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Abstract 

Cortaderia selloana, or pampas grass, is a serious invader of disturbed, coastal and 

riparian ecosystems in Southern California. The purpose of this study was to 

determine how the growth and physiology of C. selloana respond to various 

combinations of soil nitrogen and water table depth. Growth factors examined 

included plant biomass, plant height and width, number of tillers per plant and 

specific leaf area (SLA). Physiological factors examined included water use, 

photosynthesis and tissue nitrogen and phosphorous contents. These response 

variables were examined in a manipulative study using a 2 x 3 random factoral 

design with two water table and three nitrogen levels. Water, nitrogen and the 

interaction between the two were found to have a significant influence on many of 

the growth and physiological factors of Cortaderia selloana. Added nitrogen 

caused increases in plant biomass that were 5 to 9 times higher than plants exposed 

to ambient nitrogen. Both water and nitrogen influenced the number of tillers per 

plant, where a lower water table and higher nitrogen availability caused an increase 

in the number of tillers. C. selloana also responded to increased water and nitrogen 

with greater average plant height and reduced plant width. By examining which 

plant response factors are enhanced by the various combinations of water and 

nitrogen treatments, we hope to gain insight into the invasive nature and success of 

C. selloana in order to ultimately find less destructive methods to control and 

prevent the invasion of this invasive grass in the future. 

Keywords: Biomass, Cortaderia selloana, Disturbed ecosystems, Invasive 

species, Pampas grass, Riparian ecosystems, Specific leaf area 
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Introduction 

The Global Threat of Invasive Species 

Invasive plant species are those non-native species that have arrived and 

thrived in a new area outside of their native territories (Kolar and Lodge, 2001). 

Invading species may or may not have a significant effect on the ecosystems that 

they invade, but the global impact for those that do can have far-reaching 

consequences. Often, invasive species are introduced accidentally as unknown 

"hitchhikers" when trade goods are shipped from place to place, or are imported for 

such things as grazing, erosion control or as a cultivated plant. 

Invasive species often reduce the biodiversity of the areas they invade, and 

the effects of invasion on an ecosystem are often seen as a cascading series of 

events (D'Antonio and Vitousek, 1992). Once an exotic species invades an 

ecosystem, it may alter resource supplies by taking up water and nutrients faster 

than native plants, increase the nitrogen supply with unusually heavy litterfall, 

and/or alter the disturbance regimes (D'Antonio and Vitousek, 1992). For example, 

the fynbros (shrubland) ecosystem of South Africa was invaded by woody trees and 

shrubs, which have increased the water usage in the area and caused an increase in 

erosion due to the increased biomass of the invasive plants (van Wilgen, 1996). The 

invader may also alter the trophic structure of the ecosystem by crowding out the 

keystone plant species, resulting in the loss of native herbivores that are unable to 

feed on the invader (D'Antonio and Vitousek, 1992). Water hyacinth, which was 

imported to China from South America to aid in water purification, has caused 

losses to fisheries and the extinction of several native aquatic plants (McNeely, 

2000). Once established, some invading plant species are able to grow at a faster 

rate than the native plants, limiting the light that is available to the native flora, and 

eventually leading to a decline in native vegetation (D'Antonio, 1993; D'Antonio 

and Vitousek, 1992). 
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Characteristics of Invasive Species 

The characteristics that are common to all invaders are that they are non

native species (i.e. they are out of their native range), and they spread and become 

abundant from their point of introduction (Kolar and Lodge, 2001). Invading 

species may arrive in their non-native territory via importation, accidental 

introduction, or escape from cultivation. At each transition point between 

importation and establishment, the estimated chance of successful survival for a 

given invader is between 5%-20% (Williamson and Fitter, 1996). Prior to invasion 

and successful establishment, it is difficult to determine which non-native plants 

will become invaders and which ecosystems are most susceptible to invasion due to 

the wide range of influencing factors (Mack et al, 2000). 

Invasive plant species may be annuals or perennials and have varying 

lengths of flowering periods (Kolar and Lodge, 2001). General characteristics 

include species that have had previous invasion success (Daehler and Strong, 1993; 

Lawton, 1990), reproduce vegetatively (Kolar and Lodge, 2001) as well as those 

who are members of a subgenus with other members that have an invasive history 

(Rejmanek and Richardson, 1996). 

While invasive species often share a wide range of traits, the actual 

combination for any given species will vary. These may include characteristics 

common to "r-selected" species, such as the production of many small seeds 

(Rejmanek and Richardson, 1996), a high population growth rate, the ability to 

survive in a generalist niche, and early reproductive age (Williamson and Fitter, 

1996). Invasive plants also show a tendency for extensive root systems (Evans et 

al, 2001) as well as a large height to width ratio, allowing them to out-compete 

native species (Williamson and Fitter, 1996) by exploiting light and water 

resources (Mack et al, 2000; Hoopes and Hall, 2002). In addition, plants that 

exhibit vegetative reproduction, self-fertilization, a low cellular DNA content 



5 

and/or high genetic plasticity are more likely to become invaders (Bossard et al, 

2000). 

The invasion of non-native species can alter ecosystem processes in various 

ways, including above ground biomass (AGB), nutrient ratios (such as the tissue 

N:P ratio), nutrient cycling, litterfall, soil organic matter (SOM) content and 

decomposition, hydrology and vulnerability to fire (Mack et al, 2000, 2001; Scott et 

al, 2001). Changes in ecosystems, including disturbance by humans and the 

accidental or deliberate introduction of non-native plants, may positively or 

negatively change the flow of limiting resources such as water and nitrogen, 

(Mooney and Hobbs, 2000), and the ability to tolerate greater fluctuations in 

resource availably may be an important reason for invasive species survival 

(Hobbs, 1989). 

Soil nitrogen content is one of the most important limiting factors for plants 

in most terrestrial ecosystems (Vitousek and Howarth, 1991). Nitrogen (N) plays a 

critical role as a constituent of chlorophyll as well as its involvement in carbon 

metabolism. Excess nitrogen can cause abundant shoot growth, which favors a 

high shoot to root ratio. An excess of phosphorous, on the other hand, can 

stimulate root growth (van Wijnen and Bakker; 1999; Li and Redmann, 1992). 

Deviations in water and nutrient availability brought about by any means 

(temperature change, disturbance, etc.) can potentially alter an ecosystem by 

creating an opportunity for invasion by non-native species, particularly if the native 

plants are unable to tolerate the change. Increases or decreases in nitrogen content, 

and resource availability in general, often aid invaders due to their ability to 

assimilate and sequester N and reduce N availability to other plants (D'Antonio, 

1993). Invasive plants often poison natives with toxins that they secrete 

(allelpathy), creating a larger resource pool for themselves. Invasive plants may 

also change the pH of the ecosystems they invade by producing high or low 

nutrient containing litterfall that can increase or decrease the soil nitrogen content 
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(D'Antonio and Vitousek, 1992; D'Antonio, 1993). Some invaders can also 

respond to the fluctuating soil resource availability by changing the amount of root 

activity to rapidly assimilate nutrients and produce copious amounts of 

aboveground biomass that can shade out natives. Invaders often establish or re

establish more quickly to fluctuations in nutrient availability before the native 

species, particularly in areas of disturbance (Huenneke et al, 1990; Ostertag 2001). 

The types of ecosystems that are susceptible to invasion by non-native plant 

species also show some common characteristics. Plant species richness may have a 

positive or negative effect, depending on the particular invader (Belnap and 

Phillips, 2001). Species-rich communities are less likely to have vacant niches to 

facilitate invader growth, but success also depends on propagule pressure (Meekins 

and McCarthy, 2001). An invader may survive in a new ecosystem simply because 

its native control factors, such as animals and insects that utilize it as a food source 

or other plants that are direct competitors do not exist in the new area (Mack et al, 

2000; Mitchell and Power, 2003; Torchin et al, 2003). Disturbed ecosystems are 

particularly vulnerable and can create novel habitats that are well suited to invading 

species. An invader may also gain a foothold in a disturbed area of a closed 

community and spread outward (Parker et al, 1993; Bossard et al, 2000). 

Invasion of Cortaderia Species 

The focus of this study was one of the two invading species of Cortaderia 

that are found in California, commonly known as pampas grass. The two known 

species that are common to California are C. selloana (Uruguayan Pampas Grass, 

Pampas Grass) and C. jubata (Andes Grass, Purple Pampas Grass). Both are 

perennial grasses that, upon establishment, become invasive weeds (Bossard et al, 

2000). C. selloana was chosen for this study because it is the species that is most 

commonly found in San Diego County. Taxonomic analysis suggests that grasses 

are among the plants that are most likely to become invaders, because of their 
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ability to self-fertilize their seeds without a pollinator and to regenerate a 

population from a single plant (Baker, 1974). Cortaderia sp. are members of one 

of the eight significantly over-represented invasive monocot families, Poaceae, in 

that the number of observed invaders from this family is much greater than the 

number of expected invaders (Daehler, 1998). What is known about Cortaderia is 

limited to its physical traits, including its various sexual morphologies, 

reproduction strategies (Connor, 1973), tiller size and form, average above and 

below ground biomass (Davies et al, 1990), and differences in plume, leaf and 

spikelet color (Bossard et al, 2000). 

C. jubata and C. selloana are often mistaken for one another. C. selloana 

can tolerate moderate drought, winter frost, intense sunlight and warmer summer 

temperatures, whereas C. jubata cannot (Bossard et al, 2000). C. selloana is taller 

and bushier that C. jubata and exhibits plumes and spikelets that are white or silver 

in color, rather than purple or deep violet. C. selloana is dioecious (i.e. the male 

and female reproductive organs are located on separate plants) and typically 

reproduces by fragmentation of the parent plant. Very little is known about the 

germination requirements of seeds. C. jubata, on the other hand, is apomictic, 

producing viable seeds from unfertilized ovules (Bossard et al, 2000). 

Nearly all species of Cortaderia when acting as invading weeds cause 

similar problems. All are fire hazards, crowd or block light from native species, 

and can block access to agricultural or recreational areas (Bossard et al, 2000; 

Daehler, 1998). Management of these species is also similar and may include 

prescribed burning, physical removal of the tillers and/or roots and treatments with 

herbicides or glyphosphate (Davies et al, 1990; Bossard et al, 2000). 

C. selloana tends to thrive in areas of disturbance because it provides an 

entrance for the invading propagules and provides space for their establishment 

(Hobbs and Huenneke, 1992). Disturbance also tends to be a driver of fluctuating 

resource availability, such as water and nitrogen, a factor that many invaders have 
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adapted to tolerate and to which many native species have not (Davis and Pelsor, 

2001). The potential for the success of C. selloana's invasion increases where the 

disturbance pattern is aggregated or clumped, such as abandoned lots or fields, 

particularly if the area is large and there are more nutrient resources available to 

non-native plants (Pausas et al, 2006). In smaller areas of disturbance, the native 

plants are generally able to recover quickly from a decrease in members. 

Worldwide, the disturbed ecosystems where C. selloana thrives include wetlands 

and coastal grasslands (Pausas et al, 2006). 

Given the limited information on C. selloana growth and invasion 

dynamics, I hypothesized that the growth of C. selloana, including specific leaf 

area (SLA), plant biomass, plant height, width, and number of tillers per plant and 

physiological characteristics, such as water loss, rates of photosynthesis and tissue 

nitrogen and phosphorous content would be significantly increased by increases in 

both water table depth and increases in soil nitrogen content. If Cortaderia 

selloana invades in a similar fashion to other plants, it is expected that the plant 

responses will increase with increases in nitrogen and water availability. These 

hypotheses were tested in a greenhouse experiment where the growth and 

physiology of C. selloana were quantified in response to varying N and water 

availability. 

Materials and Procedures 

Plants 

These experiments were performed in the CSUSM greenhouse over a six

month period between July, 2003 and May, 2004. One-hundred and twenty 

juvenile (about three inches tall) plants were purchased from a local nursery (Ponto 

Nursery, Vista, CA). Seventy-eight of these plants were grown in washed sand 
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taken from the San Luis Rey riverbed where Cortaderia has been seen (Hanson 

Aggregates, Pala Facility). Plants were grown in 4 gallon tree pots (46 em tall X 

20 em diameter; Steuewe and Sons, Corvallis, Oregon, USA), which were 

suspended in 5 gallon buckets (one pot per 5 gal. bucket) with cut out lids to create 

the artificial water tables, as well as to reduce water loss. The buckets/tree pots 

were numbered and placed in order from 1 to 78 in 3 rows of 26 (Fig. 1). 

Plants were randomly subjected to two different above ground water table levels 

(10 em and three soil nitrogen content levels that were similar in range to those 

found in riparian and coastal sage scrub ecosystems (Westman, 1981; Sala et al, 

1996). The washed sand substrate (which was not tested beforehand for nitrogen 

content) was used as the control group soil with no additional nitrogen added. The 

plants were arranged in a 2X3 random factoral design, for a total of six 

experimental groups, with n=13 individuals in each group (Table 1). 

Water 

The water table was expressed as the height of water above ground and 

water loss was measured by adding water to bring the level back up to the original 

height because the plants were grown in buckets, rather than planted in the ground, 

which made the changes in water level easier to maintain and measure. 

Water table depth was measured every 7-21 days and maintained by 

replacing the amount of water lost from evapotranspiration. The amount of water 

lost between each watering was determined filling a 2000rnl graduated cylinder and 

pouring the water into the buckets below the plants to restore the water table to the 

original depth. The volume of water poured out of the graduated cylinder was 

equivalent to the amount of water lost between waterings. 
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Nitrogen 

Soil nitrogen was added once at the beginning of the experiment as 

NH4N03 in dry pellet form. As shown in Table 1, treatments were assigned using a 

random number table, first to determine which of the two water treatments each 

plant would receive 10 em and 30 em) and again, to determine the amount of 

nitrogen it would receive (0,5, or 10 JlgN/g dry soil). At the time of final harvest 

(154 days from the beginning of the experiment), specific leaf area (SLA=area/dry 

mass; Pearcy et al. 1989) was determined by (1) cutting a 10 em long section of the 

midpoint of each leafharvested, (2) measuring the greatest width of the leaf 

segment, (3) drying the leaf segment at 70°C for 1 week, and ( 4) dividing the leaf 

area for each segment (fresh width x 10 em) by the dry weight of the leaf cutting. 



Table 1: Number of Cortaderia selloana plants allocated to the water table 

level and nitrogen addition treatments. 

Water table (em) 

10 

30 

Control 

13 

13 

Soil N addition 

5 ~gN/g dry soil 10 ~gN/g dry soil 

13 13 

13 13 

11 
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Fig. 1. Photograph showing artificial water table design with tree pots placed 

through the lids of the 5 gallon buckets used to allow manipulation of the water 

table. Water table was maintained at either 10 em above the bottom of the 

bucket (WI) or 30 em above the bottom of the bucket (W2). 
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Plant width and height was measured 67, 111 and 154 days into the experiment. 

Plant width (Fig. 2) and height (Fig. 3) were measured using an extended meter 

stick. 

Plant width was determined by measuring the distance between the two 

widest leaf tips in their natural positions without manual extension. Height was 

measured similarly by measuring from the plant base to the tip of the longest leaf, 

but in an extended position in order to obtain the maximum blade length. The 

number of tillers on each plant was assessed at the end of the experiment, prior to 

harvesting. This was done by separating the tillers at the base of the plant and 

counting them. 

Live above ground biomass (AGB1), dead (i.e. brown and brittle) above 

ground biomass (AGBd), total above ground biomass (AGBtot = AGB1 + AGBd), 

and total below ground biomass (BGBtot) were measured after all the plants were 

destructively harvested 154 days after the start of the experiment (n=78). All tissue 

samples were separated into their different components (live, dead, above ground, 

and below ground) at harvest, washed, and dried at 70°C in a drying oven for 

approximately one week. All biomass samples were then weighed on an electronic 

balance to determine the dry weight of each plant sample (Pearcy et al, 1989) and 

then ground using a Wiley Mill ("MiniMill", Thomas Scientific; Swedesboro, New 

Jersey, USA). 



Fig. 2. The width of the plants was measured as the 
distance between the two farthest leaves, A and B. 

Fig. 3. Plant height was measured from the base of 
the plant (A) to the highest leaf held in an extended 
position (B). 

14 
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The ground tissue samples were used for Kjeldahl analyses to detennine the 

concentration of nitrogen and phosphorous present in the plant tissues. 

Approximately 0.2 g of tissue was weighed using an analytical balance (Satorious 

AG, Goettingen, Germany) and placed in a Kjeldahl tube. Added to each tube were 

a few small boiling stones, a Kjeldahl tablet (FisherTab- K2S04 + 0.015g Se, 

Fisher Scientific International, Inc. Hampton, New Hampshire, USA), and 3.5 ml 

of H2S04. One blank (negative control) and 2 two standard (positive controls) 

tubes were also included in each block digestion. Each control tube contained a 

Kjeldahl tablet, the boiling stones and 3.5 ml of HzS04. Approximately 0.2g of 

stock plant material was added to the two standard tubes and one of the two 

standards was "spiked" with 0.026g of tyrosine. Coldfinger stoppers were placed 

on the tops of the tubes, and the tissue samples were digested at 390° C for 3 hours 

using a block digester (BD-46, Lachat Instruments, Milwaukee, Wisconsin, USA). 

Once the samples were cooled, 45 ml of dionized water was added to each tube, 

shaken and poured through 110 mm diameter filter paper (Bremner, 1996). The 

resulting solutions were then analyzed for nitrogen and phosphorous content using 

a flow injector analysis system (Quickchem 3000, Lachat Instruments, Milwaukee, 

Wisconsin, USA). 

Photosynthesis measurements were made approximately two weeks after 

plantation on randomly chosen plants (n = 5) from each treatment group, and 

during the final harvest (n=13) using a portable photosynthesis unit (LI-6400, 

LICOR, Inc., Lincoln, NE, USA). Light curves were measured at 2000, 1000, 500, 

200, 100, and 0 ~mol m·2 s·1 photosynthetically-active radiation (PAR) at 25° C, a 

C02 concentration of 370 ppm and a relative humidity of 50%. 
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Statistical Analysis 

Water loss was analyzed using a balanced two-way ANOVA on log

transformed data. SLA (specific leaf area) was analyzed using a 2-way ANOV A. 

Plant height and width, number of tillers, AGB,, AGBct, BGBtot. and photosynthesis 

data were analyzed using a balanced MANOVA (Wilks', Lawley-Hotelling and 

Pillai's tests). Those responses variables that exhibited a significant water*nitrogen 

interaction for the MANOV A were then analyzed individually using a one-way 

ANOV A. All assumptions of the ANOV As and MANOV As, such as random 

sampling and homogeneous variances were met. Plant nitrogen and phosphorous 

content were analyzed using a General Linear Model, due to lost data and/or 

samples. All statistical analyses were performed using Microsoft Excel and 

Minitab-14 statistical software and graphs were created using Sigmaplot graphics 

software. 

The photosynthetic response to varying PAR was analyzed using a non

rectangular hyperbola: Anet = [(A *PAR* Amax)I(A *PAR+Amax)] - Rct, where A net is 

the measured net photosynthesis per unit leaf area (!!mol C02 m-2 s-1
) at each level 

of PAR; A is the estimated quantum yield (!!mol C02 (~tmol PARr'); Amax is the 

estimated maximum rate of Anet at saturating PAR (!!mol C02 m-2 s-1
) and Rct is the 

estimated dark respiration rate (!!mol C02 m-2 s-1
) (Thornley 1976). Coefficients 

were estimated using non-linear regression (CurveExpert V1.3; Daniel Hyams; 

Starkville, MS, USA). Differences in coefficients between treatments were 

analyzed using 2-way ANOV A. 
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Results 

Water loss was significantly increased by water table and the amount of 

nitrogen added to each pot, and there was a significant interaction between water 

table and added N (Table 2). Plants exposed to ambient nitrogen lost an average of 

12400 rnlless water than plants exposed to intermediate and high nitrogen 

treatments. Plants grown at the higher water table lost an average of 2300 rnl more 

water than those grown at the lower water table (Fig. 4 ). While the interaction of 

water and nitrogen was also significant, it was not determined which of the single 

treatments, if either, acted as the primary driver in the W*N interaction statistic. 

Specific leaf area (SLA =leaf area/leaf mass) was significantly decreased 

by the increased amount of nitrogen available to the plant. However, the effect of 

water table on SLA was not statistically significant, nor was the interaction 

between N and water table (Table 2). Average SLA was 87.5 cm2 I gdw for plants 

exposed to ambient soil N levels, while plants exposed to additional nitrogen 

averaged 80.0 cm2 I gdw for intermediate treatment and 82.6 cm2 I gdw high 

treatment plants (Table 2, Fig. 5). 

Wilks', Lawley-Hotelling and Pillai's tests showed that additional nitrogen 

significantly increased the production of aboveground live biomass (AGB1), 

aboveground dead biomass (AGBd), and total belowground biomass (AGB tot); 

however, water did not significantly influence plant biomass nor was there a 

significant W*N interaction (Table 3). The aboveground live biomass (AGB1) 

production of plants exposed to added N (intermediate and high groups) was an 

average of 7.5 times higher than the plants exposed to ambient N (Fig. 6). 

Differences in AGB1 between intermediate and high N groups were small, 

indicating that N availability higher than 5 ~gNig dry soil did little to stimulate live 

biomass production. 



Group Treatment DF, DFerror F p 

Water use w 1,72 16.71 < 0.001 

N 2,72 163.89 < 0.001 

W*N 2,72 5.39 < 0.001 

SLA w 1,72 2.73 0.103 

N 2,72 3.50 0.035 

W*N 2,72 1.85 0.165 

18 

Table 2: ANOV A results, including the degrees of freedom (DF), F-statistic (F), 

and the probability of type-I error (P) for water loss and specific leaf area (SLA). 

W=Water, N=Nitrogen, W*N =Water x Nitrogen. Bold values depict a significant 

treatment effect. 
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19 



105 

-A- lOcm 
,..-._ 100 ___._ 30 em .... -= Oil .a:l 
~ 95 .... 
I. 

"0 

... ~ 90 

e 
(j 
'-' 85 
~ 
ell 
I. 

< .... 80 
~ 
ell 

..,;j 
(j 

75 !+:: ·o 
ell 
Q. 

U'.) 70 

65 
0 5 10 

Nitrogen Added (Jlg/g dry weight) 

20 

Fig. 5. Specific leaf area(± se; n = 13) for Cortaderia selloana plants exposed to a 
water table level of 10 em (closed-triangles; dark-line) and 30 em above ground 
(shaded-circles; light-line) as a function of N addition. 



Group Treatment Wilks' DF F p Lawt~y-Uotclling DF F p Pillai's DF F 

Biomass w 0.985 3, 70 0.344 0.794 0.014 3, 70 0.344 0.794 O.ot5 3, 70 0.344 

N 0.150 6, 140 36.913 <0.001 5.568 6,138 64.035 <0.001 0.865 6,142 18.Q28 

N*W 0.914 6.140 1.079 0.378 0.093 6, 138 1.073 0.382 0.088 6, 142 1.084 

Height, Width, Number w 0.760 3, 70 7.386 <0.001 0.317 3, 70 7.386 <0.001 0.240 3, 70 7.386 

of Tillers/Plant N 0.203 6, 140 28.466 <0.001 3.713 6, 138 42.703 <0.001 0.841 6, 142 17.162 

N*W 0.829 6 140 2.291 0.039 0.201 6, 138 2.132 0.037 0.175 6, 142 2.264 

Photosynthesis w 0.819 3, 22 1.621 0.213 0.221 3,22 1.621 0.213 0.181 3, 22 1.621 

Initial Harvest N 0.739 6,44 1.199 0.325 0.345 6, 42 1.208 0.321 0.268 6,46 1.185 

N*W 0.921 6,44 0.306 0.930 0.085 6. 42 0.299 0.934 0.079 6, 46 0.314 

Photosynthesis w 0.959 3, 22 0.311 0.818 0.042 3,.22 0.311 0.818 0.041 3,22 0.314 

Final Harvest N 0.621 6,44 1.970 0.091 0.538 6, 42 1.884 0.106 0.423 6, 46 2.056 

N*W 0.828 6, 44 0.728 0.630 0.205 6, 42 0.718 0.638 0.175 6, 46 0.736 

p 

0.794 
<0.00 

1 

0.375 
<0.00 

I 
<0.00 

I 

0.041 

0.213 

0.331 

0.926 

0.818 

0.077 

0.623 

N -

Table 3: MANOVA results, including the degrees of freedom (DF), F~statistic (F), and the probability oftype~I error 

(P) for Biomass, Height, Width, Number of Tillers/Plant, and Initial and Final Harvest Photosynthesis Data. W=Water, 

N=Nitrogen, W*N =Water x Nitrogen. Bold values depict a significant treatment effect. 
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Production of AGBct exhibited similar patterns to those observed with AGB1, with 

large increases averaging 9 times higher in AGBct between the ambient and added 

N treatments and little difference between the intermediate and high treatments 

(Fig. 7). Total below ground biomass, BGBrot (Fig. 8) also showed increases in 

biomass, with the intermediate and high N plants, averaging 3.6 times more 

biomass than the ambient N exposed plants. 

The root to shoot ratio (R:S) for C. selloana, calculated as live 

belowground biomass divided by the live aboveground biomass, was >1 for plants 

exposed to ambient nitrogen and < 1 for the plants exposed to intermediate and 

high N, indicating a shift in biomass allocation to aboveground tissue with added 

N. Variations in water table depth affected R:S ratio minimally (Fig. 9). 
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Fig. 8. Total below ground biomass(± se~ n = 13) for Cortaderia selloana plants 

exposed to a water table level of 10 em (closed-triangles~ dark-line) and 30 em 

above ground (shaded-circles~ light-line) as a function ofN addition. 
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Fig. 9. Root to shoot ratio(± se; n = 13) for Cortaderia selloana plants exposed to 

a water table level of 10 em (closed-triangles; dark-line) and 30 em above ground 

(shaded-circles; light-line) as a function of N addition. 

Wilks', Lawley-Hotelling and Pillai's tests indicated that both water table, 

nitrogen, and the W*N interaction significantly increased the height, width, and 
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number of tillers per plant of C. selloana (Table 3). Average plant height for plants 

exposed to additional nitrogen at both high and low water tables was 1.4 times 

greater than for those plants exposed to ambient levels of N only (Figure 10). The 

average plant width for plants exposed to additional nitrogen at both the high and 

low water tables was 1.5 times greater than for those plants exposed to ambient 

levels of N only (Fig.11). The number of tillers per plant at both the high and low 

water tables increased with increasing nitrogen exposure, with those plants exposed 

to intermediate and high levels of N averaging 2.4 times more tillers than those 

plants exposed to ambient levels (Fig. 12). 

An a posteriori test consisting of a one-way ANOV A was performed on 

each response to water and nitrogen separately, found that the nitrogen, rather than 

water, was the influencing treatment in the treatment interaction results, since all of 

the nitrogen treatments were significant while none of the water treatments were 

(Table 4). 

Wilks', Lawley-Hotelling and Pillai's tests indicated no statistically 

significant effect of water, nitrogen or a water-nitrogen interaction on any of the 

photosynthesis variables (quantum yield, maximum rate of photosynthesis and dark 

respiration rate) in either the initial or the final harvests (Table 3, graphs not 

shown). 
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Fig. 10. Average plant height(± se; n = 13) for Cortaderia selloana plants exposed 

to a water table level of 10 em (closed-triangles; dark-line) and 30 em above 

ground (shaded-circles; light-line) as a function of N addition. 
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Fig. 11. Average plant width(± se; n = 13) for Cortaderia selloana plants exposed 

to a water table level of 10 em (closed-triangles; dark-line) and 30 em above 

ground (shaded-circles; light-line) as a function of N addition. 
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Fig. 12. Average number of tillers per plant (± se; n = 13) for Cortaderia selloana 

plants exposed to a water table level of 10 em (closed-triangles; dark-line) and 30 

em above ground (shaded-circles; light-line) as a function of N addition. 



Group Treatment DF, DFerror F p 

Plant Height w 1,76 2.55 0.114 

N 2,75 61.97 < 0.001 

Plant Width w 1,76 0.94 0.335 

N 2,75 57.74 < 0.001 

No. Tillers/Plant w 1,76 4.90 0.300 

N 2,75 29.52 < 0.001 
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Table 4: A posteriori test (one-way ANOVA) results, including the degrees of 

freedom (DF), F-statistic (F), and the probability of type-I error (P) for plant 

height, plant width and number of tillers per plant. W=Water, N=Nitrogen. 

Bold values depict a significant treatment effect. 
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The general linear model (GLM) used to analyze the nitrogen and phosphorous 

contents of the AGB1, AGBct, and BGBtot indicated that water significantly increased 

the tissue nitrogen of content of AGBct, and BGBtot. while nitrogen addition 

significantly affected the tissue nitrogen contents of AGB~, AGBct, and BGBtot· The 

interaction between nitrogen and water had a significant effect on the tissue 

nitrogen content AGBct only (Table 5). The average tissue nitrogen concentration 

in the AGB1, AGBct, and BGBtot tissues for plants at the intermediate and high levels 

of added nitrogen showed almost no difference between the high and low water 

tables, with the exception of the AGBct, where the tissue nitrogen concentration was 

1.5 times higher for the high water table than the lower water table at the highest 

nitrogen level only. The average tissue nitrogen concentration was 3.1 times 

greater for the intermediate and high nitrogen plants than for those plants exposed 

to ambient N levels only (Fig.13a,b,c). Water significantly decreased the tissue 

phosphorous contents of AGB1, and BGBtot, but only for the ambient nitrogen 

groups. Nitrogen significantly decreased the phosphorous contents of AGB1, AGBct 

and BGBtot· The interaction between nitrogen and water had a significant on the 

tissue phosphorous contents of AGB1, AGBct and BGBtot (Table 5). The average 

tissue phosphorous concentration for plants exposed to added N was 3.4 times 

lower than those exposed to ambient N only (Fig. 13d,e,f). 

The N:P ratio calculated for all biomass except the aboveground dead at the 

high water table level was < 14 mg N/mg P for the plants at ambient nitrogen 

levels. At higher levels of N availability, the N :P ratio increased to an average 40 

mg N/mg P at the intermediate N level and 55 mg N/mg P at the highest N level 

(Fig. 14,15,16). 



Source Treatment DF F p 
w 1,55 0.12 0.725 

AGBLive- N N 2,55 70.43 <0.001 
W*N 2,55 1.26 0.293 

w 1,57 9.88 0.003 
AGBoead- N N 2,57 109.77 <0.001 

W*N 2,57 9.22 <0.001 
w 1,55 12.91 <0.001 

BGBTotal- N N 2,55 96.48 <0.001 
W*N 2,55 2.43 0.097 

w 1,55 16.50 <0.001 
AGBLive- P N 2,55 145.97 <0.001 

W*N 2,55 10.49 <0.001 
w 1,57 0.01 0.935 

AGBoead- P N 2,57 60.99 <0.001 
W*N 2,57 5.01 0.010 

w 1,55 25.76 <0.001 
BGBTotal- P N 2,55 54.53 <0.001 

W*N 2,55 7.29 0.002 
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Table 5: General linear model results, including the degrees of freedom (DF), F-

statistic (F), and the probability of type-I error (P) for plant tissue nitrogen and 

phosphorous content. W=Water, N=Nitrogen. Bold values depict a significant 

treatment effect. 
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Fig. 15. Dead aboveground tissue N :P ratio (± se; n = 13) for Cortaderia selloana 

plants exposed to a water table level of 10 em (closed-triangles; dark-line) and 30 

em above ground (shaded-circles; light-line) as a function of N addition 
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Fig. 16. Belowground tissue N:P ratio(± se; n = 13) for Cortaderia selloana plants 

exposed to a water table level of 10 ern (closed-triangles; dark-line) and 30 ern 

above ground (shaded-circles; light-line) as a function of N addition. 
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Discussion 

Many of the growth and physiological aspects of Cortaderia selloana were 

significantly altered by variations in the water table and soil nitrogen content. 

Water loss increased with increased water and nitrogen, and the interaction of W*N 

was significant, supporting the hypothesis that water and nitrogen would 

significantly increase the amount of water use in C. selloana. Elberse and 

Berendse (1993) showed that several grass species from nutrient rich environments 

have a greater amount of above-ground biomass than those from nutrient-poor 

environments, and this increase in leaf biomass causes total water loss to be higher 

because there is more surface area for water loss. This offers one possible 

explanation for the greater water loss in the nitrogen added groups, as well as the 

significant interaction between water and nitrogen. 

Specific Leaf Area (SLA) decreased with added nitrogen but was not 

affected water table level, which did not support the hypothesis that the SLA of C. 

selloana would be significantly increased by nitrogen addition. Several studies 

showed varying results in SLA and nitrogen availability depending on the 

particular plant species. Hirose (1987), Jurik (1986) and Bowler and Press (1993) 

have all shown that an increase in available nitrogen can cause a decrease in SLA 

because nitrogen plays a key role in the production of photosynthetic machinery in 

the leaf, and an increase in this machinery makes the leaf thicker without making 

the leaf wider, causing an increase in SLA.. The negative correlation between 

nitrogen availability and SLA regardless of the amount of available water may be a 

key factor in making C. selloana a successful invader because it can survive in 

nitrogen poor environments or survive in areas of disturbances, which can have 

altered or increased nitrogen availabilities (Bradshaw et al, 1964, Raich et al, 

1997). However, the decrease in SLA seen here with C. selloana may be due to the 

limitation of a nutrient or nutrients that were not looked at in this study. For 
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example, previous studies have shown that an increase in nitrogen can lead to a 

decrease in phosphorous availability, making phosphorous the limiting nutrient for 

aspects of plant growth such as SLA (Ostertag, 2001 ). 

Biomass production, including aboveground live (AGB1) and dead biomass 

(AGBct) and belowground biomass (BGBtot) significantly increased in response to 

nitrogen, but only to a point. This supported the hypothesis for significant increases 

in plant biomass with added nitrogen, but not for added water (Table 3). These 

results are consistent with previous studies (Raich et al, 1997; van der Werf et al, 

1993; Bowler and Press 1993; Russell et al, 1998), which found that the increase 

available nitrogen leads to an increase in plant biomass. However, Bradshaw et al 

(1964) and Grime (et al, 1990) pointed out that there is a wide range of biomass 

responses to the amount of nitrogen available between various plant species. A 

previous study comparing the grasses N. stricta and A. stolonifera found that N. 

stricta showed a decrease in biomass with an increase of available nitrogen, while 

A. stolonifera showed an increase in biomass with increased nitrogen availability 

(Bradshaw et al, 1964). 

The simplest explanation for the lack of continued biomass production at 

increased nitrogen levels is that N is no longer the limiting nutrient and some other 

nutrient, possibly P, becomes more limiting to continued biomass production. 

Koerselman and Meuleman (1996) proposed that a N:P ratio >15 in plants indicates 

P limitation, whereas a ratio <14 suggests N limitation. For C. selloana, an increase 

in added nitrogen increased the N:P ratio above 15, indicating a P limitation, and 

hence, a corresponding decrease in biomass production at high N levels. 

The root to shoot (R:S) ratio (Fig. 9) indicates such a shift in the amount of 

tissue biomass portioning. A ratio greater than 1 indicates that the biomass has 

shifted from equal amount of roots and shoots per plant to a greater amount of 

roots, while ratios lower than 1 indicate more shoot biomass is being produced as 

compared to root biomass. For C. selloana, low N availability (ambient) resulted in 
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greater biomass allocation to root tissue while higher N availability (intermediate 

and high levels) resulted in a shift in biomass allocation to aboveground organs 

(Fig. 9). Plant height, width, and number of tillers per plant increased with both 

water and nitrogen availability and the interaction between the two resources was 

significant, supporting the hypotheses that these growth responses would be 

significantly increased by water and N. These results were support findings in 

previous studies (Newbery and Wolfenden, 1996, Tolley-Henry and Raper, 1986) 

that showed significant increases in height, width and tiller number with added N, 

but only to a certain level, at which point these growth responses leveled out or 

declined with the additional nitrogen. This leveling out of plant tissue growth was, 

again, the result of the added N stimulating plant growth until another nutrient, 

such as P became the limiting factor. Therefore, the decline or leveling of height, 

width and tiller number is likely due to the shift in nutrient ratios with N, where the 

other nutrient becomes limiting (Koerselman and Meuleman, 1996). As with 

biomass, height, width, and number of tillers per plant, the leveling is indicative of 

P limitation (Figs. 6, 7, 8, 10, 11, 12, 16) which is consistent with previous studies 

by Christie (1981) and Ostertag (2001). 

Water, nitrogen and the interaction of water and nitrogen were found to 

have no statistical significance with respect to the quantum yield, the maximum 

rate of photosynthesis, or the dark respiration rate for either the initial or final 

harvests (Table 3, graphic data not shown) . These data did not support the 

hypotheses that photosynthetic responses would be significantly increased by water 

and nitrogen. Previous studies (Ryan, 1991, Sims and Pearcy, 1992, Bowler and 

Press, 1996) have shown that an increase of nitrogen can increase the rate of 

photosynthesis, and that juvenile plants or seedlings that have not have reached 

their photosynthetic capacity may show a decrease in photosynthesis at higher 

nitrogen levels. Studies directly indicating no significant effect of water or nitrogen 

on photosynthetic activity were not found. Generally, an increase in nitrogen 
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availability leads to an increase in leaf nitrogen concentration (as well as theN 

concentration in other plant tissues), a result that was observed here, which allows 

for an increase in the amount of photosynthetic enzymes in the entire plant, and 

subsequently, an increase in the rate of photosynthesis (Terashima and Evans, 

1988, Evans 1989). The reason for the lack of a significant N effect on 

photosynthesis per unit leaf area is unknown, but may be due to the way the data 

were displayed (i.e. per unit leaf area). However, because added N significantly 

stimulated aboveground biomass (Fig. 6,7) and tiller production (Fig. 12), whole 

plant photosynthesis was undoubtedly stimulated by added N (Newbery and 

Wolfenden, 1996). 

Patterns of increasing nitrogen and phosphorous content in various types of 

plant tissues with added N closely resemble the growth patterns seen in the 

corresponding tissue biomass with added N (Seastedt, 1988). My data supported 

this hypothesis in that the general trend in increased above ground live tissue 

nitrogen content with added N was similar to the increases observed for 

aboveground live biomass (AGB1) . However, at some point between the 

intermediate and high nitrogen treatment levels, the increase in AGB1 and tissue N 

concentration was minimal, suggesting that ABG1 for Cortaderia selloana has an 

optimum nitrogen range between 5-10 ~-tg N/gds (Fig. 13a). The similar patterns of 

growth in AGB1 and tissue N content, as well as the presence of an optimum soil 

nitrogen range are consistent with studies by Huenneke, et al ( 1990), Christie, 

(1981), Bowler and Press (1993) Higgs and James (1969) and Hunt and Nicholls 

(1986). Similar results were observed for aboveground dead, below ground 

biomass and tissue N (Fig. 13b,c). In contrast, the general trend in tissue 

phosphorous content indicates that the tissue phosphorous declined with increased 

nitrogen availability (Fig. 13d,e,f). The plants exposed to ambient N had an N: P 

ratio that was <14, indicating N limitation to biomass production, and thus, and 

increase in biomass allocation to belowground tissue (Fig. 14,15,16). In contrast, 
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the intermediate and high N plants had N: P ratios between 36 and 58, indicating a 

P limitation to growth (Koerselman and Mueleman, 1996). Under the 

experimental conditions imposed here, the biomass and tiller production was 

largely limited by P at the highest N treatment level, suggesting that N stimulated 

biomass production to the point where P became the limiting factor to further 

biomass production (Koerselman and Mueleman, 1996). 

The results of this study suggest that Cortaderia selloana exhibits many of 

the characteristics of a successful invader. C. selloana can apparently respond with 

increased biomass to small variations inN availability(< 5 J..LgN/gds), a feature 

often seen in invasive plants (Mack et al, 2000, Hoopes and Hall, 2002), but it fails 

to increase biomass production at higher N availability, suggesting that C. selloana 

may be a nitrophobe with a preferentially low limit on the amount of nitrogen it 

needs for optimal growth. This would also give credence to the types of 

ecosystems that this plant successfully invades, typically those with sandy soils, 

which tend to be low in nutrients because the sand tends usually has poor nutrient 

retention (Bradshaw et al, 1964). C. selloana is also able to survive in areas or both 

high and low water availability by increasing it plant height, width and number of 

tillers per plant. This, in turn, helps shade out competitors and allows C. selloana 

access to more of the available nitrogen and water. This invader can then use the 

available N to increase its biomass, especially to the roots, to continue increasing 

biomass and water and nutrient (N, P) uptake. While C. selloana could potentially 

invade in any soil type (Kroon, 2002, unpublished manuscript), the ability to 

significantly increase its biomass production and size in response to small increases 

in available N make it a good candidate as an invader in southern California's 

coastal sage scrub and riparian areas, which tend to be N poor and subject to 

periodic drought (Bradshaw et al, 1964; Pausas et al, 2006) and are often disturbed 

(Pausas et al, 2006). Disturbance also tends to be a driver of fluctuating resource 

availability (Davis and Pelsor, 2001) because it provides a space, alters nutrient and 
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water availability, and changes species (i.e., competition and predator-prey) 

interactions (Hobbs and Huenneke, 1992, D'Antonio. and Vitousek, 1992). 

Evidence also suggests that the spread of Cortaderia is on the rise (Lambrinos, 

2001). By understanding the specific growth and physiological responses of C. 

selloana, we may be able to control and prevent it from further invasion. Current 

management methods require removal of the plant at the earliest life stages before 

the roots become too extensive to completely eradicate, quickly replanting large, 

disturbed areas with native plants before C. selloana can invade and out compete 

them, and by preventing disturbance of sensitive ecosystems (Davies et al, 1990, 

Bossard et al, 2000). 
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