates a considerable 

portion of the newly assimilated N to processes other than carbon gain.  This slow 
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response of A to an increase in N supply may explain, at least in part, the small effect 

(only 10 to 15%) that a high application of N and phosphorous fertilizer had on plant 

biomass for C. stricta (Lawrence and Zedler, 2011) in mesocosms. 

 Carex lacustris is interesting in that its N allocation to photosynthesis (PNUE) is 

similar to that for C. stricta at high N supply but similar to that for P. arundinacea at low 

N supply.  This discovery indicates that the disparate strategies of N allocation typified 

by C. stricta and P. arundinacea can overlap and are not mutually exclusive.  The poor 

response of photosynthesis for C. lacustris when N supply is low suggests that this large, 

stout Carex species may be abundant only where N supply is sufficient to sustain 

substantial photosynthetic capacity.  Therefore, in wetlands with high N availability, it is 

reasonable to speculate that C. lacustris may possess mechanisms to allow it to flourish 

in sites not favorable to P. arundinacea, such as water-saturated soils, as I have observed 

in wetlands of the central U.S.A. (A.S. Holaday and E.F. Waring, unpublished 

observations in chapters 2 and 3 of this dissertation). 

 

Possible mobilization of nitrogen reserves-Plants have the ability to mobilize N from 

organic N sources (Rubisco, non-metabolic storage proteins, other organic N compounds, 

such as polyamines) and possibly accumulated nitrate (Staswick, 1994; Aerts and Chapin, 

1999; Diaz et al., 2008; Kant et al., 2011).  Compared to young leaves, the greater decline 

in photosynthetic parameters for the old leaves of C. stricta, suggests that their metabolic 

proteins, such as Rubisco, are serving as a source of N for the young leaves.  However, 

PNUE is maintained after 6 to 7 weeks of N deprivation in the old leaves to nearly the 

same degree as in the young leaves.  Thus, the photosynthetic proteins are not being 
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degraded to a proportionally greater extent than other sources of N.  Contrary to my 

expectation, accumulated leaf nitrate does not serve as a net source of N for the leaves of 

P. arundinacea and C. stricta, as it may serve in the young leaves of C. lacustris, during 

N deprivation. 

CONCLUSION 

 I propose that the link between N availability and the abundance of P. 

arundinacea is due, at least partially, to this species’ physiological plasticity of N 

allocation, emphasizing allocation to photosynthesis when N supply is high and shifting 

N allocation to other processes when N supply is low.  For this invasive species, a high N 

supply favors more carbon gain to support the increase in above-ground biomass needed 

to shade competitors, such as C. stricta.  At low N supply, P. arundinacea sacrifices high 

carbon gain for the maintenance of other processes, diminishing its ability to out-compete 

native sedges, but possibly allowing for persistence.  Carex stricta lacks plasticity with 

respect to photosynthetic and respiratory metabolism during short-term N deprivation by 

emphasizing N allocation to these processes despite a decline in total leaf N in young 

leaves.  Such a response to N supply appears to be an adaptation to wetland conditions in 

which brief periods of moderate or high N availability are separated by longer periods of 

low N availability.  I hypothesize that, in N-enriched wetlands, C. stricta’s inability to 

attain a high level of N allocation to carbon gain reduces its competitive potential relative 

to opportunistic, rapidly-growing species.  This problem may also exist for C. lacustris.  

My results support the contention of Perry et al. (2004) that a realistic management 

practice to control P. arundinacea invasion into C. stricta wet meadows is to reduce N 

availability. 
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CHAPTER 4 

INTRODUCTION 

Few ecosystems are as susceptible to changes in species composition as are 

wetlands (Zedler and Kercher, 2004). Because wetlands function as landscape sinks for 

sediments, plant parts (e.g. seeds), and nutrients – especially nitrogen (N) (Vitousek et 

al., 1997; Kercher and Zedler, 2004; Zedler, 2009) – they are periodically inundated with 

pulses of inorganic N from industrial and agricultural sources (Galloway et al., 2008). 

These N pulses leave wetlands with far more available soil N than their native plant 

species are adapted to use, thereby favoring species capable of using excess N to spread 

aggressively. Such invasive species dramatically reduce biodiversity of wetlands, altering 

their ecosystem functions (Lindig-Cisneros and Zedler, 2002; Currie et al., 2014; Martina 

et al., 2016).    

Invasive plant species commonly employ the following strategy to displace other 

plant species: they reproduce quickly via vast quantities of seeds and/or rapid asexual 

reproduction, and they shade the seedlings or adults of rival species by growing biomass 

quickly (van Kleunen et al., 2010; Pyšek et al., 2012). This strategy is reflected in the 

position of aggressive plant species on the leaf economic spectrum, which considers 

plants’ strategies for using resources (Wright et al., 2004; Sorrell et al., 2012). At one end 

of the spectrum, aggressive plant species grow quickly, maximizing their productivity 

with high photosynthetic outputs and growing short-lived, “cheap” leaves with high 

specific leaf areas (SLA) (Feng et al., 2008; Reich, 2014). At the other end of the 

spectrum, conservative plant species grow more slowly and are less productive, 
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allocating their time and  resources to growing long-lived leaves with low SLAs and low 

photosynthetic rates (Reich, 2014). 

Phalaris arundinacea L. (reed canarygrass) is a species of perennial, C3-

photosynthetic grass that uses the aforementioned strategy to invade and frequently 

dominate temperate freshwater marshes in North America, particularly the wet sedge 

meadows of the United States’ Midwest region (Lavergne and Molofsky, 2004; Spyreas 

et al., 2009). Phalaris arundinacea combines an extensive rhizome system and high seed 

production to grow faster and taller than conservative species like Carex stricta Lam. 

(tussock sedge), shading and displacing them (Wetzel and van der Valk, 1998; Iannone 

and Galatowitsch, 2008; Ge et al., 2012). An invasion of P. arundinacea can decrease an 

area’s species diversity by half (Rojas and Zedler, 2015). 

  As with other plant species invasive to wetlands, invasions of P. arundinacea are 

fueled by increases in soil N (Green and Galatowitsch, 2002a; Bartodziej et al., 2011b; 

Martina and Ende, 2012). Bartodziej et al. (2011) reported that the number of tillers of P. 

arundinacea increased linearly with increases in soil N, and there appears to be a 

relationship between the extent of P. arundinacea invasion and the availability of soil N 

– especially soil NO3
- -N – in wetlands containing stands of both C. stricta and P. 

arundinacea. Previous work has shown that while C. stricta tends to allocate excess N to 

non-photosynthetic processes or not use it at all, P. arundinacea uses excess N for 

photosynthetic processes (Holaday et al. 2015). This difference persists under increased 

temperatures (Chapter 2 of this dissertation).  

While previous studies – such as Holaday et al. (2015), He et al. (2011), and 

Chapter 2 of this dissertation – have experimentally manipulated the availability of soil 
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N, I wanted to know if the physiological differences in N allocation between P. 

arundinacea and C. stricta persist under natural soil N variation. To determine whether 

they do, I set out to answer the following questions: (Q1) A previous study of C. stricta 

and P. arundinacea at two closely situated sites (Chapter 2) found that carbon 

assimilation (A), leaf N, and specific leaf area (SLA) decreased over the growing season 

for C. stricta but not P. arundinacea. Is this pattern typical for the species at a larger 

scale?, (Q2) Do any seasonal changes in leaf traits relate to changes in the availability of 

soil N?, (Q3) Are any seasonal changes in leaf traits affected by the growth of the species 

together in mixed stands?, (Q4) Does soil N availability affect how the species respond in 

mixed stands?   

To answer questions Q1 and Q2, I examined P. arundinacea and C. stricta at field 

sites across a large spatial area in north-central Indiana. I had three hypotheses for the 

field study: 

(H1) I hypothesize that collection location would not affect seasonal changes in leaf 

traits. 

(H2) I hypothesize that at all sites, P. arundinacea would maintain leaf N and SLA 

throughout the growing season, regardless of available soil N, while these values would 

decrease for C. stricta. (H3) I hypothesize that leaf N and SLA would increase with soil 

N more for P. arundinacea than for C. stricta. 

To answer Q3 and Q4, I performed an additional experiment using mesocosms to 

isolate the effects of growing different species in mixed stands. In addition to P. 

arundinacea and C. stricta, I used Carex lacustris Willd. (lake sedge), another Carex 

species common to the United States’ Upper Midwest. Carex lacustris is a large, native 
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Carex species that spreads primarily through rhizomatous growth. Previous work has 

shown that both C. lacustris and C. stricta use N differently when it is scarce than when 

it is available in excess (Holaday et al., 2015). I had two hypotheses for the mesocosm 

study: (H4) I hypothesize that P. arundinacea grown with Carex species would respond 

over time by increasing A, leaf N, and SLA, while these values would remain constant or 

decrease for Carex species grown with P. arundinacea. (H5) I hypothesize that N 

availability would reduce the effect of P. arundinacea on the leaf traits of the Carex 

species.  

 

MATERIALS AND METHODS 

Sampling Locations: Field data were obtained from samples of soil and leaf 

tissue collected seasonally from Marshall and Starke Counties, IN, U.S.A. Five locations 

contained 2-7 sites each (Table 1). Three locations – Dixon Lake, the Maxinkuckee 

Wetland Conservation Area (MWCA), and Round Lake – were managed by the Indiana 

Department of Natural Resources, one location was managed by the Nature Conservancy 

(Houghton Lake), and one location was private property. All of the locations had separate 

hydrological systems, and I took care to ensure that the sites within them contained 

different (and presumably genetically-distinct) populations of P. arundinacea and C. 

stricta. Sampling took place during the following periods in 2013: May 6-10, July 26-28, 

and October 15-18. Additional samples of leaf tissue were collected from two sites on 

private land and on MWCA (n = 6 for both species) between December 17th and 18th.  

Soil Collection and Analysis:Soils from the vicinity of plants being sampled were 

collected from three locations using a bulb planter approximately 10 cm deep with a 6cm 
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radius. Soils from the sample sites within each location were homogenized and kept on 

ice in the field until they could be frozen at -20 °C later in the day. Once they were 

brought to Texas Tech University, the soils were dried overnight in an oven at 45 °C and 

stored until their inorganic N (NO3
- and NH4

+) was extracted and analyzed using a Lachat 

Flow Injection Analyzer (HACH®, Loveland, Colorado, USA) (Fultz et al., 2016). 

Leaf Collection:The middle portion of the youngest available leaf (n = 13 for C. 

stricta and n = 16 for P. arundinacea) from 2-3 individuals at each site was collected at 

the same time as the soil samples from that site. Dead leaves similar to the live leaves 

collected during the growing season (n = 6) were collected in December to determine the 

amount of N remaining in non-biologically active tissues. Half of the leaf samples were 

placed on ice in the field and then stored at -20 o C until their NO3
- content was analyzed, 

and the other half of the leaf samples were scanned for leaf area and then dried for 24-36 

hours at 65 °C, as per the guidelines of He et al. (2011).  

Seed and Plant Propagation: In the mesocosm experiment, all seeds and 

seedlings were collected as described in Holaday et al. (2015). Seeds of Phalaris 

arundinacea L. (reed canarygrass) were collected from an area of approximately 0.4 

hectares in Marshall County, Indiana, U.S.A. These seeds were germinated using the 

same methods used by He et al. (2011). Dr. Joy Zedler of the University of Wisconsin, 

U.S.A., supplied seedlings of Carex stricta Lam. (tussock sedge). Tillers of Carex 

lacustris Willd. (lake sedge) were collected from Marshall County, Indiana, U.S.A. A 

minimum distance of 10 m and a maximum distance of 12 km was maintained between 

sampling points. The seedlings of all three species were kept in potting soil in the Texas 

Tech University greenhouse and fertilized with a nutrient solution based on that of 
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Hoagland and Arnon (1950) (Hoagland's solution), which contained 15 mM N and was 

adjusted to a pH of approximately 6.5. 

Experimental Design: The mesocosms were constructed using 140-L PVC 

livestock stock tanks. Each tank was divided in half with corrugated plastic sheets that I 

sealed water-tight with Gorilla black tape (Gorilla Glue Inc., Cincinnati, OH). To allow 

drainage, four sixteen mm holes (two per mesocosm) were drilled into tank 

approximately 2 cm from the bottom and plugged with a rubber stopper. Each 70-L 

mesocosm was filled to 90% with pea gravel and topped with nitrogen-free Turface MVP 

clay mix (Holaday et al., 2015).  

Once all of the individuals were approximately the same size, they were randomly 

selected and planted in the mesocosms. Each plant was divided into two genets to 

produce genetically identical plants for the low and high N treatments (Supplement Fig. 

1). For 18 weeks from June to October 2014, individuals of P. arundinacea, C. stricta, 

and C. lacustris (n = 4) were treated twice weekly with 1 L of either a high N complete 

nutrient Hoagland’s solution (15 mM N) or a low N Hoagland’s solution (1.5 mM). The 

day before each N treatment was applied, the mesocosms were drained and washed to 

prevent salt build-up. Individuals were grown alone, and individuals of both Carex 

species were grown with P. arundinacea. The locations of the greenhouse treatments 

were carefully selected in June to ensure that each treatment received the same amount of 

sunlight throughout the day (Fig. 1). Data on photosynthesis and leaf traits were obtained 

every four-and-one-half weeks. 

Leaf Elemental Content Analysis: In both experiments, the dried leaves were 

weighed and ground into a powder using a Pica Blender Mill (Cianflone Scientific 



Texas Tech University, Elizabeth F. Waring, May, 2017 

65 

 

Instruments Inc., Pittsburgh, Pennsylvania, U.S.A.). A 1.0 ± 0.5 mg portion of each 

sample was packaged in a tin capsule for C and N content analysis by Dr. Raymond Lee 

of Washington State University. Leaf N are reported on a percentage basis (%). 

Calculation of Specific Leaf Area:  In both experiments, the leaves collected for 

leaf area analysis were measured using a Li-Cor, Li-3100 Area Meter (Li-Cor, Lincoln, 

NE, U.S.A.). They were then dried in an oven at 65 °C for 24-48 h. SLA was calculated 

as: 

 
𝑆𝐿𝐴 =

𝑙𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 (𝑐𝑚2)

𝑙𝑒𝑎𝑓 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 (𝑔)
 

 

 

Leaf NO3
- Analysis: In the field experiment, the leaves were stored at -20°C until 

they were weighed to obtain fresh weight. I did not allow the samples to thaw during 

weighing. After the samples had been weighed, they were refrozen in liquid nitrogen and 

ground into a powder. The amount of NO3
- stored in the plant cells was determined using 

the methods described in Cataldo et al. (1975). 

Gas Exchange Measurements: In the mesocosm experiment, gas-exchange 

analyses were performed in the greenhouse from 09:00 to 14:00 local time using a Li-

Cor, Li-6400 XT portable photosynthesis system (Li-Cor Inc, Lincoln, NE, U.S.A.). All 

measurements were taken at 40 Pa CO2 with a supplied photon flux density of 1800 mol 

m-2 s-1 (growth irradiance). The temperature in the leaf cuvette was 25 oC, and the relative 

humidity in the leaf cuvette was 45-50%. All gas-exchange measurements were 

conducted on the first fully expanded leaf of P. arundinacea plants or on the mid-section 

of the youngest leaf of C. stricta and lacustris plants. 
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Statistical Analysis: I performed all analyses in R (R Core Team, 2016). In both 

experiments, the data were analyzed with a repeated measures mixed-effects model using 

the “nlme” package (Pinheiro et al. 2016). Species, month of collection, and location 

were fixed field-data variables, and site was a nested, random variable. When analyzing 

the relationships between soil N and leaf traits, I added soil N as a fixed effect to the 

statistical model. In the mesocosm experiment, a repeated measures mixed-effects model 

was used to analyze the data and the repeated measurements of individual plants over 

time were used as random factors. Time of measurement, species measured, N treatment, 

and species present were fixed factors. Each model was further analyzed by applying an 

ANOVA to the results of the mixed-effects model. All analyses were followed by a 

Tukey’s HSD post-hoc test using the ‘lsmeans’ package (Lenth 2016). A multiple-factor 

analysis (MFA) was performed on the mesocosm data to identify how the measured 

variables (SLA, A, and leaf N) interacted with the fixed effects (time of measurement, 

other species present, species measured, and N treatment). The MFA was conducted 

using the ‘FactoMineR’ package (Le et al. 2008). 
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Figure 1.  Schematic of the layout of mesocosms in the Texas Tech University greenhouse. Each oval 

represents one stock tank that was divided into two 70-L mesocosms as shown with the dividing line 

through the middle of each oval.  There was a 1 m wide walkway between the columns of mesocosms 

for access to water and collect data. The labels in each oval represent the species being grown. Carex 

lacustris is represented by “Cl”, Carex stricta is represented by ”Cs”, and Phalaris arundinacea is 

represented by “Pa”.  The first and third columns of mesocosms from the left were treated with low N 

(1.5 mMol N) while the second and fourth columns were treated with high N (15 mMol N). If P. 

arundinacea seedlings were planted with the Carex species to simulate an invasion by P. arundinacea 

the outline of the mesocosms has a dashed line. The layout was chosen to ensure the light exposure 

from the sun’s natural variation to each mesocosms was even across treatments and species.  
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Location Name 
Location 

Replicates 
County Latitude Longitude Species Present 

Dixon Lake 1 Marshall 41.3233 -86.3488 C. stricta 

Dixon Lake 2 Marshall 41.32737 -86.3373 P. arundinacea 

Houghton Lake 1 Marshall 41.23234 -86.455 Both 

Houghton Lake 2 Marshall 41.23206 -86.454 C. stricta 

Houghton Lake 3 Marshall 41.23232 -86.4457 P. arundinacea 

Houghton Lake 4 Marshall 41.23232 -86.4457 Both 

MWCA 1 Marshall 41.18202 -86.3891 Both 

MWCA 2 Marshall 41.18233 -86.3888 C. stricta 

MWCA 3 Marshall 41.17974 -86.3865 P. arundinacea 

MWCA 4 Marshall 41.18147 -86.3871 Both 

Private Land 1 Marshall 41.18873 -86.2894 Both 

Private Land 2 Marshall 41.18931 -86.2895 Both 

Private Land 3 Marshall 41.18794 -86.2905 P. arundinacea 

Private Land 4 Marshall 41.18772 -86.2905 Both 

Private Land 5 Marshall 41.18783 -86.2912 Both 

Private Land 6 Marshall 41.18892 -86.2926 Both 

Private Land 7 Marshall 41.18966 -86.2946 Both 

Round Lake 2 Starke 41.23399 -86.6625 P. arundinacea 

Round Lake 3 Starke 41.23784 -86.6618 C. stricta 

Round Lake 4 Starke 41.23838 -86.6622 P. arundinacea 

 

Table 1. The locations and sites in north -central Indiana of soil and leaf sample 

collection. MWCA = Maxinkuckee Wetland Conservation Area. All samples were 

collected with permission from the land managers.  
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RESULTS 

Seasonal Changes in Leaf Traits in the Indiana Field Sites: The leaf N contents 

for both species were similar in May, but following that sampling period, the leaf N 

content for P. arundinacea was greater than that for plants of C. stricta (F=38.63, p < 

0.0001) (Fig. 1a). A significant interaction was measured between the effects of sampling 

period and species on leaf N (F = 6.160, p = 0.0037). Phalaris arundinacea maintained 

its leaf N content from May to October, whereas leaf N content decreased by ~40% for C. 

stricta over the same period. The sampling location had no observable effect on leaf N (F 

= 2.364, p = 0.0940). Though the dead leaves were not included in the statistical model, 

because they were no longer biologically active, both species exhibited a decrease in total 

leaf N between October and December, with P. arundinacea experiencing the greater 

decrease (Fig. 2a). 

Because the SLA values of the dead leaves were not comparable to those values 

of the living leaves, only the SLA values for the leaves collected during the growing 

season are presented. During the growing season, the SLA of C. stricta decreased, 

whereas the SLA of P. arundinacea remained constant (F = 28.24, p < 0.0001, Fig. 2b). 

There was a significant interaction between species and sampling date (F = 7.378, p = 

0.0017), which was driven by the decrease in SLA values for C. stricta. There was no 

significant effect of the sampling location (F = 0.473, p = 0.7549). 

Seasonal Changes in Soil Nitrogen: Because the data for soil N were not 

normally distributed, a log10 transformation to a normal distribution was performed to 

meet the assumptions of the mixed-effects model. Neither sampling location (F = 1.232, 
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p = 0.3419) nor sampling date (F = 2.827, p = 0.0762) affected total inorganic soil N, 

though the effects of location and date on total inorganic N interacted significantly (F = 

3.548, p = 0.0059). NH4
+-N was not significantly affected by sampling date (F = 3.022, p 

= 0.0648) or sampling location (F = 1.440, p = 0.2725, Fig. 3b), either, and the effects of 

sampling date and location on soil NH4
+-N also interacted significantly (F = 3.093, p = 

0.0125). Both sampling location (F=3.711, p = 0.0292) and sampling date (F = 13.70, p = 

0.0001) significantly affected NO3
- -N, but these effects did not interact significantly (F = 

1.556, p=0.1834, Fig. 3c). Overall, no pattern in the availability of soil N was detected 

perhaps because of the high level of variability between locations. 

The Relationship between Leaf Traits and Soil N: Because sampling location did 

not affect leaf traits, it was removed from the mixed-effects model. Leaf N did increase 

significantly with increasing total soil inorganic N (F =  20.22, p < 0.0001, R2 = 0.65) 

(Fig. 2c), increasing more for P. arundinacea than for C. stricta. SLA also increased 

significantly with increasing total soil inorganic N for both species (F = 12.98, p = 

0.0007, R2 = 0.52) (Fig. 2d), though this increase was observed only for P. arundinacea 

in July and the October. These data indicate that, while these traits for both species 

responded positively to soil N, P. arundinacea had larger changes in leaf N and SLA. 

To test the relationship between leaf NO3
- and soil NO3

- -N, a mixed-effects 

model was used to compare leaf and soil NO3
- over the growing season and between 

species. Though leaf NO3
- increased throughout the study period (F = 6.147, p = 0.0042), 

soil NO3
- -N had no effect of on leaf NO3

- (F = 0.044, p = 0.8353) (Fig. 4). There were 

also no species-level differences in leaf NO3
- (F = 2.395, p = 0.1283), as well as, no 

significant interactions. 
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Effects of Mixed Species Stands on Leaf Traits:In several field sites from which 

samples were obtained, C. stricta, P. arundinacea, and occasionally C. lacustris, which 

was used in the Holaday et al. (2015) study, grew together. With the presence of other 

species entered as a fixed effect, mixed-effects models were run on the field data to 

determine whether growing in close proximity to other species affected the leaf traits 

expressed by C. stricta and P. arundinacea. The presence of another species had no 

significant effect on leaf N (F = 0.817, p = 0.4595), SLA (F = 1.835, p = 0.1915), or leaf 

NO3
- (F = 0.714, p = 0.5044), although interspecific effects could have been masked by a 

variety of confounding factors impossible to control in a natural setting, including 

herbivory, pest interference, variable microclimate, and non-continuous measurements.  

Carex stricta and C. lacustris were grown in mesocosms alone and with P. 

arundinacea under two N treatments for 18 weeks. A multiple factor analysis (MFA) was 

performed to visualize the effects of species, other species present, N treatment, and time 

of measurement on CO2 assimilation (A), leaf N, and SLA (Fig.5). Results showed that: 

(1) SLA varied according to the species measured and other species present; (2) Leaf N 

varied with the N treatment, species measured, and other species present; (3) Changes in 

A were driven by N treatment. Of the four variables considered, the date of measurement 

or sampling had the weakest influence. 

These results of the mixed effects model indicate that, whereas growing with 

another species affects SLA and leaf N, A depends primarily on species and N 

availability (Fig. 6a-c). The effect of N treatment on A was significant across species (F = 

120.97, p < 0.0001), with P. arundinacea and C. lacustris (F = 7.304, p = 0.0044) 

maintaining the highest and second highest A, respectively. Additionally, the effects of 
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species and N treatment on A showed a significant interaction (F = 3.949, p = 0.0211). A 

post-hoc analysis revealed that this interaction was driven by the fact that the A for C. 

lacustris and P. arundinacea under high N were higher than A for C. stricta under high 

and low N (Tukey’s HSD, p<0.05). This interaction indicates that P. arundinacea and C. 

lacustris are better able than C. stricta to use increased levels of soil N to increase their 

respective photosynthetic rates. The presence of another species significantly affected A 

for P. arundinacea and C. stricta (F = 6.789, p = 0.0027). A post-hoc test revealed that C. 

stricta had a significantly lower A when growing with P. arundinacea than when growing 

alone; particularly at low N (Tukey’s, p = 0.0056, Fig. 6b). Although A did not differ 

significantly over time for C. lacustris and P. arundinacea (F = 1.233, p = 0.2683), A for 

C. stricta did decrease over time across treatments (Fig. 6b). 

Though Leaf N increased with soil N availability (F = 168.1, p < 0.0001), leaf N 

decreased over time for all species (F = 41.41, p < 0.001). This decrease was most 

pronounced for the Carex species growing with P. arundinacea (Fig. 7a-c), indicating 

that, as the experiment progressed, they allocated less N to their young leaves during leaf 

growth. Leaf N differed significantly between species, with P. arundinacea and C. 

lacustris (F = 11.37, p = 0.0006) having the highest and second highest values, 

respectively. There was also a significant interaction between species and N treatment (F 

= 6.235, p = 0.0024), which a post-hoc test revealed to be driven by the fact that the leaf 

N of P. arundinacea decreased more under low N than did the leaf N of C. lacustris or C. 

stricta (Tukey’s HSD, p<0.0001). The presence of another species affected leaf N in all 

species (F = 3.821, p = 0.0268). This result was driven by the fact that P. arundinacea 
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and C. lacustris increased their leaf N when growing with each other (Tukey’s, p = 

0.0259). 

The values of SLA varied between species (Fig. 6a-c), with P. arundinacea 

having the highest SLA, followed by C. lacustris, and then C. stricta (F = 217.3, p < 

0.0001). Nitrogen treatment had no effect on SLA (F = 0.000, p = 0.9912), indicating that 

the other variables were stronger drivers of SLA. The presence of another species did 

affect SLA, though primarily for P. arundinacea (F = 7.994, p = 0.0012). A Tukey’s 

HSD post-hoc test revealed that P. arundinacea had significantly larger SLA values 

when it grew with C. lacustris than when it grew by itself (p = 0.0010) or with C. stricta 

(p = 0.0090, Fig 8c). The values of SLA decreased over time for all species (F = 17.08, p 

= 0.0001). 
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Figure 1. The changes in leaf N (a) and SLA (b) seasonally and changes in Leaf N with 

soil N (c) and SLA with soil N (d). For all panels, Phalaris arundinacea is represented as 

gray triangles while C. stricta is represented by black circles. Panels a & b are the mean ± 

1 SD while c & d are the individual measurements. In all cases, P. arundinacea is able to 

maintain its leaf traits throughout the growing season while C. stricta’s leaf traits decline.  

  

d c 

b a 
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Figure 3. Mean soil N in various forms across seasons did not differ between locations of 

collection. Each black circle represents a collection site. The mean amount of soil N-

NH3
+ is shown in panel A. In soil N-NH3

+ there was no significant effects of season 

(p=0.0648) or location of collection (p=0.2725). There was an interaction between the 

seasons and location of collection (p=0.0125). The mean amount of soil N-NO3
- is shown 

in panel B). In N-NO3- there was a significant effect of location on soil N-NO3- 

(p=0.0292) as well as a significant change between the seasons (p=0.000). There was no 

significant interaction of terms for N-NO3-. Lastly, the total amount of soil N (soil N-

NO3
- + soil N-NH3

+) is shown in panel C. Similarly to N-NH3+, there was no effect of 

location (p=0.3419), and there was no seasonal effect on total soil N (p=0.0762). There 

was a significant interaction of location and season for total N (p=0.0059). 
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Figure 4. Leaf NO3

- throughout the growing season compared with soil N-NO3
-. Phalaris 

arundinacea is shown in gray triangles, and C. stricta is shown in black circles. There 

was no effect of soil N-NO3
- and leaf NO3

- (p=0.8353, Fig 10). Leaf NO3
- increased 

throughout the year (p=0.0042). There was no difference in leaf NO3
- between species 

(p=0.1283) as well as no significant interactions between terms. 
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Figure 5. Mulitple factor analysis of mesocosms experiment. The presence of another 

species (Competition) and species differences drive differences in SLA, while carbon 

assimilation (A) is influenced more by nitrogen availability (N treatments). Leaf N 

content is influenced by both the presence of another species and N treatments. However, 

duration of treatments and invasion (Time) had little influence on changes in A.  
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Figure 6. Each figure represents mean carbon assimilation ± 1 SD of the plant species 

that was measured C. lacustris (A), C. stricta (B), P. arundinacea (C). Phalaris 

arundinacea and C. lacustris maintain carbon assimilation (A) under high N treatments 

regardless of invasion while C. stricta decreases A when grown with P. arundinacea. The 

shapes represent the species present in the mesocosms with the measured species, squares 

represent C. lacustris, circles represent C. stricta, and triangles represent P. arundinacea. 

The two N treatments are faceted apart from each other with low N (1.5 mMol N) on the 

right and high N (15 mMol N) on the left.  
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Figure 7. Each figure represents mean leaf N ± 1 SD of the plant species that was 

measured C. lacustris (A), C. stricta (B), P. arundinacea (C). Increased N treatments had 

a large effect on the leaf N content in P. arundinacea and C. lacustris. However, for C. 

stricta growing with P. arundinacea had the largest effect on leaf N. The shapes 

represent the species present in the mesocosms with the measured species, squares 

represent C. lacustris, circles represent C. stricta, and triangles represent P. arundinacea. 

The two N treatments are in separate panels from each other with low N (1.5 mMol N) on 

the right and high N (15 mMol N) on the left.  
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Figure 8. Phalaris arundinacea and C. lacustris increase specific leaf (SLA) when grown 

with each other under any N treatments while C. stricta and P. arundinacea decrease 

their SLA when grown with each other. However, C. stricta growing with P. arundinacea 

had the largest effect on leaf N. Each figure represents SLA ± 1 SD of the plant species 

that was measured C. lacustris (A), C. stricta (B), P. arundinacea (C). The shapes 

represent the species present in the mesocosms with the measured species, squares 

represent C. lacustris, circles represent C. stricta, and triangles represent P. arundinacea. 

The two N treatments are in separate panels from each other with low N (1.5 mMol N) on 

the right and high N (15 mMol N) on the left.  
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DISCUSSION 

The results of the 2013 field study confirmed on a larger spatial scale the results 

of the 2012 field study. Like the 2012 field study, the 2013 field study found that C. 

stricta’s leaf N content and SLA values decreased over the growing season while P. 

arundinacea’s leaf N content and SLA values increased. These results are consistent with 

my hypothesis that while C. stricta allocates N away from its leaves between May and 

July, lowering its leaf N content, P. arundinacea gains a competitive advantage by 

maintaining its leaf N content and photosynthetic output over the course of the entire 

season.  

 C. stricta’s leaf N content decreased steadily over the course of the growing 

season, supporting the conclusion that C. stricta’s senescence is triggered early and 

cannot be altered by environmental changes (Waring, chapter 2 of this dissertation). C. 

stricta’s SLA values also decreased over the course of the growing season, indicating that 

its leaf mass increased relative to its leaf area. This may have occurred because it stored 

additional starch or increased its secondary wall synthesis, which adds additional 

sclerenchyma. Taken together, C. stricta’s decrease in leaf N content and decrease in 

SLA values suggest that C. stricta decreased its photosynthetic output from its peak of 

the growing season (Onoda et al., 2017).  

Consistent with previous research suggesting that P. arundinacea is able to 

maintain its A over the course of the growing season (Poorter & Evans, 1998; Green & 

Galatowitsch, 2001a; Feng, 2008; He et al., 2011; Kaproth et al., 2013; Holaday et al., 

2015), P. arundinacea maintained its leaf N content throughout the growing season. Its 

leaf N content remained steady from May to October and then declined precipitously 



Texas Tech University, Elizabeth F. Waring, May, 2017 

82 

 

between October and December. Very little leaf N remained after leaf death. These 

results indicate that until their aboveground parts senesced, the plants allocated N to 

photosynthetic processes. The leaf N content that remained after death was likely 

incorporated into structural proteins, which cannot be mobilized for below-ground 

storage.  

Research also suggests that P. arundinacea effectively displaces C. stricta and 

other native species with heights of 1 m or less in part because it more efficiently harvests 

light (Martina and Von Ende, 2012). By investing in new leaves instead of defensive 

structures, P. arundinacea maintains consistently high SLA values and an abundant 

supply of reduced carbon. This carbon enables it to grow tall enough, grow enough 

tillers, and develop enough rhizomes to form monocultures in wetland communities. My 

results are consistent with Martina and Von Ende (2012): in both studies, P. arundinacea 

maintained its SLA values over the course of the growing season. 

Eppinga and Molofsky (2013) proposes that P. arundinacea invasion is driven by 

an eco-evolutionary feedback loop between nutrient-rich litter and efficient ability of P. 

arundinacea to capitalize on using nutrients from the litter. My research neither supports 

nor undermines this proposal for two reasons. First, all of the dead P. arundinacea leaves 

I collected were attached to upright stems. Because none of the leaves had touched the 

soil and thus been exposed to leaching and decomposition by soil microbes, none could 

be considered litter. Second, because my study measured only leaf N content, it did not 

directly address whether P. arundinacea litter is nutrient rich in general.  

Changes in C. stricta’s leaf N content and SLA values were related to seasonal 

changes in soil N, but this relationship was neither as strong as predicted nor always 
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positive. C. stricta’s SLA values related to soil N positively in May, negatively in July, 

and negatively in October. This was likely because C. stricta is a conservative species: its 

leaves take on C throughout the year, but not N (Budelsky and Galatowitsch, 2004; He et 

al., 2011). 

Phalaris arundinacea’s leaf N content and SLA values related positively to soil N 

throughout the season, replicating the results of previous research,  e.g. Green and 

Galatowitsch (2001a), He et al. (2010), Kaproth et al. (2013), and Holaday et al. (2015). 

Soil N availability did not fully explain the variability in P. arundinacea’s SLA values, 

however, indicating that this relationship depends upon additional factors that this study 

did not consider. 

The influence of soil N availability on leaf N content was varied with time of year 

and species. Carex stricta’s leaf N content decreased with soil N in May and had no 

relationship with soil N in July and October. While there was a positive relationship 

between soil N and leaf N content in P. arundinacea, the strength of this relationship 

changed seasonally: it was weakest in October, weak in May, and strongest in July. These 

findings are somewhat contrary to previous research that has reported a consistently 

strong relationship between P. arundinacea and soil N (Yetka and Galatowitsch, 1999; 

Green and Galatowitsch, 2001b, 2002b; Herr-Turoff and Zedler, 2005; Iannone et al., 

2008). My findings may have contradicted the findings of previous research because 

while previous research examined whole-plant biomass, my research examined 

physiological traits. If this is true, it indicates that leaf traits alone predict neither the 

ability of P. arundinacea to displace other species nor C. stricta’s resistance to invasion. 

The relationship between soil N and leaf traits was somewhat predictive, but the available 
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soil N did not fully explain the variation in leaf N content, indicating that the 

environmental and internal determiners of leaf N content are more complex than I 

expected. 

There are two possible explanations why collection location had no effect on the 

leaf traits I measured across or within seasons. The first explanation is that the leaf traits I 

measured were insensitive to changes in environmental variables. This explanation is 

improbable, however, because previous research has shown that the same leaf traits as the 

ones I measured are sensitive to environmental changes (Waring, chapter 2 of this 

dissertation; Holaday et al, 2015). The second explanation is that the locations I selected 

were too variable to produce identifiable statistical patterns. Though the locations’ soil N 

varied greatly, this explanation remains plausible because differences in soil N alone are 

insufficient to drive changes in leaf traits when locations share climatic conditions (as the 

locations in this study did). 

 P. arundinacea’s and C. stricta’s leaf NO3
- values were similar even though P. 

arundinacea had 50% - 100% more leaf N content in October than C. stricta did. This 

situation may have resulted from P. arundinacea’s quick conversion of NO3
- into amino 

acids (Coskun et al., 2015), which hastens its ability to allocate a large percentage of its 

leaf N content below ground prior to senescence. While the data from this project support 

the conclusion that both plant species change their nitrogen-use strategies in response to 

changes in soil N, they suggest that P. arundinacea does so more effectively. Previous 

research has generally considered soil N-NO3
- to be the component of soil N that most 

contributes to P. arundinacea invasion (Green and Galatowitsch, 2002b). My data do not 

support this claim, however.  
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Although the effects of growing in a mixed stand were impossible for us to 

measure in the field, the results of the mesocosm experiment support the conclusion that 

photosynthetic leaf traits were affected more by soil N availability than by interspecies 

competition. This conclusion is consistent with the hypothesis that increased levels of soil 

N increase P. arundinacea abundance (Wetzel and van der Valk, 1998; Green and 

Galatowitsch, 2002c; He et al., 2011).  

In answer to my final question, soil N did affect the A and leaf N content of 

species grown in mixed stands. Phalaris arundinacea maintained the highest measured A 

and leaf N content of all measured species when it was grown with C. stricta under high 

N, and C. stricta lost A and leaf N content when it was grown with P. arundinacea under 

low N. These results are consistent with those reported in the second chapter of this 

dissertation. While increases in soil N help C. stricta to close the gap in carbon 

assimilation between it and P. arundinacea, P. arundinacea is extremely adept at using 

excess soil N to increase its own carbon assimilation. 

My data show a stronger relationship for every species between soil N and A than 

between soil N and leaf N content. The magnitude of the relationship between soil N and 

A was unsurprising, given that C3 plants devote the majority of their leaf N content to 

manufacturing photosynthetic proteins (Evans, 1989). The relatively weak relationship 

between soil N and leaf N content was unexpected, however, because increases in leaf N 

content imply increases in Rubisco content (Evans, 1989).  

Because soil N increased both leaf N and SLA values to a greater degree in the 

mesocosm experiment than in the field study – indicating the presence of confounding 

factors in the natural world (e.g. increased competition and herbivory) – the results of the 
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mesocosm experiment should be interpreted with caution. I propose that while increased 

soil N is important to P. arundinacea invasion, it is not the only important factor. Other 

factors, such as the allocation of N to photosystems to maintain photosynthetic capacity, 

may also contribute to P. arundinacea’s aggressiveness.  

 The most surprising finding of the mesocosm experiment was that P. 

arundinacea’s SLA values became highly variable when it was grown with other species. 

Because P. arundinacea’s SLA values did not change with soil N when it was grown 

alone, I hypothesize that this variability must have resulted more from competition for 

light than from competition for soil N. This hypothesis is supported by reports of the 

same phenomenon in other plant species (Wetzel and van der Valk, 1998) and by a pair 

of studies reporting that decreases in light availability reduce P. arundinacea’s 

abundance (Perry and Galatowitsch, 2004; Iannone and Galatowitsch, 2008)  

Though this hypothesis ostensibly contradicts the results of Holaday et al. (2015), 

this apparent contradiction is merely the result of methodological differences between my 

study and theirs. Though they reported similar SLA values to ours for P. arundinacea 

under a high N treatment and much lower SLA values than ours for P. arundinacea under 

a low N treatment, their low N treatment was an order of magnitude smaller than ours 

was. They also grew P. arundinacea only in individual pots, not together with other 

species; only my study conditions necessitated above-ground competition for light. 

Additional confirmation for my hypothesis could be obtained by replicating my 

study with a larger sample size. Because allocating N away from the production of 

photosynthetic proteins and into the production of structural proteins reduces A for a 

period of time (Evans, 1989; Poorter and Evans, 1998; Onoda et al., 2017), a change in A 
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could have resulted from P. arundinacea changing its leaf shape in response to 

competition for light. Though no such change was detected in my study, it may be 

detected in a study with a larger sample size.  

C. lacustris was less affected by growing with P. arundinacea than was C. stricta. 

Aside from A, C. lacustris’s leaf traits did not vary with soil N and did not vary when it 

was grown with P. arundinacea. These results indicate that C. lacustris was better able 

than C. stricta to maintain its growth and carbon gain when it was grown with P. 

arundinacea. One reason for this advantage was that C. lacustris grows faster than C. 

stricta in open spaces (Yetka and Galatowitsch, 1999) and the mesocosms were mostly 

bare at the time of planting. The ability to spread across the mesocosms and grow leaves 

with greater SLA values equipped C. lacustris to better compete with P. arundinacea at 

all soil N availabilities. Another source of this advantage was Carex lacustris’s ability to 

better compete for light: it grows taller and grows broader leaves than C. stricta does 

(Bernard, 1975, 1990; Yetka and Galatowitsch, 1999).  

CONCLUSION 

 My work reveals the effects of seasonal changes in soil N and growing in a mixed 

stand on the leaf traits of P. arundinacea, C. lacustris, and C. stricta. Phalaris 

arundinacea takes advantage of seasonal changes in soil N to increase its leaf traits and 

photosynthetic output, while C. stricta is unable to fully do so. In the mesocosm 

experiment, soil N had a greater effect on the A and leaf N content of P. arundinacea 

than it did on the A and leaf N content of C. stricta and C. lacustris. SLA values were 

most affected by growing with another species, however, indicating that while soil N is 

important to P. arundinacea’s aggressiveness, it is not the whole story; competition for 
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light as well as the allocation of N to other processes to maintain photosynthetic capacity 

also affect P. arundinacea’s aggressiveness. For these findings to further the 

management of Carex species against invasion by P. arundinacea, additional studies into 

the physiological mechanisms controlling the allocation of N are needed to determine 

exactly how each species uses excess soil N.  
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APPENDICES 

APPENDIX A  

PLANT DIEBACK UNDER EXCEPTIONAL DROUGHT DRIVEN BY 

ELEVATION, NOT BY PLANT TRAITS, IN BIG BEND NATIONAL PARK, 

TEXAS, USA 

(Waring and Schwilk (2014), Plant dieback under exceptional drought driven by 

elevation, not by plant traits, in Big Bend National Park, Texas, USA. PeerJ 2:e477; DOI 

10.7717/peerj.477) 

ABSTRACT 

In 2011, Big Bend National Park, Texas, USA, experienced the most severe single year 

drought in its recorded history, resulting in significant plant mortality. We used this event 

to test how perennial plant response to drought varied across elevation, plant growth form 

and leaf traits. In October 2010 and October 2011, we measured plant cover by species at 

six evenly-spaced elevations ranging from Chihuahuan desert (666 m) to oak forest in the 

Chisos mountains (1,920 m). We asked the following questions: what was the 

relationship between elevation and stem dieback and did susceptibility to drought differ 

among functional groups or by leaf traits? In 2010, pre-drought, we measured leaf mass 

per area (LMA) on each species. In 2011, the percent of canopy dieback for each 

individual was visually estimated. Living canopy cover decreased significantly after the 

drought of 2011 and dieback decreased with elevation. There was no relationship 

between LMA and dieback within elevations. The negative relationship between 

proportional dieback and elevation was consistent in shrub and succulent species, which 
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were the most common growth forms across elevations, indicating that dieback was 

largely driven by elevation and not by species traits. Growth form turnover did not 

influence canopy dieback; differences in canopy cover and proportional dieback among 

elevations were driven primarily by differences in drought severity. These results indicate 

that the 2011 drought in Big Bend National Park had a large effect on communities at all 

elevations with average dieback for all woody plants ranging from 8% dieback at the 

highest elevation to 83% dieback at lowest elevations. 

1. INTRODUCTION 

The study of plant community structure over elevational gradients has played an 

important role in plant ecology (Merriam 1890, Whittaker 1965, Whittaker & Neiring 

1964, 1968). In arid environments, water availability can increase dramatically with 

elevation and can drive turnover in plant species over short geographical distances 

(Whittaker & Neiring 1968, Allen, Peet, & Baker 1991). Drought can result in plant 

mortality or in stem death and partial dieback (Sperry & Ikeda 1997, Jacobson et al. 

2008) and can lead to changes in the plant community structure (Lloret, Siscart, & 

Dalmases 2004). Although precipitation in arid and semi-arid ecosystems is highly 

variable from year to year (Noy-Meir 1973, Schwinning & Sala 2004), a major decrease 

in annual precipitation could cause dramatic mortality or dieback for species near the 

limit of their ecological tolerance (Pockman & Sperry 2000).  

The Chisos Mountains of Big Bend National Park in southwest Texas have dense 

oak-juniper forest communities in the higher elevations while the lower elevation 

Chihuahuan desert communities are dominated by grasses, succulents, and drought-

tolerant deciduous shrubs. The various plant communities in Big Bend National Park 
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would be expected to respond to environmental stress differently due to different species 

morphology and physiology. Leaf traits can vary greatly among species and across plant 

communities. A leaf trait commonly used to measure energy invested per photosynthetic 

return is leaf mass per area (LMA, g/cm2). Adaptations to prevent water loss, such as 

fibrous content and pubescence, will cause a thickening of the leaf, increasing its LMA 

(Monneveux & Belhassen 1996) and there is usually a positive correlation between 

leaves with a high LMA and drought tolerance (Wright, Reich, & Westoby 2001). 

However, if a severe drought does cause dieback in plants with high LMA, the greater 

carbon investment per leaf may require longer post-drought recovery times for 

construction of new leaves for those species than for species with low LMA (Witkowski 

& Lamont 1991, Wright et al. 2004). 

In 2011, Texas experienced the most severe drought in its recorded history 

(Neilsen-Gammon 2011, Combs 2011), which led to dramatic plant mortality in Big 

Bend National Park (Poulos 2014, Waring & Schwilk personal observation). This 

drought was coupled with an unusual multi-day, severe freeze in February 2011, which 

likely exacerbated the effects of drought in addition to directly causing freezing damage 

(Poulos 2014). We used this event to test how perennial plant response to extreme 

drought varied across elevations, plant growth forms and leaf traits. We asked the 

following questions: What was the relationship between elevation and stem dieback; and 

were any elevational patterns driven by turnover in functional groups or in leaf trait 

changes? To answer the second question, we investigated if susceptibility to drought 

differed among functional groups or by species leaf traits. These questions lead to two 

competing hypotheses regarding the interaction of drought and elevation. First, we would 
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expect there to be higher proportional dieback at the lower elevational sites due to 

absolutely lower precipitation during the drought.  However, the plants at the lower 

elevations may have greater physiological tolerances to drought conditions, so a second 

hypothesis is that we could see less proportional dieback at lower elevations, especially 

as the 2011 departure from average conditions was greater at higher, rather than lower, 

elevations. 

 

2. METHODS 

2.1 Site description 

Plant communities at Big Bend National Park range from succulent and deciduous 

shrub dominated lowlands, to desert grasslands at mid elevations, to juniper, oak, and 

pine forest at higher elevations. Precipitation in Big Bend National Park is seasonally 

uneven (NOAA 2013). There is higher precipitation in the summer and fall months with 

very little precipitation in the winter and spring (Robertson et al. 2010). After years of 

wetter than normal conditions, 2011 was an extraordinarily dry year for Big Bend 

National Park (Neilson-Gammon 2011). The average annual precipitation increases with 

elevation:  at the Chisos Basin meteorological station (1617 m above sea level) annual 

precipitation averaged 441.7 mm between 1947 and 2012, Panther Junction  (1143 m) 

averaged 333.04 mm between 1955 and 2012, and Rio Grande Village  (566 m) averaged 

167 mm annually in 2006 through 2012 (NOAA 2013). In 2011, however, the Chisos 

Basin received only 109 mm of precipitation, the Panther Junction Station received 64 

mm precipitation and Rio Grande Village received 59 mm (NOAA 2013). This drought 

was coupled with extremely high temperatures in 2011 in Big Bend National Park. Prior 
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to 2011, the Chisos Basin averaged 22 days with temperatures above 32ºC, while Panther 

Junction averaged 106 days, and Rio Grande Village averaged 154 days (NOAA 2013). 

However in 2011, the Chisos Basin experienced 63 days, Panther Junction had 151 days, 

and the Rio Grande Village had 234 days above 32ºC (NOAA 2013). In addition to the 

severe drought, there was a multi-day freeze event in February of 2011 that probably 

contributed to plant dieback (NOAA 2013, Poulos 2014 for the Chisos Basin freeze).  

We collected data at six elevations within the park (~250 m apart vertically) in 

autumn of 2010 and 2011 (Table 1, conducted under permit BIBE-2010-SCI-0019 to 

DWS). The lower elevation sites were located along the Ross Maxwell Scenic Drive 

while the high elevation sites were along the Pinnacles Trail. Sites were selected to be 

near hiking trails and roads in 2010. Sites were chosen with a north to northwest aspect 

with the exception of the lowest elevation site which was nearly level. In each of the two 

sampling years, fifty-meter-long transects were placed randomly within a 500 m radius of 

the GPS location for each site. The six sites are described in Table 1. Species were 

identified using Powell (1997) and Mueller (1940).  

2.2 Canopy cover measurements  

 In 2010 and 2011, 4 to 12 fifty-meter-long line-intercept transects were run 

perpendicular to the slope at each site. The number of transects was dependent on the 

density of the cover at each site: sites with higher cover had fewer transects because we 

aimed for relatively even sampling effort at each site (number of transects per site in 

Table 1). Transect starting points were selected randomly each year. The intercepted 

distance of canopy cover was recorded for each individual woody plant. Overlapping 

canopies were measured individually leading to the possibility of having canopy cover 
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>1. Herbaceous species were not identified to species but were grouped together and bare 

ground was recorded. In 2011, for each individual woody plant or succulent, the 

proportion of the total canopy that was dead was visually estimated and recorded as 

“dieback proportion” for each individual plant (tested by bending small twigs in the case 

that leaves were missing). Dieback data were not estimated in 2010 after preliminary 

observations indicated very little dieback (<2% of cover). We classified species 

according to growth form: tree, shrub, subshrub, or succulent. We defined trees as species 

that regularly grew as single stemmed individuals > 2 m tall; shrubs as species with 

mostly multi-stemmed individuals < 2 m; subshrubs as individuals with some above 

ground woody stem and herbaceous growth above the base that would die back annually 

(e.g. equivalent to “chamaephyte” in Raunkiær classification, du Rietz 1931), and 

succulents included individuals of the families Agavaceae, Cactaceae, and Nolinaceae. 

Transects were treated as replicates nested within a site. All measurements were 

expressed on a per transect basis for analysis. 

Total canopy cover for each individual was determined using equation 1.  

 
Ci=

∑ Li

50
 

(1) 

Where i represents the individual species, L is the intercepting length of the canopy and 

50 represents the length of the transect (50 m).  

The total canopy cover for each transect was determined by equation 2.  

 
𝐶𝑡 = ∑ 𝐶𝑖

𝑛

𝑖=1

 
(2) 

Where the sum of all individual plant is determined for each transect. Relative canopy 

cover was determined using equation 3: 
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𝑅𝑖 =  

𝐶𝑖

𝐶 𝑡
 

(3) 

After calculating the total cover of each transect and relative cover, the amount of 

dieback per individual was calculated using equation 4: 

 
𝐷𝑖 =

∑ 𝑑𝑖𝐿𝑖

50
 

(4) 

In equation 4, the nomenclature is the same as equation 1 and di is the proportion of 

observed canopy dieback per individual. Using the dieback per individual, we were able 

to calculate total dieback (equation 5) and total living canopy cover (equation 6): 

 
𝑇𝐷 = ∑ 𝐷𝑖

𝑛

𝑖=1
  

(5) 

 
𝐶𝑙 = ∑ 𝐶𝑖 −

𝑛

𝑖=1
∑ 𝐷𝑖

𝑛

𝑖=1
 =  𝐶𝑡 − 𝑇𝐷 

(6) 

Lastly, we calculated the amount of proportional dieback per transect using 

equation 7: 

 
𝑃𝐷𝑖 =

𝐷𝑖

𝐶𝑖
 

(7) 

Proportional dieback for a single growth form was the total dieback distance of 

species in a particular growth form divided by the total cover of that growth form. 

Proportional dieback was used in all analyses of dieback.  

In 2010 (pre-drought), we collected 3-8 leaves per individual for 2-3 individuals 

per species at each elevation. We did not collect leaves from succulents (Cactaceae, 

Nolinaceae and Agavaceae). We used a flatbed scanner and LAMINA software (Bylesjö 

et al. 2008) to calculate leaf area. After leaf area was recorded, the leaves were dried for 

24 hours at 85 °C and then weighed to determine the dry mass of the leaf. The LMA was 

calculated as dry mass over area (g/cm2). The weighted LMA on each transect was the 
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average of the species’ LMA values on that transect weighted by each species relative 

cover.  

2.3 Statistical Analysis 

 All data were analyzed using R (R Development Core Team 2013). All data were 

tested using a Shapiro-Wilk test of normality in R which confirmed that the response 

variables were normally distributed. Statistical differences across elevations were 

determined using ANCOVA models. For the analysis of total, living, and relative canopy 

cover, hierarchical linear models were run with elevation and year of data collection as 

fixed effects. Transects were nested within elevations: with one site per elevation, we 

have a sample size of six with which to detect elevational trends. Models were fit with 

the nlme package in R (Pinheiro et al. 2013). For models predicting relative canopy cover 

and dieback by elevation and growth form, transect was a random effect (due to multiple 

dieback estimates per transect) within elevation. The data for total and living cover were 

untransformed because they met the assumption of normality and were not true 

proportions. However prior to analysis, proportional dieback and relative cover were 

transformed using an empirical logit transformation (ln((p + ε)/(1-(p + ε), where ε = 

0.0001) as those measurements were true proportions (Warton &  Hui 2011). For the 

analysis of  wLMA  by proportional dieback across elevations, a nested linear model was 

used (transects nested within elevation). Post-hoc analyses were done on the wLMA and 

proportional dieback including and excluding the conifer species. Additional analyses 

where the sites were grouped by high and low elevation were also performed. 

3. RESULTS 
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Total canopy cover (both living and dead canopy combined) for all growth forms 

increased significantly with elevation (F=17.34, p=0.014). In 2010 and 2011, the lowest 

elevation had ~80% less cover than the highest (Fig 1). Total canopy cover did not 

change significantly between years (F=1.549, p=0.217), but there was a significant 

interaction between elevation and year (F=6.895, p=0.010) with the highest elevations 

dropping slightly in total cover by the 2011 measurement (possibly a result of a slight 

underestimation of total cover for trees with some dieback and with leafless canopy that 

year). The relative cover of the four perennial woody growth forms (trees, shrub, 

subshrub, and succulent) differed significantly across elevation (empirical logit 

transformed, F=69.36, p<0.0001, Fig 2). There was no significant difference in relative 

cover between years and no interaction between year and growth form. Succulent and 

shrub species were present at all elevations. Subshrubs were present at all elevations 

except the highest elevation, 1920 m. Tree species were present at the two highest 

elevations, 1920 and 1690 m.  Growth forms showed differing elevational patterns in 

relative cover (significant interaction between growth form and elevation, F=36.57, 

p<0.0001, Fig 2).  

Living canopy cover of all woody plants (shrubs, succulents, subshrubs and trees) 

increased with elevation (F=18.33, p=0.013, Fig 3). Living canopy cover decreased 

significantly post-drought (F=103.6, p<0.0001) and there was no interaction with 

elevation: the absolute amount of dieback was consistent across elevations. Because high 

elevations had much higher initial cover, however, this resulted in much lower 

proportional dieback at the higher elevations:  living canopy cover decreased by 17% at 

the highest elevation, 1920 m, and by 83% at the lowest elevation, 666 m. 
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 Proportion dieback decreased significantly with elevation in succulent and shrub 

species (logit transformed, F=8.867, p=0.04). There was no effect of growth form on 

proportional dieback (F=0.844, p=0.473), but there was an interaction between growth 

forms and elevation (F=7.245, p=0.0002, Fig 4). Proportional dieback for each site varied 

from 0.90 (succulents at 1132 m) to 0.03 (succulents at 1920 m) (Untransformed means, 

Table 2). The overall elevational trend was driven by succulent and shrub species for 

which dieback decreased with elevation (Fig 4).  

There was no relationship between wLMA and dieback across transects within 

elevations (nested ANCOVA, F=2.096, p=0.152).  Because conifer and angiosperm 

leaves differ in gross morphology, we also conducted a similar nested ANCOVA which 

excluded conifers. Those results were consistent with the analysis including conifers: 

there was no relationship between wLMA and dieback (F=0.034, p=0.855) nor was there 

an interaction wLMA and elevation (F=0.550, p=0.463).  We also grouped sites into two 

elevation classes and ran the nested ANCOVA with elevation class (“high” = 1920, 1690, 

and 1411 m and “low” =1132, 841, 666 m) as a factor. There was no relationship 

between wLMA and dieback (F=0.992, p=0.326) nor was there an interaction between 

wLMA and elevation class when conifers were included (F=0.017, p=0.898) or excluded 

(F=0.088, p=0.768).   
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Table 1. Site descriptions. A description of each collection site as well as information of 

the woody species that were present at each site. 

  

Elevation 

(m) 

Location 

(latitude and 

longitude) 

Number 

of 

Transects 

Dominant Growth 

Form 

Most Common Species 

in Transects 

Aspect 

666 29° 8.24' N  

103° 30.8' W 

12 Deciduous shrub Larrea tridentata Flat 

871 29° 10.8' N 

103° 25.8' W 

10 Desert shrub Agave lechuguilla 

Jatropha dioica 

Larrea tridentata 

Flat 

1132 29° 21.2' N 

103° 16.7' W 

9 Desert shrub Acacia greggii 

Agave lechuguilla 

Flat 

1411 29° 18.2' N 

103° 15.9' W 

7 (2010) 

5 (2011) 

Shrub Acacia constricta 

Dasylirion leiophyllum 

Opuntia chisosensis 

North 

1690 29° 16.0' N 

103° 18.1 W 

4 (2010) 

5 (2011) 

Tree Juniperus species (J. 

coahuilensis, 

deppeana,flaccida, and 

pinchotii) 

Opuntia chisosensis 

Northwest 

1920 29° 15.2' N 

103° 18.0' W 

4  Tree Juniperius deppeana 

Quercus species (Q. 

emoryii, gravesii, and 

grisea) 

Northwest 
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 1920 m 1690 m 1411 m 1132 m 871 m 666 m 

Shrub 0.26±0.45 0.10±0.02 0.36±0.11 0.82±0.08 0.35±0.28 0.85±0.12 

Subshrub NA 0.29±0.20 NA 1.00±0 0.42±0.19 0.42±0.49 

Succulent 0.03±0.07 0±0 0.17±0.14 0.90±0.11 0.74±0.32 NA 

Tree 0.05±0.03 0.10±0.07 NA NA NA NA 

Total 0.10±0.23 0.11±0.14 0.27±0.16 0.88±0.11 0.50±0.31 0.68±0.38 

Table 2. Proportional dieback of growth forms by elevation. Each value represents the 

untransformed mean proportional dieback of each growth form across elevations ±1 

standard deviation. The bottom row is the total mean of proportional dieback for all 

growth forms at each elevation. If a growth form was not measured at an elevation, it is 

represented with NA.
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Table 3: Freezing days and minimum daily temperature in November 2010 to March 2011. 

The number of freezing temperature days and minimum daily temperature at each meteorological station in the winter of 2010/2011 

compared with yearly averages (in parentheses). The Chisos Basin meteorological station is located slightly lower in elevation than 

our second highest site at 1690 m. The Panther Junction meteorological station is located at a similar elevation to our first Chihuahuan 

Desert site at 1132 m and the Rio Grande Village meteorological station is close to our lowest elevational site (666 m), but is located 

closer to the river and slightly down stream. Zero degree days are any day where the maximum temperature for that day does not get 

above 0 ° C. Freezing days are days where the minimum daily temperature was below 0 ° C. Across the meteorological stations, 

February 2011 was much colder than normal while the other months were generally warmer than average.

 

 

 

Chisos Basin (1615 m) Panther Junction (1140 m) Rio Grande Village (566 m) 

Average 

Minimum 

Temperature 

(°C) 

Zero Degree Days 

Freezing 

Days 

Average 

Minimum 

Temperature 

(°C) 

Zero 

Degree 

Days 

Freezing 

Days 

Average 

Minimum 

Temperature 

(°C) 

Zero 

Degree 

Days 

Freezing 

Days 

Nov 7.2 (6.2) 0 (0.45) 1 (9.0) 7.4 (6.8) 0 (0.11) 1 (2.6) 3.5 (4.0) 0 (0) 3 (5.4) 

Dec 4.7 (3.4) 0 (0.26) 4 (5.9) 4.4 (3.0) 0 (0.19) 4 (7.8) -1.9 (-0.6) 0 (0) 21 (17.8) 

Jan 3.3 (2.8) 0 (0.05) 6 (3.0) 2.6 (2.3) 0 (0.46) 10 (10.0) -1.5 (-1.2) 0 (0.2) 21 (20.6) 

Feb 3.3 (4.0) 3 (0.11) 10 (3.7) 2.4 (4.1) 2 (0.23) 10 (5.7) -1.8 (-1.2) 2 (0.5) 15 (11) 

Mar 12.0 (6.8) 0 (0.31) 0 (8.4) 11.1 (7.6) 0 (0) 0 (2.2) 8.5 (6.0) 0 (0) 0 (3.8) 

Total 6.1 (4.6) 3 (1.18) 21 (30) 5.6 (4.8) 2 (0.99) 21 (29.29) 1.4 (1.4) 2 (0.7) 60 (58.6) 
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Figure 1: Total canopy cover by elevation in 2010 and 2011. Symbols represent the mean 

±1 standard deviation. Circles and a solid line represent 2010 while triangles and a 

dashed line represent 2011. There was a significant increase in cover with elevation (F = 

17.34, p = 0.014) and interaction in cover between years and elevation (F = 6.895, p = 

0.010). 
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Figure 2. Relative cover (logit transformed) of different growth forms by elevation in 

2010. This shows the cover of each growth form relative to the total canopy cover (see 

Eq. (3)) and the changes in growth forms on an elevational gradient. Circles represent the 

mean ±1 standard deviation. Only 2010 is shown in the figure as there was no significant 

difference between years (F = 3.473, p = 0.064). There was no significant difference 

among the growth form cover across elevations (F = 0.0466, p = 0.840). However, there 

was a significant difference in the relative cover of the growth forms (F = 69.36, p < 

0.0001) and in the interaction of growth form with elevation (F = 36.57, p < 0.0001). 

  



Texas Tech University, Elizabeth F. Waring, May, 2017 

112 

 

 

Figure 3. Total living canopy cover by elevation in 2010 and 2011. Symbols represent the 

mean ±1 standard deviation. Circles and a solid line represent 2010 while triangles and a 

dashed line represent 2011. Living cover increased significantly with elevation (F = 

18.33, p = 0.013) and there was a significant decrease in 2011 compared to 2010 across 

elevations (F = 103.6, p < 0.0001). 
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Figure 4: Proportional canopy dieback (logit transformed) in 2011 by elevation. 

Circles represent the mean ±1 standard deviation. This shows the amount of dieback at 

each elevation in proportion to the amount of total cover measured (see Eq. (7)). 

Transformed proportional dieback decreased with elevation across all growth forms (F = 

8.867, p = 0.04). There was no significant difference in proportional dieback among 

growth forms (F = 0.844, p = 0.473), but there was an interaction between growth form 

and elevation (F = 7.245, p = 0.0002). 
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4. DISCUSSION 

 As in most arid mountain ranges, total woody plant cover increased with 

elevation (Whitaker & Neiring1964 1965, Fig 1). The lack of significant difference in 

total canopy cover across years indicates that our sampling methods were consistent 

across years despite the large amount of dead canopy at some elevations in 2011—with 

the possible exception that we may have slightly underestimated total cover in 2011 at the 

highest elevation site (Fig 1). The change in canopy cover from dominantly trees at 

higher elevations to shrubs at lower elevations was the expected community turnover in 

Big Bend National Park (Fig 2). Living canopy cover was affected by the drought of 

2011 and living cover was significantly reduced in 2011 at all elevations, as would be 

expected (Fig 3). However, the large degree to which living cover decreased in 2011 

(largest decrease at 1411 m from 0.65 to 0.35) was striking. We expected the extreme 

drought event to overwhelm some of the adaptations that the lower elevation species had 

for drought. However, as the dieback data indicates, this drought affected all growth 

forms at all elevations. The impacts of drought across growth forms resulted in the 

relative abundance of each growth form at a given elevation (measured by living cover) 

not changing as a result of the drought. Because most of our sites were on a north to 

northwest facing aspect with less solar radiation than southern aspects, it is likely that the 

dieback measured in this study is a conservative estimate of the amount of dieback that 

occurred in Big Bend National Park in 2011.  

 By the end of 2011, the Chisos Basin (1615 m), the Panther Junction (1140 m), 

and the Rio Grande Village (566 m) meteorological stations had only received about 
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22%, 21%, and 39% of their normal average precipitation at each location annually 

(NOAA 2013). This decrease in available water would have increased the likelihood that 

all woody species experienced stress in xylem transport potentially leading to hydraulic 

failure. Kukowski, Schwinning, & Schwartz (2012) reported extensive tree dieback due 

to hydraulic failure in the Edwards Plateau of Central Texas after the 2011 drought. Our 

study showed total dieback did decrease significantly with elevation and increasing 

precipitation. Additionally, this drought was coupled with an unusual multi-day freezing 

event in February 2011 (Poulos 2014, NOAA 2013). The freeze in 2011 affected the 

various elevations differently (Table 3). The interaction of freezing and drought may 

have exacerbated hydraulic failure (Langan, Ewers, & Davis 1997, Cavender-Bares & 

Holbrook 2001, Martinez-Vilata & Pockman 2002). It is likely that the freeze also 

contributed to the extensive succulent mortality we witnessed, but there is not an obvious 

difference in the departure from average across the elevations: at all three meteorological 

stations, there were about 1.5 times as many freezing days as normal in February 2011 

(Table 3). 

 Although the greatest reduction in precipitation and the most prolonged freezing 

temperatures were at the highest elevations, the effect of the drought (and possibly 

freezing) were most severe at the lower elevations in terms of proportional canopy 

dieback (NOAA 2013). Therefore, it seems likely that the more severe effects at low 

elevation are due to species at those sites being closer to physiological thresholds. This is 

consistent with our first hypothesis that the lower elevations would experience more 

dieback due to lower precipitation and/or soil moisture. One site (871 m) defied the trend: 

this site had less dieback than the next higher site (1132 m, Fig 4). This was most likely 
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due to the topography of the site at 871 m. That site was characterized by a gentle slope, 

but in a drainage that could have led to extra water being funneled to the site through 

runoff.  

Overall, the degree to which the drought affected the different growth forms 

varied with elevation (Fig 4). The overall trend was decreasing dieback with elevation, 

but this was driven by the dominant shrub and succulent growth forms. Trees only 

occurred at two elevations and we therefore cannot test an elevational effect. Tree 

dieback levels were intermediate in comparison with the range of values seen for shrubs 

across elevations (Fig 4). There was no effect of elevation on dieback in subshrub 

species. For subshrub species, the lack of differences in dieback was due to where they 

were located and their responses to drought. There were very few subshrubs at 1690 m, 

so their dieback would have little influence on the overall dieback for the subshrubs. 

Additionally, subshrubs have a woody base and herbaceous annual growth. We 

hypothesize that there was little canopy dieback in subshrubs because, while the woody 

stems persisted, the herbaceous growth on the subshrubs never leafed out in 2011 due to 

the drought. The previous year’s growth dried and abscised prior to our measurements, 

therefore there was less cover to measure in 2011. The drought did not affect subshrubs 

through canopy dieback, but rather through preventing growth. 

 The shrubs were greatly affected by the drought at all elevations lower than 1690 

m (Fig 4). Plants exhibit different strategies to deal with drought including variation in 

rooting depth, variation in ability to prevent water loss, and differences in tissue-specific 

drought resistance (Schwinning & Ehleringer 2001, Chesson et al 2004, Ogle & Reynolds 

2004). Despite this, we saw significant mortality across both evergreen and deciduous 



Texas Tech University, Elizabeth F. Waring, May, 2017 

117 

 

species. Significant change in total living cover across elevations was driven by the 

magnitude of dieback in shrub species (Fig 4). The succulent species were expected to be 

able to tolerate the drought better than the other growth forms as a result of water 

efficient CAM photosynthesis and large reservoirs of water stored in their stems. 

However, even for succulents, there was significant dieback at the lower elevations and 

little dieback at the higher elevations. The severity of the drought (or the combination of 

drought and freezing) at Big Bend National Park was too stressful for the succulents at 

the lower elevations.  

 The relationship between elevation and dieback is not explained by differences 

in wLMA among species for which leaf traits were collected. Leaf traits were only 

collected on shrub, subshrub, and tree species. There was no relationship between LMA 

and dieback on a species or growth form basis. The species at the lower elevations are 

adapted to drought by producing small, easily replaceable leaves, and while investment 

per leaf area was generally higher at higher elevations, there was no effect of wLMA on 

dieback within elevations (data not shown). This does not mean that growth form and 

wLMA were not factors in tolerance to the drought, but with our data, elevation alone is 

the strongest predictor of the impact of the 2011 drought and freeze event. Despite the 

desert species in the lower elevations having adaptations for drought tolerance, the 

historic severity of the 2011 drought overpowered those adaptations which led to higher 

dieback in drought tolerant species.  

5. CONCLUSION   

 The 2011 drought in Big Bend National Park had a large impact on all plant 

communities, with the relative effects decreasing with elevation. Our data imply that 
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differences in canopy cover and dieback among elevations were probably driven by 

differences in absolute drought and freezing severity and not by turnover in growth forms 

and not by turnover in growth forms, or leaf trait differences. Species turnover within 

growth forms (e.g. variation in drought tolerance within the diverse shrub group) may 

have played a role in the elevational trend, but we cannot test that with our data. We can 

say, however, that the decreasing dieback with elevation was not driven by shifts in the 

relative abundance of shrubs, succulents and trees. Nor was an easily measurable leaf 

trait, LMA, driving the observed trend. 

  We cannot distinguish the relative influence of drought and freezing on these 

communities, but we suspect that freezing may be an important environmental factor in 

this system. One possibility is that the freezing event most severely impacted low 

elevation species, and the resultant low elevation mortality masked differences in drought 

susceptibility (although meteorological data suggest that, historically, winter freezes are 

just as common at low elevations as they are at the higher). We believe the most likely 

explanation is that this extreme drought pushed all species to the edge of their tolerances. 

The widespread dieback of slow-growing shrub and succulent species in the lower 

elevations of Big Bend National Park will likely have long-term effects on the plant 

community. 
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