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ABSTRACT 
 

Plant-Mediated Aphid Responses to Elevated CO2: The Impact of Phloem 

Phytochemistry, Endophyte Infection and Nitrogen Availability. 

 

Geraldine D. Ryan                                                                               Advisor: 

University of Guelph, 2012                                                                 Jonathan A. Newman 

 

 

Rising atmospheric CO2 is expected to increase primary productivity resulting in changes in 

bottom-up ecosystem interactions. CO2-induced increases in photosynthesis are expected to 

change plant growth, morphology and metabolism. Such changes will alter the nutritional quality 

of plants for insect herbivores, particularly those involving resource allocation. While plant 

mechanisms underlying foliage feeder response to CO2 have been well documented, much less is 

known about the responses of insects feeding on a phloem diet. 

In this work I examined the current literature on responses to elevated CO2 using a 

quantitative meta-analysis of changes in insect life history traits and plant growth, nutrient 

allocation, morphology and metabolite responses. Insect response to rising CO2 was dependent 

on feeding guild, with foliage feeder performance decreasing, while phloem feeder response 

increased. Changes in plant parameters were found to occur under elevated CO2 and were 

dependent on plant functional group and interacting environmental variables. 

Plant-mediated Rhopalosiphum padi aphid responses to CO2 were measured on tall 

fescue and barley. Aphid abundance and density decreased on tall fescue and increased on barley 

plants in response to elevated CO2. The relative concentration of some essential amino acids 

decreased under elevated CO2 in tall fescue while most essential amino acids increased in barley, 

along with an increase in the total concentration of amino acids and the ratio of essential to non-

essential amino acids.  

In tall fescue, aphid response was dependent on plant nitrogen and Neotyphodium 

endophyte status. Elevated CO2 was found to alter endophyte and alkaloid concentrations which 

may have implications for the grass-endophyte mutualism. On endophyte-infected grasses, CO2-



induced decreases in alkaloids had no effect on aphids which were unsuccessful at colonizing 

endophyte-infected plants. 

The possible causal agents of CO2-induced changes in aphid performance are discussed 

with an emphasis on amino acids. Future studies which may further elucidate these underlying 

mechanisms are addressed. 
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CHAPTER 1                                                                                          

CO2 enrichment and plant-herbivore interactions: an introduction and review 

 

1.0 INTRODUCTION 

The concentration of atmospheric carbon dioxide has risen by approximately 100 ppm since the 

onset of the industrial revolution to the current level of 390 ppm. The Intergovernmental Panel 

on Climate Change (IPCC) predicts that levels of CO2 concentration will rise to between 550 and 

1000 ppm in the next century depending on economic growth and energy use scenarios (IPCC, 

2007) though recent projections suggest that these estimates may be conservative (Raupach et al. 

2007). Increased emissions of greenhouse gases are primarily due to anthropogenic activities 

such as fossil fuel consumption and forest clearing. Greenhouse gas emissions are projected to 

cause surface air temperature increases of between 1 and 4C in the next 100 years, along with 

changes in precipitation and cloud cover. While the predictions regarding climatic changes have 

been variable across climate models (especially for changes in precipitation levels), levels of 

atmospheric CO2 are unequivocally rising. Elevated atmospheric CO2 will alter the absorption of 

carbon into the biosphere and subsequent increases in primary productivity are expected to have 

bottom-up ecosystem effects. This will likely have consequences for how species interact at all 

trophic levels. In particular, changes in plant growth and metabolism will likely have direct 

consequences for herbivore populations in both natural and agroecosystems. 

The purpose of this review is threefold: (1) to provide a brief overview of the current 

state of the literature on plant-mediated herbivore responses to elevated CO2, (2) to identify some 

of the critical gaps in our knowledge of plant and insect responses, and (3) to explore potential 

plant mechanisms underlying herbivore responses and identify potentially useful methodologies 

for this purpose. Specifically, I will address the gap in our understanding of the plant 

mechanisms driving phloem feeder responses to elevated CO2. Phloem feeder responses have 

been difficult to predict, in contrast to other feeding guilds. I will suggest some underlying plant 

mechanisms which may provide a useful starting point for explaining phloem feeder responses to 

CO2-induced changes in plant nutrition. As some have cited the relative difficulty in accessing 

pure phloem for biochemical analysis as one reason for this gap in knowledge (Pritchard et al., 

2007), I will briefly discuss the potential methodologies involved in practically achieving these 
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goals. I will end with a brief discussion of some potentially mediating factors, both biological 

and abiotic, affecting plant and herbivore responses to CO2. 

 

1.1 PLANT-HERBIVORE INTERACTIONS AND ELEVATED CO2: GUILD EFFECTS 

1.1.1 CO2 enrichment and “host plant quality” 

It has been suggested that the rising atmospheric concentration of carbon dioxide is one of the 

most important phenomena currently affecting natural and agricultural ecosystems (Pritchard et 

al., 2007) and is expected to have important implications for plant productivity, carbon storage 

and ecosystem functioning (Cotrufo et al., 1998). Many studies have attempted to predict the 

effect of elevated CO2 on populations of herbivorous insects. Projected increases are unlikely to 

have direct effects on herbivorous insects (Bale, 2002) but instead act via changes in host-plant 

quality. ‘Plant quality’ is something that is relative to the intrinsic nutritional needs and 

susceptibilities of the herbivore in question, but generally depends on the plant’s size, nutritional 

status, and its chemical and physical defences (Awmack and Leather, 2002). Plant physiological 

responses to elevated CO2 have been well documented and include increases in photosynthetic 

rate, total plant biomass, increases in leaf and shoot elongation, increased carbohydrates and a 

subsequent increase in the C:N ratio (Bazazz, 1990; Pritchard et al., 2007). Increased 

carbohydrate content has been shown to cause a dilution of plant N and reductions in the 

concentration of amino acids and soluble protein. Alterations in the carbon to nitrogen ratio are 

thought to be particularly relevant for herbivorous insects who are generally N rather than C 

limited (Mattson, 1980). It is generally thought that this CO2-induced dilution of nitrogen will 

result in decreased herbivore fitness and abundance (Coviella and Trumble, 1999). 

In addition to changes in plant primary metabolism, CO2-induced changes in plant 

secondary chemistry are also likely to impact insect herbivores. The Carbon-Nutrient Balance 

Hypothesis (CNBH; Bryant et al., 1983) has been the primary working hypothesis in the field of 

plant secondary metabolism response to CO2, and predicts that carbon-based defensive 

compounds such as phenolics and terpenoids will increase in response to the ‘excess’ carbon 

available under elevated CO2, and that nitrogen-based defensive compounds such as alkaloids, 

cyanogenic glycosides and glucosinolates, will decrease as a result of scarce nitrogen.  However, 

in a recent semi-quantitative review of this hypothesis, Ryan et al. (2010) concluded that, with 
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the possible exception of phenolics, the predictions of the CNBH were not supported. In general, 

predictions concerning CO2-induced changes in secondary chemistry have been difficult to 

formulate and may be subject to complex regulation by phytohormones (Ryan et al., 2010). 

In addition to chemical defenses, plants may also have physical characteristics that 

contribute to host plant quality for arthropod herbivores. Surface waxes, trichomes, secretory 

canals and general plant toughness (increased indigestible polymers like cellulose and lignin) can 

produce physical barriers to herbivore feeding (Walters, 2011). The challenge posed by these 

physical barriers to arthropod herbivore feeding can be dependent upon the feeding guild in 

question. For example increased plant pubescence (trichome density) may be particularly 

effective against small, sap-feeding insects but may be less effective against folivores. Leaf 

toughness can be dependent on plant functional group where certain morphologies may deter 

herbivore feeding. Grasses are generally tougher than herbaceous plants due to the deposition of 

silica (constitutes 2-5% of dry leaf mass; Massey et al., 2006, Walters, 2011) thus increasing 

abrasiveness and reducing digestibility. As a physical defense, silica deposition may be more 

effective against folivores than it is against phloem feeders (Massey et al., 2006).  

 

1.1.2 CO2 enrichment and herbivore feeding guild 

A general hypothesis has emerged according to which insect performance is thought, on average, 

to decrease under elevated CO2, primarily because of a dilution of limiting nutrients such as 

nitrogen. Since elevated CO2 is unlikely to alter all plant tissues in the same way, and since 

altered nutrient allocation to plant tissues is likely to occur under elevated CO2, it is hypothesized 

that CO2 effects on herbivory will vary among insect feeding guilds. There is a great deal of 

support for this differential guild response in the literature and it appears that whereas leaf-

chewer performance (primarily lepidopteran) appears to increase in response to elevated CO2, 

the situation for phloem-feeders remains equivocal. Predicting the response of phloem feeders, 

such as aphids, to elevated CO2 has generally proved difficult. Several studies have noted an 

improvement in aphid performance under elevated CO2 (Awmack et al., 1997; Bezemer et al., 

1999; Hughes and Bazazz, 2001), while others have observed decreases (Docherty et al., 1997; 

Newman et al., 1999; Awmack et al., 2004, Bezemer et al., 1999) and others still have found no 

change (Salt et al., 1996; Bezemer et al., 1999; Hughes and Bazazz, 2001). In a quantitative 

synthesis on guild effects and elevated CO2, Bezemer and Jones (1998) found that only phloem 
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feeders and cell-feeders responded positively to elevated CO2, while other guilds tended to 

respond negatively resulting in compensatory feeding in most cases. However, these results 

differ somewhat for the most recent meta-analysis on plant and arthropod response to CO2. In 

that study Stiling and Cornelissen (2007) examined 59 studies of plant responses and 75 studies 

of herbivore responses conducted up to 2003.  They concluded that whereas herbivore abundance 

decreased on average under elevated CO2 there was no significant effect of guild.  

 

1.1.3 The search for generality in phloem feeder responses to elevated CO2 

Table 1-1 summarizes aphid responses to CO2 in the literature and shows whether performance 

increased, decreased or was unchanged. The apparent lack of generality in aphid responses has 

caused some to suggest that aphid response to CO2 may be “idiosyncratic” and might be different 

for each host plant-aphid species combination (Bezemer and Jones, 1999; Coviella and Trumble, 

1999). This has led to the suggestion that aphid responses to a future high CO2 atmosphere may 

not be predictable (Pritchard et al., 2007). However, Newman et al. (2003a) used a mechanistic 

model of aphid population growth and grass growth physiology to show that 3 variables could 

account for the variety of population responses reported in the literature: aphid N-demand, aphid 

density-dependence and N-input into the soil. This suggests that the existence of a general 

mechanism controlling aphid responses cannot be ruled out. Despite much speculation on the 

generality of aphid responses to elevated CO2, few studies have taken a mechanistic approach to 

examining CO2-induced changes in nutritionally relevant metabolites. Metabolite analyses of 

aphid diets in the CO2 literature have not been undertaken to the same extent as whole tissue 

analyses and we know much less about the mechanisms driving CO2-induced changes in aphid 

performance than we do for other insect guilds.  

 

1.2.PHLOEM BIOCHEMISTRY AND THE DIET OF APHIDS 

1.2.1 The nutritional requirements of aphid herbivores 

Like many homopterans, most aphids (Hemiptera: Aphididae), feed exclusively on the phloem 

sap of plants (Auclair, 1963). The composition of phloem sap is vastly different from most other 

plant tissues as phloem is dominated by translocation products such as reduced nitrogen and 

simple carbohydrates (Mittler, 1958; Auclair, 1963). As the function of sieve elements is 
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predominantly the transportation of photosynthate and nutrients within the plant, phloem sap 

lacks the protein complexes and complex carbohydrates found in structural tissues (Mittler, 

1958). Relative to other plant tissues, the nitrogen concentration of phloem is low (Mittler, 1953; 

Mittler, 1958; Mattson, 1980) and as such, the diet of aphids is likely to be nutritionally inferior 

to that of other phytophagous insects. The nutritional requirements of phloem feeders are 

unlikely to be vastly different from other herbivores, which presents phloem feeders with a 

nutrient deficit (Mattson, 1980).  

The principal components of phloem sap are sugars (predominantly sucrose), potassium, 

and amino acids (Mittler, 1953; Mittler, 1958; Hall and Baker, 1972; Patrick et al., 2001). 

Phloem also been shown to contain low molecular weight polypeptides, though the function of 

phloem proteins are largely unknown (Hall and Baker, 1972; Hayashi et al., 2000; Will and van 

Bel, 2006). However, free amino acids are the principal nitrogenous compounds (Hall and Baker, 

1972; Rahbe et al., 1991) and most studies of aphid nutrition have concentrated on sugar and 

amino acid utilization. It is generally accepted that most insects are nitrogen rather than carbon 

limited (Mattson, 1980).  In aphids, this is apparent by the observation that a significant 

proportion of phloem sugars (predominantly sucrose) are excreted in honeydew (Febvay et al. 

1995).  Phloem is dominated by carbohydrates and aphids must consume vast amounts of 

carbohydrate-rich sap in order to meet their minimum nitrogen requirements. Studies using 
14

C 

radiolabelled sucrose (the predominant phloem sugar) in chemically defined diets have shown 

that aphids can excrete up to 70% of ingested sucrose (Ashford et al., 2000). Nitrogen 

fertilization of host plants has been positively correlated with aphid population growth (Honek, 

1991; Petitt et al. 1994; Ponder et al., 2000) due to an increase in the total concentration of 

phloem amino acids (Ponder et al., 2000).  

Many insects that live their lives on nutritionally poor or imbalanced diets (e.g. phloem 

sap, vertebrate blood, wood) have nutritional associations with symbiotic microorganisms.  

Endosymbiotic bacteria, predominantly from the Buchnera genus, allow aphids to utilize a 

phloem diet which generally has a low essential amino acid content (Douglas and Prosser, 1992). 

Essential amino acids are defined as those that are a requirement for optimum growth and 

functioning but cannot be synthesized in the aphid body and must instead be supplied in the diet. 

Studies in which endosymbionts were eliminated by low doses of antibiotics found that aphid 
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growth and reproduction was severely inhibited by the absence of bacteria (Sasaki et al., 1991; 

Liadouze et al., 1995; Douglas, 1996).  

Several lines of evidence suggest that plant amino acid composition and concentration 

have the strongest effect on aphid performance, at least in the context of primary metabolism. 

Early studies of the dietary requirements of the aphid Myzus persicae using chemically-defined 

diets lacking single amino acids found that methionine, histidine, and isoleucine are essential for 

the growth and reproduction of this species (Dadd and Krieger, 1968). Other studies of this 

species feeding on artificial diets showed that the overall concentration and relative composition 

of amino acids, especially those classified as essential, are important determinants of 

performance (Mittler, 1967). However, because of the presence of endosymbionts, aphids do not 

have a dietary requirement for all essential amino acids. Karley et al. (2002) speculate that poor 

aphid performance may be linked to high ratios of dicarboxylic acids to their amides (GLU:GLN 

or ASP:ASN) due to disruptions in acid homeostasis. In addition, although more than 95% of the 

amino acid content in the aphid diet goes towards protein synthesis, ingested amino acids also 

serve as neurotransmitter precursors (GLU, TYR, TRP), cuticle precursors (TYR) or 

phagostimulants (MET) (Douglas and van Emden, 2007) suggesting that amino acid limitations 

may have the potential to discrupt several aspects of physiology, development and behaviour. 

Hypothesis 1:  Since aphid population and life history responses are largely dependent on 

phloem amino acids, Rhopalosiphum padi aphid response to elevated CO2 will be dependent on 

changes in the concentration and composition of amino acids in phloem sap. 

Hypothesis 2: Since plant nitrogen dilution and resource allocation effects are thought to 

underlie herbivore responses to CO2, the effects of CO2 will be greatest in plants where nitrogen 

is limited and will be alleviated in plants with ample nitrogen (CO2 x N interaction). 

 

1.2.2 Phloem tissue responses to CO2 enrichment 

Changes in the chemical composition of tissues in response to CO2 have been well documented 

for whole plant tissues and there has been some effort to relate changes in herbivore response to 

plant chemistry for guilds such as foliage feeders. However, there is a paucity of studies in the 

CO2 literature attempting to link plant chemistry to the performance of phloem feeders such as 

aphids. Wang et al. (1995) found that phloem amino acid concentration in the CAM plant 

Opuntia ficus-indica decreased by 17% in elevated CO2, while carbohydrates, including sucrose, 
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tended to increase. A study by Geiger et al. (1998) found that minor amino acids in tobacco 

seedlings tended to increase under elevated CO2. However, neither of these studies was designed 

to link such changes to herbivory. Only a single study has attempted to link aphid performance 

under elevated CO2 to phloem response (Sun et al, 2009) and found a decrease in amino acid 

concentration in transgenic cotton grown in elevated CO2. However, there was no concurrent 

change in Aphis gossypii growth, possibly due to the aphid’s ability to undergo compensatory 

feeding, resulting in an increase in the volume of phloem ingested under elevated CO2. 

 

1.2.3 Characterization of the phloem sap diet 

The paucity of research on plant mechanisms driving the responses of aphids under elevated CO2 

may in part lie in the difficulty in accessing phloem tissues for biochemical analyses. Several 

methods are available for the collection and analysis – both quantitative and qualitative – of 

phloem sap and its constituents, but these are generally underutilized. Two of the most widely 

used methods are the aphid stylectomy technique (Unwin, 1978) and facilitated exudation 

through ethylene diamine tetraacetate (EDTA) chelation (King and Zeevaart, 1974), each with 

advantages and disadvantages. The EDTA exudation technique is a technically simple method 

for the collection of phloem sap. A section of plant tissue is excised allowing phloem to freely 

exude into a solution of EDTA which prevents sealing of the pores in the sieve plates by binding 

to calcium ions. The technique has been widely employed in studies of aphid nutrition 

predominantly concerned with the characterization of phloem amino acid profiles (Weibull et al., 

1990; Douglas, 1993; Sandstrom et al., 2000; Karley et al., 2002; Gaupels et al., 2008). 

However, the technique has several limitations. Firstly, since the volume of sap cannot be 

determined, its use is confined to qualitative assessments of the relative proportions of phloem 

sap components. In addition, samples may be contaminated by surrounding tissues once the 

incision has been made. Other problems associated with the EDTA method include the presumed 

alteration of phloem composition following wounding.   

Aphid stylectomy involves removing the mouthparts of a feeding aphid leaving the 

exuding stylet embedded in the sieve elements of the host plant. The severing of the stylet can be 

achieved using several techniques including laser removal, cutting with scissors, cutting with 

razor blades and microcautery (as reviewed in Fisher and Frame, 1984). The most common of 

these is the microcautery method whereby a short radio frequency pulse of about 20 watts is 
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delivered to a tungsten needle which then burns the stylet or labium of the grazing aphid. This 

leaves the stylet embedded in the plant sieve element, and passive exudation of phloem through 

the cut stylet occurs because of plant turgor pressure. Since this yields pure phloem sap, and 

contamination and evaporation can be easily controlled, this technique is more suitable for 

quantitative analysis of phloem composition than facilitated exudation. However, many have 

noted the difficulty in the execution of this method with many studies observing low exudation 

success rates and small volumes of exudates. Table 1-2 shows studies employing the aphid 

stylectomy technique for several plant/aphid combinations and shows the success rate and 

exudation volume and duration. Fisher and Frame (1984) concluded that the type of host plant 

used is more influential than the insect species, although it is clear that some aphid species are 

too small to be successfully utilized (Sandstrom et al., 2000). Several authors have noted that the 

method appears to work better for monocotyledons and that isolated stylets in dicotyledons often 

quickly cease exudation (Will and van Bel, 2006). This is likely the result of the elaborate 

occlusion mechanisms present in dicots (Will and van Bel, 2006) that actively block the stylet 

tips in the absence of salivary secretions. Despite the often small volumes of phloem exudates 

collected, recent advances in highly sensitive analytical methods should promote the usefulness 

of the technique. For example, high sensitivity capillary electrophoresis with laser-induced 

fluorescence detection (CE-LIF) can provide quantitative amino acid profiles in sample volumes 

as low as 2nl (Gattolin et al., 2008). 

 

1.3 PLANT AND INSECT RESPONSE TO ELEVATED CO2: POSSIBLE 

INTERACTIONS 

1.3.1 Possible role of plant symbionts in plant-mediated response of herbivores to elevated 

CO2 

Both perennial ryegrass (Lolium perenne) and tall fescue (Schedonorus arundinaceus) are widely 

distributed temperate perennials of the Poöideae subfamily that are commonly associated with 

mutualistic endophytic fungi. The asexual, seed-borne, clavicipitaceous endophytes 

Neotyphodium lolii and Neotyphodium coenophialum are specialists of L. perenne and S. 

arundinaceus respectively (Leuchtmann, 1992). The elongate hyphae of Neotyphodium 

endophytes develop in the intercellular spaces of above-ground organs and depend on the host 
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plant for nutrients (Clay, 1990). Neotyphodium endophytes are obligate mutualists who, in 

exchange for shelter, nutrition and safe transmission through the plant’s seeds, confer numerous 

benefits to their hosts (Breen, 1994). Endophytic fungi are the only known plant-associated 

microorganisms that are thought to directly increase host plant resistance to both vertebrate and 

invertebrate herbivores through the production of endophyte-derived alkaloids (Clay, 1988). 

Several studies of perennial ryegrass and tall fescue have shown that decreases in aphid survival 

occur on plants infected with endophytes (Latch et al., 1985; Kindler et al., 1990; Hunt and 

Newman, 2005; Meister et al., 2006) and that the response is dependent on the alkaloid profile of 

the endophyte (Siegel et al., 1990). Grasses themselves are relatively free of toxic secondary 

metabolites compared with other plant groups (Clay, 1990) and most resistance to herbivory is 

the result of endophyte-derived mycotoxins. Thus, in cool-season grasses chemical defences are 

derived mainly from the endophyte, making the endophyte a significant contributor to the quality 

of the grass host for herbivores (Clay, 1990). 

         Aphid response to elevated CO2 will likely depend critically on host plant quality which 

may be defined in terms of (1) plant primary metabolism (the production of nutrients such as 

amino acids) and (2) secondary metabolism (the production of defensive compounds). Thus the 

response of the endophyte-grass interaction as a whole will likely strongly impact aphid response 

to CO2. Endophyte presence may also impact the primary metabolic response of the host plant to 

elevated CO2. Recent studies have shown that endophyte infection can buffer the plants’ N-

metabolism response to elevated CO2 in both tall fescue (Newman et al., 2003b) and perennial 

ryegrass (Hunt et al., 2005). In these studies CO2-induced decreases in protein in uninfected 

plants were buffered by endophyte infection. Endophyte infection can also alter the amino acid 

composition of its grass host (Rasmussen et al., 2008a) which is expected to impact aphid 

population growth (Weibull, 1988). 

Hypothesis 3: Since elevated CO2 has been shown to dilute nitrogen metabolites in plants, the 

concentration of N-based endophyte-derived alkaloids will decrease under elevated CO2. Since 

the presence of loline alkaloids has been shown to increase aphid mortality, aphid feeding on 

endophyte-infected grasses should increase in abundance under elevated CO2. 
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1.3.2 The possible role of interacting climatic and environmental variables 

It is expected that the magnitude, and/or direction, of the effects of elevated CO2 concentrations 

on plant growth, physiology and morphology might depend upon environmental conditions such 

as soil nutrient availability, temperature, water availability and light. Such interactions may in 

turn impact the quality of plants for herbivores. Surface air temperature increases of between 1 

and 4C are expected by the year 2100 (IPCC, 2007) along with altered precipitation levels. 

Since the rate of photosynthesis is dependent on temperature, light availability and CO2 

concentration, interactions between these factors are likely to influence plant primary and 

secondary metabolism with likely implications for herbivory. Additionally, many of the primary 

and secondary metabolite responses to elevated CO2 involving nitrogen dilutions may be reduced 

by the addition of soil nitrogen fertilization. Evidence for the importance of soil nitrogen inputs 

is apparent from studies showing that the effects of CO2 on aphid population dynamics appear to 

be closely linked to soil fertility and subsequent plant nitrogen nutrition (Thompson et al., 1993; 

Sudderth et al., 2005).  

Hypothesis 4: Changes in plant parameters relevant to insect nutrition under elevated CO2 will 

be dependent on the interaction with other climate variables. There are several hypotheses about 

such interactions that are specific to different metabolites or plant growth parameters. These are 

listed in Table 2-1. 

 

1.4 GENERAL OBJECTIVES 

1.4.1 Summary of objectives 

The general purpose of this work is to identify some of the plant mechanisms that may be 

responsible for observed changes in aphid performance under elevated CO2. Because there are 

good reasons to believe that the nutritional quality of the aphid diet is strongly dependent on the 

amino acid concentration and composition of phloem, this work focuses predominantly on 

phloem nitrogen metabolism response to elevated CO2. It also attempts to identify possible 

mediating factors such as soil nitrogen fertility and endophyte infection.  

In order to more broadly assess general plant physiological responses to CO2, and to 

identify possible plant mechanisms underlying herbivore responses, an updated quantitative 

synthesis of the research on plant and insect responses to CO2 to date was undertaken. This 
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incorporates the effects of possible interacting environmental factors (temperature, nitrogen, 

water availability and light) and examines how plant responses may segregate between plant 

functional groups, and how insect responses may be dependent on guild effects.  

The majority of the study focuses on the effects of elevated CO2 on phloem amino acid 

composition and the resulting affects on aphids. To this end, measurements of phloem amino 

acid composition were carried out using both the EDTA and stylectomy method. Since aphid 

responses are likely to be host-dependent, this work was carried out on both tall fescue and 

barley plants. The population responses of Rhopalosiphum padi aphids growing on both plant 

species were assessed (abundance, density, fecundity, development time) in ambient and 

elevated CO2 conditions in closed CO2 growth chambers. The interaction between endophyte 

infection, nitrogen fertilization and CO2, was examined empirically in the tall fescue system. In 

infected tissues, CO2-induced changes in endophyte growth and endophyte-derived alkaloids 

were investigated.  
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Table 1-1: Aphid responses to elevated CO2 including aphid species name, plant species name, 

the direction of increase under elevated CO2, and the author. 

 

Aphid species Plant species Increase Decrease No change Author 

Aulacorthum solani Vicia faba x   Awmack et al. (1997) 

Aulacorthum solani Tanacetum vulgare x   Awmack et al. (1997) 

Cepegillettea betulaefoliae Betula papyrifera  x  Awmack et al. (2004) 

Brevicoryne brassicae Brassica oleracea  x  Bezemer et al. (1999) 

Myzus persicae Brassica oleracea x   Bezemer et al. (1999) 

Myzus persicae Senecio vulgaris   x Bezemer et al. (1999) 

Sitobion avenae Triticum aestivum    Chen et al. (2004) 

Aphis gossypii Gossypium hirsutum x   Chen et al. (2005) 

Macrosiphum euphorbiae Solanum dulcamara x   Flynn et al. (2006) 

Acyrthosiphon pisum Vicia faba x x  Hughes and Bazazz (2001) 

Aphis nerii Asclepias syriaca   x Hughes and Bazazz (2001) 

Aphis oenotherae Oenothera biennis   x Hughes and Bazazz (2001) 

Aulacorthum solani Nicotiana sylvestris   x Hughes and Bazazz (2001) 

Myzus persicae Solanum dulcamara x   Hughes and Bazazz (2001) 

Rhopalosiphum padi Schedonorus phoenix  x  Newman et al. (1999) 

Acyrthosiphon pisum Vicia faba x   Mondor et al. (2005) 

Chaitophorus stevensis Populus tremuloides    Percy et al. (2002) 

Aphis fabae Cardamine pratensis   x Salt et al. (1996) 

Pemphigus populitransversus Cardamine pratensis   x Salt et al. (1996) 

Brevicoryne brassicae Brassica oleracea x   Stacey et al. (2002) 

Myzus persicae Brassica oleracea  x  Stacey et al. (2002) 

Macrosiphum euphorbiae Solanum dulcamara x   Sudderth et al (2005) 

Macrosiphum euphorbiae Amaranthus viridis x   Sudderth et al (2005) 

Sitobion avenae Triticum hybernum? x   Sun et al (2009) 

Rhopalosiphum padi Triticum hybernum? x   Sun et al (2009) 

Schizaphis graminum Triticum hybernum?  x  Sun et al (2009) 

Rhopalosiphum padi Triticum aestivum x   Zhang et al. (2003) 
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Table 1-2: Studies employing the aphid stylectomy technique for several plant/aphid 

combinations. Success rate = the number of exuding stylets per stylectomy attempt. Dashes 

represent unavailable data. 

 

Host species Aphid species Stylectomy 

method 

Success 

rate 

Exudation 

rate 

Exudation 

period 

Author 

Aeer saecharinum 

 

Periphyllus lyropietus laser >0.4 - >1hr Fisher and Frame (1984) 

Arrhenatherum elatius Rhopalosiphum padi microcautery - - - Hale et al. (2003) 

Avena sativa Rhopalosiphum padi 

 

microcautery - - - Weibull et al. (1990) 

Betula pendula Callipterinella callipterus 

 

laser >0.4 - >30min Fisher and Frame (1984) 

Capsella bursapastoris 

 

Myzus persicae microcautery 0.15-0.4 - <1hr Fisher and Frame (1984) 

Dactylis glomerata Rhopalosiphum padi microcautery - - - Hale et al. (2003) 

Fragaria ehiloensis 

 

Chaetosiphon fragaefolii microcautery 0 - 0 Fisher and Frame (1984) 

Glycine max 

 

Macrosiphum pisi microcautery <0.15 - <1min Fisher and Frame (1984) 

Hordeum vulgare 

 

Rhopalosiphum padi microcautery 0.12 1µl/hr >16 hrs Gaupels et al. (2008) 

Hordeum vulgare 

 

Rhopalosiphum padi scissors/ 

microcautery 

 

>0.4 - >1day Fisher and Frame (1984) 

Hordeum vulgare 

 

Sitobium avenae scissors/ 

microcautery 

 

>0.4 - >1day Fisher and Frame (1984) 

Hordeum vulgare 

 

Rhopalosiphum padi microcautery 0.7-0.8 - - Pritchard (1996) 

Hordeum vulgare 

 

Schizaphis graminum microcautery - - - Sandström et al. (2000) 

Hordeum vulgare 

 

Diuraphis noxia microcautery - - - Sandström et al. (2000) 

Hordeum vulgare 

 

Rhopalosiphum padi microcautery - - - Sandström et al. (2000) 

Hordeum vulgare Rhopalosiphum padi 

 

microcautery - - - Weibull et al. (1990) 

Lactuca sativa 

 

Myzus persicae microcautery 0.87 0.33nl/sec 44.6 mins Van Helden et al. (1994) 

Lactuca sativa 

 

N. ribisnigri microcautery 0.77 0.46nl/sec 73.5 mins Van Helden et al. (1994) 

Lupinus sp. Macrosiphum albifrons microcautery 0.38 8.5nl/min <2hr Rahbé et al. (1991) 

Malus domestica  

 

Eriosoma lanigerum laser <0.15 - >1hr Fisher and Frame (1984) 

Medicago alfalfa Acyrthosiphon pisum microcautery 0.33 <2nl/min <1.5hr Girousse et al. (1990) 

Panicum miliaceum 

 

Rhopalosiphum padi  microcautery 0-0.4 - >1hr Fisher and Frame (1984) 

Phalaris canariensis 

 

Rhopalosiphum padi  laser/ 

microcautery 

 

>0.4 - >1day Fisher and Frame (1984) 

Phaseolus vulgaris 

 

Macrosiphum pisi microcautery <0.15 - <15min Fisher and Frame (1984) 

Picea abies 

 

Cinara sp. razor >0.4 - >1hr Fisher and Frame (1984) 

Pinus sylvestris Cinara sp.  razor 

 

>0.4 - >1hr Fisher and Frame (1984) 

Pisum sativum 

 

Macrosiphum pisi razor/ scissors 0.15-0.4 - <30min Fisher and Frame (1984) 

Raphanus sativus 

 

Myzus persicae microcautery <0.15 - <30min Fisher and Frame (1984) 

Ricinus communis Aphis fabae 

 

- - 8.3nl/min - Barnes et al. (2004) 

Salix exigua Tuberolachnus salignus 

 

razor/ scissors 0 – 0.4 - >1day Fisher and Frame (1984) 
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Sonchus oleraceus 

 

Uroleucon sonchi microcautery - - - Sandström and Moran (1999) 

Triticum aestivum 

 

Rhopalosiphum padi microcautery - 0.1-

3.8nl/min 

- Gattolin et al. (2008) 

Triticum aestivum 

 

Rhopalosiphum padi scissors/ 

microcautery 

 

>0.4 - >1day Fisher and Frame (1984) 

Triticum aestivum 

 

Sitobium avenae scissors/ 

microcautery 

 

>0.4 - >1day Fisher and Frame (1984) 

Triticum aestivum 

 

Rhopalosiphum padi microcautery - - - Sandström and Moran (1999) 

Triticum aestivum 

 

Rhopalosiphum padi scissors/ 

microcautery 

 

>0.4 - >1day Fisher and Frame (1984) 

Triticum aestivum 

 

Sitobium avenae scissors/ 

microcautery 

 

>0.4 - >1day Fisher and Frame (1984) 

Triticum aestivum 

 

Rhopalosiphum padi microcautery - - - Sandström and Moran (1999) 

Triticum aestivum 

 

Rhopalosiphum padi microcautery - - - Sandström and Moran (2000) 

Triticum aestivum Schizaphis graminum microcautery 

 

- - - Sandström and Moran (2000) 

Vicia faba 

 

Macrosiphum pisi microcautery 0.15-0.4 - >10min Fisher and Frame (1984) 

Vigna mungo 

 

Aphis craccivora microcautery <0.15 - <2min Fisher and Frame (1984) 

Vigna umbellate 

 

Aphis craccivora microcautery 0 - 0 Fisher and Frame (1984) 

Zea mays Rhopalosiphum padi microcautery 0-0.4 - >1day Fisher and Frame (1984) 
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CHAPTER 2                                                                                              

A meta-analytical review of the effects of elevated CO2 on plant-arthropod 

interactions highlights the importance of interacting environmental and 

biological variables
1 

 

2.0 ABSTRACT 

We conducted the most extensive meta-analysis of plant and animal responses to elevated CO2 

to-date.   

We analyzed >5000 data points extracted from 270 papers published between 1979 and 

2009.  We examined the changes in 20 animal response variables to the main effect of elevated 

CO2.  We found strong evidence for significant variation among arthropod orders and feeding 

guilds including interactions in the direction of response.   

We also examined the main effects of elevated CO2 on: six plant growth and allocation 

responses, seven primary metabolite responses, eight secondary metabolite responses, and four 

physical defence responses.  We examined these response variable changes under two-way and 

three-way interactions between CO2 and: soil N, ambient temperature, drought, light availability, 

photosynthetic pathway, reproductive system, plant growth rate, plant growth form, tissue type, 

and nitrogen fixation.   

In general we found smaller effect sizes for many response variables than have been 

previously reported.  We also found that many of the oft-reported main effects of CO2 obscure 

the presence of significant two- and three-way interactions, which may help better explain the 

relationships between the response variables and elevated CO2. 

 

Keywords: climate change; global warming; plant-animal interactions; insect-plant interactions; 

plant defences. 

 

                                                
1 Originally published as Robinson, E.A.*, Ryan, G.D.* and Newman, J.A. (2012) A meta-analytical review of the 

effects of elevated CO2 on plant-arthropod interactions highlights the importance of interacting environmental and 

biological variables. New Phytologist 194, 321 – 336 (* denotes co-first authorship).  
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2.1 INTRODUCTION 

In the most recent meta-analytical attempt to synthesize our knowledge about plant-animal 

interactions under elevated CO2, Stiling and Cornelissen (2007) examined 59 studies of plant 

responses and 75 studies of herbivore responses conducted up to 2003.  They concluded that: “… 

elevated CO2 significantly decreased herbivore abundance (–21.6%), increased relative 

consumption rates (+16.5%), development time (+3.87%) and total consumption (+9.2%), and 

significantly decreased relative growth rate (–8.3%), conversion efficiency (–19.9%) and pupal 

weight (–5.03%). No significant differences were observed among herbivore guilds. Host plants 

growing under enriched CO2 environments exhibited significantly larger biomass (+38.4%), 

increased C/N ratio (+26.57%), and decreased nitrogen concentration (–16.4%), as well as 

increased concentrations of tannins (+29.9%) and other phenolics.”   

While there is support for these conclusions, on average, there are nevertheless many 

individual experiments in which there is either no effect of CO2, or the results are in the opposite 

direction. Since the experimental increases in CO2 are unlikely to directly affect arthropods, any 

changes, positive or negative, are caused indirectly via changes in the quality of the host plants 

as a food source. Changes in nutritional quality and/or plant defences that result from the 

alteration of the carbon and nitrogen economy within the plant will translate into benefits or 

detriments for their arthropod herbivores.  We think that more progress will be made in 

understanding, and so predicting, arthropod responses to elevated CO2, if we more closely 

consider plant quality responses to elevated CO2. 

2.1.1 Changes in host plant quality 

Plant biochemistry under ambient and elevated CO2 has been studied extensively.  Some general 

responses are frequently observed.  For example, it is very common for the C/N ratio in the leaf 

tissue to greatly increase.  Since nitrogen is thought to be the limiting nutrient for arthropods 

(Mattson, 1980), it is generally thought that this will result in increased per capita herbivore 

consumption and/or decreased herbivore fitness (Coviella and Trumble, 1999). And there is 

generally support for this view from the Stiling and Cornelissen (2007) study, as discussed 

above.  Beyond these very general nutritional responses, ‘plant quality’ is something that is 

relative to the needs and susceptibilities of the herbivore in question, but generally depends on 
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the plant’s size, nutritional status, and its chemical and physical defences (Awmack and Leather, 

2002). 

The Carbon-Nutrient Balance Hypothesis (CNBH; Bryant et al., 1983) has been the primary 

working hypothesis in this field, and predicts that carbon-based defence compounds like 

phenolics and terpenoids will increase as a result of the ‘excess’ carbon under elevated CO2, and 

that nitrogen-based defence compounds such as alkaloids, cyanogenic glycosides and 

glucosinolates, will decrease as a result of the scarce nitrogen.  In a recent semi-quantitative 

(vote counting) review of this hypothesis, Ryan et al. (2010) analyzed 608 data points from plant 

secondary metabolites under elevated CO2 with measurements taken from 102 species.  They 

found that, all things being equal, with the possible exception of phenolics, these predictions 

were not supported.  Under elevated CO2, N-based compounds increased (18% of cases) about as 

often as they decreased (16% of cases). For the carbon-based terpenoids, concentrations 

increased in 11% of cases and decreased in 27%. The same was true for the C-based volatile 

class with increases in 17% of cases and decreases in 23% of cases. In the phenolic class 

however, allelochemicals increased in 50% of cases with decreases in only 7% of cases.  

 The CNBH is, of course, context-dependent, depending on available plant resources, 

light, and other environmental variables (for review, see Ryan et al., 2010).  Ryan et al. 

considered the nitrogen context to be most relevant.  They examined 378 cases of carbon-based 

allelochemical changes under elevated CO2, for which nitrogen concentrations were measured 

simultaneously.  In only 32% of the 261 cases where the nitrogen concentration decreased under 

elevated CO2, did carbon-based allelochemicals also increase. When only tannins were 

considered, 52 out of 106 cases reported simultaneous decreases in nitrogen and increases in 

tannins. Thus, even when nitrogen concentrations are considered, the results of empirical studies 

of allelochemical allocation under elevated CO2 are only weakly predicted by existing 

frameworks such as the CNBH (Ryan et al., 2010).  

In addition to chemical defenses, plants may also have physical characteristics that 

contribute to host plant quality for arthropod herbivores. Surface waxes, trichomes, secretory 

canals and general plant toughness (increased indigestible polymers like cellulose and lignin) can 

produce physical barriers to herbivore feeding (Walters, 2011). The challenge posed by these 

physical barriers to arthropod herbivore feeding can be dependent upon the feeding guild in 

question. For example increased plant pubescence (trichome density) may be particularly 
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effective against small, sap-feeding insects but may be less effective against folivores. Leaf 

toughness can be dependent on plant functional group where certain morphologies may deter 

herbivore feeding. Grasses are generally tougher than herbaceous plants due to the deposition of 

silica (constitutes 2-5% of dry leaf mass; Massey et al., 2006, Walters, 2011) thus increasing 

abrasiveness and reducing digestibility. As a physical defense, silica deposition may be more 

effective against folivores than it is against phloem feeders (Massey et al., 2006). C4 plants tend 

to be tougher than C3 plants due to Kranz anatomy (starch-rich bundle sheath cells which 

surround plant vascular bundles).  

Plant physical defenses have received far less attention than plant chemistry in studies of 

insect nutritional ecology and elevated CO2. Leaf toughness can be measured by punch strength 

(units of force) or fracture toughness, which is highly correlated with the index of sclerophylly 

(ratio of fibre to protein) and thus is a useful food quality determinant (Choong et al., 1992). 

Only a handful of studies have measured leaf toughness under elevated CO2 and this parameter 

has generally been shown to increase, thus decreasing the food quality of herbivores. However, 

in the absence of toughness measurements, specific leaf weight (or its inverse, specific leaf area) 

and leaf thickness may serve as a reasonable approximation of this parameter (Lincoln et al., 

1993). In a review of plant structure under elevated CO2, Pritchard et al. (1999) report that 

specific leaf area (m
2
 leaf g

-1
 DM) decreased for trees, wild non-trees, and crop species (–14%, –

20%, and –6% respectively) under elevated CO2. Again, this suggests an increase in plant tissue 

toughness and subsequent decrease in host plant quality under elevated CO2; however the effects 

of this on herbivores may be dependent on feeding guild. Studies of trichome density are fewer 

still though two studies conducted to date have reported decreases in trichome density under 

elevated CO2 (Masle, 2000, Bidart-Bouzat et al., 2005).  

2.1.2 The importance of interactions 

There are good biological reasons to expect that the magnitude, and/or direction, of the effects of 

elevated CO2 concentrations on plant growth and quality might depend upon any or all of these 

environmental conditions: soil nutrient availability, temperature at which the comparisons are 

made, and the availability of either water or light.  We expect that many of the primary and 

secondary metabolite responses, involving nitrogen, to elevated CO2 might be reduced by the 

addition of soil N. Since the rate of photosynthesis depends on both the concentration of 
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atmospheric CO2, and on the ambient temperature, there is every reason to suppose that this 

proximate mechanism will influence the plant’s primary and secondary metabolism.  

Photosynthesis is also limited by water availability, although it is unclear whether this limitation 

is mainly due to stomatal regulation or to metabolic changes in ATP synthesis.  In any case, like 

temperature, there is every reason to believe that the plant’s photosynthetic response, and as a 

result its primary and secondary metabolism, will be dependent upon the interaction between 

elevated CO2 and drought status (for review see e.g. Newman et al., 2011).   

 Despite these expectations, experiments that combine manipulation of CO2 

concentrations and these other environmental variables are relatively uncommon, probably due 

to the technical challenges inherent in conducting such research.  Nevertheless, the presence of 

interactions makes it difficult to interpret the impacts of elevated CO2 per se, in experiments that 

do not manipulate all, or at least some, of these environmental conditions.  In this review, we 

show that the available research demonstrates that the responses of plants to elevated CO2 

regularly depend upon such interactions, and thus we suggest that more experiments that 

manipulate only CO2, will add little to what we already know. 

 In this review we used meta-analysis to examine the responses of arthropods and host 

plants to elevated CO2 and the interactions between elevated CO2 and temperature, soil nitrogen, 

water availability and light levels.  We purposefully ignored CO2 by O3 interactions, which have 

been well studied, and recently reviewed elsewhere (Valkama et al., 2007, Bidart-Bouzat and 

Imeh-Nathaniel, 2008, Lindroth, 2010).  For the animal and plant responses, we examined the 

hypotheses shown in Table 2-1.  For about half of these hypotheses we have some prior 

expectation based on experimental work from the literature. 

2.2 METHODS 

2.2.1. Herbivore responses database 

The implications of elevated CO2 for herbivore performance were investigated by performing the 

following search for papers published from 1998 to 2009 in Web of Science: ‘(elevated, 

increased) + (CO2, carbon dioxide) + (insect, herbivor*, parasit*, predator*)’. In order to expand 

the search for non-insect arthropod herbivores and arthropod decomposers of foliage, the 

following searches were later performed: ‘(elevated, increased) + (CO2, carbon dioxide) + 

(herbivor*) + (snail, gastropod*, mite, Acarina, spider, Araneae)’ and ‘(elevated, increased) + 
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(CO2, carbon dioxide) + decomposer’.  Papers published prior to 1998 and cited in reviews by 

Coviella and Trumble (1999) and Stiling and Cornelissen (2007) were also included in our 

database. We included only those studies that reported means, variances (standard deviation or 

standard error), and sample sizes at both ambient and elevated CO2 levels. When a study had 

herbivore response data for more than one elevated level of CO2, we recorded the difference 

between the ambient level and the highest level of CO2. The lowest sample size within a range 

was used, along with the mean and variances from the last time point in a time series (see section 

on plant responses for reasoning). Where subjects were divided into groups (e.g. gender, 

generation) for a given response, effect sizes were calculated separately for each group. In the 

case where data were grouped by gender, with results for males and females being recorded 

separately but with only a total sample size being given, a sex ratio of 1:1 was assumed to 

determine the male and female sample sizes.  

Although many of these data are not strictly independent (e.g. gender, generation, species 

data within a single study) we included this information rather than sacrifice valuable data and 

possibly bias our results with their exclusion, as has been suggested by Koricheva et al. (1998) 

and Stiling and Cornelissen (2007). For studies that manipulated factors other than CO2 (e.g. 

temperature, fertilization, light, etc.), values from the treatment level that most closely 

represented subjective ‘ambient conditions’ were used in the analysis. In total, 122 studies met 

our criteria (a list of definitions and variables extracted from each study is given in Appendix 3, 

and complete references are listed in Appendix 4), providing data on 20 herbivore response 

variables. 

 

2.2.2 Plant responses database 

To first consider the phytochemical and growth responses of plants to an increase in atmospheric 

[CO2] in combination with an increase in temperature, an increase in nitrogen availability, 

drought, or shade, we used the papers that were included in a recent review (Ryan et al., 2010) 

and then performed a literature search in Google Scholar to expand on this database using the 

search terms ‘(plant) + (nitrogen, temperature, light, drought, irrigation) + (elevated, increase, 

enrichment) + (CO2, climate change)’. Studies that gave means, variances (standard deviation or 

standard error) and sample sizes for full factorial CO2 x temperature, nitrogen, drought/irrigation, 

or light/shade experimental manipulations were included in the database.  In total, 170 studies 
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met our criteria for inclusion in the meta-analysis and numerous phytochemical and growth 

parameters were extracted from these studies. A detailed list of the variables that were extracted 

from these studies can be found in Appendix 1, however, due to small sample sizes, many of 

these variables had to be pooled for analysis.  Some of these studies looked at the interaction of 

CO2 with more than one of the other factors but, when considered separately, 40 looked at the 

interaction of CO2 with temperature, 98 with nitrogen, 45 with drought, and 6 with shade (a list 

of variables extracted from each study is given in Appendix 2, and complete references are given 

in Appendix 4). For studies that reported plant response to more than one elevated level of a 

factor (CO2, temperature, nitrogen, water, or light), we used the difference between the control 

and the highest level of the factor to calculate effect sizes. When a range of sample sizes was 

given in a study, the lowest value from the range was used in the meta-analysis. We believed this 

to be the most conservative use of these data since individual effect sizes are weighted based on 

sample sizes. For studies that reported plant response over time, values from the last time point 

in the series were included since they would more closely represent the longer term effects of 

elevated CO2. Where data were presented graphically, we measured the number of pixels in 

Adobe Photoshop Elements 8.0 and converted these values to the correct units. 

 

2.2.3 Statistical analysis 

For our meta-analyses of plant and herbivore responses to elevated CO2 and, in the case of 

plants, to other changes in environmental conditions, we used the program Metawin 2.1 

(Rosenberg et al., 2000). The natural log of the response ratio was used as a measure of effect 

size (ln R = ln (elevated/ambient)) since it can be easily interpreted. A negative proportion 

indicates a decrease in a variable under elevated CO2 levels compared with ambient and a 

positive proportion represents an increase (Rosenberg et al., 2000). For each plant and herbivore 

response variable, we first performed a meta-analysis using a random effects model to look at the 

main effects of elevated CO2.  This model assumes that there is one true effect size but that, in 

addition to sampling error, there is also random variation in effect sizes between studies 

(Rosenberg et al., 2000).  

Many meta-analyses consider cumulative effect sizes to be significant, if and only if, 

their confidence intervals do not overlap zero.  That is a simplistic, but conservative approach, 

since significant results are possible even when confidence intervals do overlap zero. Instead, we 
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therefore performed Z-tests (Bland and Peacock, 2002) for each response variable for the main 

effects of CO2, to determine more rigorously their significance. The Z-values were calculated by 

dividing the cumulative effect size by the standard error of that effect size (Bland and Peacock, 

2002). 

 Since only published studies could be included in our meta-analyses, we performed a fail-

safe analysis for each response variable using Rosenthal’s method in order to determine how 

many missed or unpublished studies with non-significant results would need to be added to our 

analysis in order to make significant cumulative effect sizes non-significant. If the fail-safe 

number was large relative to the sample size ( ≥5x + 10 where x is the sample size) then we 

assumed that the results of the meta-analysis reliably estimated the true effect (Rosenthal, 1979, 

Rosenberg et al., 2000). Throughout, we express this as the ratio of our calculated fail-safe value 

to Rosenthal’s critical value.  Thus, ratios larger than one exceed Rosenthal’s criterion.  

Categorical Variables.  We used a random model with categorical structure for each 

response variable (also referred to as a mixed model) to investigate interactions between CO2 and 

various biological and environmental categorizations. For these categorical models, the 

heterogeneity between groups (QB) and the heterogeneity within groups (QW) were tested against 

a χ
2
-distribution, with a significant QB indicating differences in effect sizes between groups and a 

significant QW indicating remaining heterogeneity among effect sizes that had not been 

explained by the model (Rosenberg et al., 2000).   

For plant responses, we investigated interactions between CO2 and: temperature (ambient 

or elevated), drought (well watered or drought), nitrogen level (low N or high N), and light level 

(light or shade).  We divided the plant responses by growth form (grass, herb/forb, sedge, shrub, 

and tree), growth rate (fast, moderate or slow), reproductive system (angiosperm or 

gymnosperm), whether or not it was a leguminous plant (N-fixer or Non N-fixer), and 

photosynthetic mechanism (C3 or C4).  With the exception of photosynthetic mechanism, these 

classifications were obtained from the USDA Natural Resources Conservation Service online 

“PLANTS Database” (http://plants.usda.gov/java/factSheet).  We categorized the herbivores by 

feeding guild (foliage feeders, leaf-miners, leaf-tiers, phloem feeders, decomposers, cell-feeders, 

and scrapers) and by order, or subclass for mites (Acari, Coleoptera, Diptera, Gastropoda, 

Homoptera, Hymenoptera, Isopoda, Lepidoptera, and Orthoptera).   
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 Three-Way Interactions.  For plant response variables only, we investigated whether the 

biological categorizations interacted with the environmental variables, to determine the effect of 

elevated CO2.  To do this, for each level of the biological category, we performed two meta-

analyses, one for each level of the environmental variable, using a random effects model. In one 

we estimated the mean effect of elevated CO2 at the ambient level of the environmental variable 

(temperature, nitrogen, water, or light) and, in the other, we estimated the mean effect at the 

elevated level of the environmental variable.  For each level of the biological category, we 

determined the statistical significance of the environmental interaction using a technique 

borrowed from biomedical research (Altman and Bland, 2003). We first found the difference (d) 

between the cumulative effect size at the ambient level of the environmental variable and the 

cumulative effect size at the elevated level of that variable.  We calculated the standard error of 

the difference, SE(d), using the width of the confidence intervals for these two cumulative effect 

sizes and we then performed a Z–test where Z = d/SE(d) (Altman and Bland, 2003).  If only 

some of the levels within a plant biological category showed significant interactions then we 

considered this a three-way interaction.  

 By way of illustration of this method, consider the interaction between nitrogen 

fertilization (high or low), nitrogen fixation (N-fixers or Non N-fixers) and CO2 (ambient or 

elevated) on the concentration of nitrogen in plant leaves.  For each level of N-fixation we 

performed two meta-analyses, one for each level of N-fertilization and calculated the difference 

between the effect sizes and the standard error of these differences.  For the four combinations of 

N-fertilization and N-fixation we found (mean effect size ± standard error of the mean): [low N, 

Non N-fixer] = –0.1766 ± 0.0103; [high N, Non N-fixer] = –0.1308 ± 0.0133; [low N, N-fixer] = 

–0.1116 ± 0.0310; [high N, N-fixer] = –0.0879 ± 0.0415.  The standard error for the differences 

is the square root of the sum of the individual squared standard errors.  So for Non N-fixers, the 

difference in effect sizes of elevated CO2 at low and high N is –0.0458 ± 0.0168, which yields a 

Z-test of Z = –2.73 and P = 0.007.  For N-fixers this difference is –0.0237 ± 0.0518, which yield 

Z = –0.46 and P = 0.65.  These results suggest that the difference in the effect of elevated CO2 

between levels of N-fertilization depends upon whether or not the plant is an N-fixer, and hence 

indicate the presence of a three-way interaction.  

Caution should be taken when interpreting these three-way interactions due to differences 

in sample sizes between biological groups. A CO2 by environmental factor interaction may be 
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significant in one group, but not in another, simply as a result of the discrepancy in sample sizes, 

with the group with a small sample size showing no significant interaction (i.e. a possible Type II 

error).  For example, in the illustration shown above, the sample size for the Non N-fixing plants 

was 157, while for the N-fixers it was just 18.  One way to reduce the possibility of the Type II 

error is to use less stringent α-levels (e.g. α = 0.1) for the differences based on smaller sample 

sizes.  For a Z-test this is equivalent to using a one-tailed rather than two-tailed hypothesis test.  

In the case of the example shown above, such an adjustment does not change our interpretation.  

Throughout the results section we utilize the standard two-tailed hypothesis test (i.e. we assume 

α=0.05), but in the appendices we report probabilities based on both one-tailed and two-tailed 

tests to allow readers to decide for themselves if such an adjustment is appropriate.  While the 

adjustment does make a difference in some cases, many of the results reported below are robust 

to this choice. 

2.3 RESULTS 

2.3.1 Herbivore responses to elevated CO2 

When the data from all of the insect orders and feeding guilds were combined, there was a 

significant decrease in relative growth rate (–4.5%) and a significant increase in relative 

consumption rate (+14%) under elevated CO2 (Fig. 2-1).  Conversion efficiencies for both 

ingested and digested food also decreased under elevated CO2 (–17% and –12% respectively).  

While there was no change in larval/nymphal weight, there were decreases in both pupal weight 

and adult weight (–5.5%). However, the fail-safe number for adult weight was less than 

Rosenthal’s critical value (Rosenthal, 1979). Herbivores exposed to elevated levels of CO2 had 

longer development times (+3.5%). Even though there was no effect of CO2 on survival or 

abundance, relative damage to plants was greater (+22% ) under elevated CO2.  Some of the 

responses reported in Fig. 2-1 are based on too few studies to make meaningful statistical 

inferences, most notably life span and rate of parasitism/predation.  See Appendix 5a for 

complete results. 

 Dividing the data based on insect order revealed significant responses to elevated CO2 for 

variables that were obscured when the data were combined. While fecundity decreased under 

elevated CO2 for Coleoptera, Lepidoptera, and Orthoptera, (–13%, –13%, and –34% 

respectively) it increased significantly in Homoptera (+8.5%; see Fig. 2-2b). Both survival 
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(Appendix 5b) and abundance (Fig. 2-2a) significantly increased in Homoptera under elevated 

CO2 (+16% and +22% respectively) while these two variables decreased in Lepidoptera (–7% 

and –65% respectively). The abundance of mites (Acari) also increased under elevated CO2 

(+59%), but there was no significant effect on Coleoptera or Thysanoptera (Fig. 2-2a). The 

results for all other variables divided based on orders can be found in Appendix 5b.  

Fig. 2-2 also shows the most important interactions between feeding guild and CO2 for 

arthropod performance.  The remainder of the effects are given in Appendix 5c.  Significant 

heterogeneity between feeding guilds was found for development time (Tab. S1.c), with 

development time increasing significantly in foliage feeders (+5%) but decreasing in phloem 

feeders (–3%). For fecundity (Fig. 2-2b) we see decreases in foliage feeders (–14%), increases in 

phloem feeders (+8%), and no significant effect on scrapers or decomposers.  Finally, for 

abundance (Fig. 2-2a), we see increases for phloem-feeders (+22%) and scrapers (+59%), 

decreases for leaf-miners (–70%), and no significant differences for folivores (see Appendix 5c 

for details). 

2.3.2 Plant responses 

Plant responses: main effects: Fig. 2-3 shows the main effects of elevated CO2 on all plant 

response variables measured.  For comparison, the results from Stiling and Cornelissen (2007) 

and Zvereva and Kozlov (2006) are also shown.  In general, the growth and allocation response 

followed common predictions of plant response to elevated CO2. Both plant biomass and the C/N 

ratio increased under elevated CO2 (+25% and +19% respectively) while nitrogen concentration 

decreased (–15%).  Protein (-10%) and amino acids decreased, but the fail-safe number for 

amino acids was below Rosenthal’s critical value, likely due in part to the small sample sizes. 

Total carbohydrates, starch, soluble sugars and total non-structural carbohydrates increased 

under elevated CO2 (+23%, +50%, +8%, +39% respectively), but structural carbohydrates 

decreased significantly (–13%). Under elevated CO2: nitrogen-based secondary metabolites 

decreased (–16%), total phenolics, condensed tannins and flavonoids increased (+19%, +22%, 

+27% respectively), and plant terpenoid concentrations decreased (–13%). Several plant physical 

characteristics commonly used in estimates of ‘toughness’ showed consistent responses under 

elevated CO2. Leaf toughness and specific leaf weight increased (+11%, +18% respectively), and 
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a non-significant decrease in the specific leaf area, all suggest an increase in general ‘toughness’ 

under elevated CO2. Further main effects and test details are shown in Appendix 6a - 6e. 

 

Plant responses: interactions: Although the plant responses reported in the main effects 

subsection appear clear enough, a more thorough analysis reveals that many of these responses 

actually depend upon interactions between CO2 and other conditions.  In this section we explore 

some of these two-way and three-way interactions.  Effect sizes, sample sizes, and significance 

tests for all interactions between CO2 and biotic and environmental variables can be found 

Appendix 6 and 7. 

Biological variable interactions:  When main effects of CO2 on plant response variables 

were divided into various categorical groups based on biological variables, we tended to find that 

the general result held for some, but not all of those groups.  For example, although there is a 

strong and significant decrease in nitrogen concentrations under elevated CO2 (–16%; see Fig. 2-

3), that effect was only true for C3 plants.  C4 plants, on average, showed no change in nitrogen 

concentrations (see Appendix 6a).  In other cases, although all the categories changed in the 

same direction, the magnitude of change was dramatically different.  For example, the overall 

decrease in nitrogen concentration just considered, is about twice as strong for aboveground 

tissue than it is for belowground tissue (–17% vs. –7%).  In this section we highlight some of 

these more striking interactions.  The complete results of this analysis are presented in the 

appendices. 

 Many of the main effects of elevated CO2 hide differing responses by grasses, shrubs, 

herbs/forbs and trees.  This was particularly true for the secondary metabolites (see Appendix 6d 

for the complete analysis).  Fig. 2-4 shows that herbs/forbs were more responsive than the other 

groups for the: total phenolics, total glycosides, phenylpropanoid acid intermediates, and total 

flavonoids. The overall significant decrease in total terpenes (Fig. 2-3) actually comprises a 

significant positive response by shrubs and a negative response by trees (Fig.2-4). The overall 

non-significant response of the total glycosides (Fig. 2-3) hides a significant positive response by 

the trees and a significant negative response by the herbs/forbs (Fig. 2-4).  There were also large 

differences among these groups in their responses to: biomass, root:shoot ratio, protein, C/N 

ratio, total carbohydrates, starch, total non-structural carbohydrates, and total structural 

carbohydrates (see  Appendix 6). 
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Comparing N-fixing plants to non N-fixing plants, there were several large differences.  

Plant nitrogen concentration declined more under elevated CO2 for the non N-fixing plants (–

17%) than for the N-fixers (–10%).  The increase in total carbohydrates under elevated CO2 was 

greater for N-fixers (+30%) than for non N-fixers (+20%).  Surprisingly, protein concentrations 

declined twice as much for N-fixers than for non N-fixers (–16% vs. –8%).  Total phenolics 

increased twice as much under elevated CO2 for the N-fixers than for non N-fixers (+35% vs. 

+16%).  Total flavonoids increased more than four times as much under elevated CO2 for the N-

fixers than for non N-fixers (+60% vs. +13%).  The complete results of this analysis are 

presented in Appendix 6. 

 Gymnosperms were more responsive than angiosperms for biomass (+40% vs. +27%) 

and soluble sugars (+43% vs. +5%).  Angiosperms were more responsive than gymnosperms for: 

starch (+58% vs. 10%), total phenolics (+23% vs. +10%) and condensed tannins (+27% vs. 

+13%). Gymnosperms and angiosperms responded in opposite directions for their total terpenes 

(–30% vs. +13%). The complete results of this analysis are presented in Appendix 6. 

 Some large differences also emerged when comparing ‘fast’, ‘moderate’, and ‘slow’ 

growth forms.  C:N ratios increased about twice as much under elevated CO2 for moderate 

growth forms than for fast or slow growth forms (+28%, +18% and +13% respectively).  On the 

other hand, starch was more responsive in fast growth forms than for slow or moderate (+60%, 

+35%, +28% respectively).  Total terpenes were significantly depressed under elevated CO2 in 

both the slow growth forms (–17%) and the fast growth forms (–50%) while the moderate 

growth forms showed a small increase (+9%). The complete results of this analysis are presented 

in Appendix 6. 

Environmental variable interactions:  Not surprisingly, soil nitrogen and CO2 interacted 

in their effects on several plant variables (Fig. 2-4).  Total plant biomass responses to elevated 

CO2 were stronger under high nitrogen compared with low nitrogen treatments (+32% vs. 

+19%). Plant nitrogen concentrations declined under elevated CO2, but the effect was more 

pronounced in low nitrogen than in high nitrogen (–17% vs. –13%), suggesting that fertilization 

may buffer decreases in plant nitrogen. Total terpene emission rates did not significantly differ 

under the main effect of elevated CO2. However, there was a significant interaction with soil 

nitrogen such that these rates increased under elevated CO2 and high soil N, but decreased under 

elevated CO2 and low soil N.  
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A significant CO2 by temperature interaction was observed for total glycosides (Fig. 2-4). 

Although there was no significant main effect, an interaction with temperature shows that there 

was a significant increase when both CO2 and temperature were elevated (+17% vs. –12%). 

Finally, there was only one response variable that depended on the interaction between CO2 and 

drought: total terpene emission rates.  As mentioned above, these emission rates did not depend 

on the main effect of elevated CO2, but we saw a decline in these rates under well watered 

conditions but not under drought conditions (–34% vs. –2%). 

On the one hand, the relative paucity of two-way interactions between CO2 and these 

seemingly important environmental variables is encouraging, since it suggests that for many 

variables just studying the main effects will be sufficient.  On the other hand, this encouraging 

interpretation loses some clarity when we consider three-way interactions below. 

Environmental by biological by CO2 interactions: There were many three-way 

interactions between CO2, temperature and one or more biological variables on plant nitrogen 

concentrations (Fig. 2-5a), plant biomass (Fig. 2-5b), and phenolic concentrations (Fig. 2-5c,d).  

The particular biological groupings involved in the interactions varied by response variable and 

did not seem to generalize.  Surprisingly there was little evidence of CO2 x drought x biological 

variable interactions.  We found significant evidence of a three-way interaction only for soluble 

carbohydrates (angiosperms: well watered = +2%, drought = +10%; gymnosperms: well watered 

= +49%, drought = +150%).  Finally, and perhaps not surprisingly, the richest source of three-

way interactions were those involving CO2 x soil nitrogen.  Many, but not all of these three-way 

interactions are depicted in Fig. 2-6. Again, the particular biological groupings involved varied 

by response variable. See Appendix 7 for the complete results.   

2.4 DISCUSSION 

2.4.1 Searching for general responses to elevated CO2 

Of the 122 studies we examined that documented herbivore responses to elevated CO2, 98 (80%) 

of these also measured some plant parameters, most often: biomass, leaf nitrogen concentration, 

or C/N ratio. Only 26 (21%) of studies examined interactions with abiotic parameters 

(temperature, light, water and nitrogen fertilization). Due to the limited number of studies of 

plant chemistry in the herbivore literature, the limited number of plant parameters measured, and 

the fact that interactions between abiotic factors and CO2 have been rarely studied in the context 
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of herbivory, we expanded our search to include studies of elevated CO2 and plant chemistry 

resulting in an additional 148 studies beyond the herbivore dataset. Plant parameters known to 

have an effect on herbivore success were extracted in the hope that an examination of these 

parameters may help to provide a mechanistic framework for herbivore responses to elevated 

CO2. 

The data presented in this meta-analysis suggest that elevated CO2 will induce changes in 

plant chemistry, physiology and morphology that are likely to impact the nutritional quality of 

host plants for insect herbivores.  We observed a general increase in total carbohydrates (+23%) 

under elevated CO2; we saw increases in starch (+50%), total nonstructural carbohydrates 

(+39%) and soluble sugars (+8%). The only carbohydrate group that decreased under elevated 

CO2 was the structural carbohydrates (–13%) though fewer studies (22 datapoints from 7 

independent studies) measured structural carbohydrates compared with other forms. While 

increased carbohydrates may act as an additional energy resource or phagostimulant for insect 

herbivores (Bernays and Chapman, 1994), the increased concentrations of carbohydrates 

observed under elevated CO2 can also dilute more limiting nutrients such as nitrogen-based 

metabolites like soluble protein and free amino acids. This dilution effect is evidenced by the 

highly significant increase in the C/N ratio (+19%) observed here.  Total plant N (–16%), amino 

acids (–14%) and soluble protein (–10%) were also reduced by elevated CO2. The efficiency 

with which an herbivore can convert ingested plant tissue into its own biomass (i.e. ECI) is 

positively correlated with plant nitrogen content (Mattson, 1980) suggesting that, in general, 

elevated CO2 may change plant nutrient dynamics in a way that will negatively impact insect 

herbivores. This is consistent with the herbivore results presented here where the efficiency of 

conversion of both ingested and digested food decreased with elevated CO2 (–17% and –12% 

respectively). However, it is worth noting that all of the studies in this meta-analysis that 

examined efficiency of conversion did so only for foliage feeders; information about these 

parameters for other feeding guilds is absent from this literature.  This highlights the need for 

caution in making generalized interpretations of such data – where different performance 

parameters are more easily or commonly applied to different feeding guilds.  

One of the difficulties in relating general plant chemistry responses to insect herbivory is 

the fact that different plant tissues may have differential responses to elevated CO2 and the 

subsequent effects on herbivores will depend on the feeding guild involved. Indeed, here we 
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observe notable differences in herbivore responses when divided into feeding guild or arthropod 

order. On average it appears that phloem feeders, such as Homoptera, respond positively to 

elevated CO2 while foliage feeders/Lepidoptera, on average, respond negatively.  However, in 

this dataset, of the 15 papers that related phloem feeder performance to plant chemistry, only a 

single paper actually measured CO2-induced changes in phloem composition, while the rest 

related performance to whole tissue chemistry. This is likely a reflection of the difficulty in 

extracting pure phloem from plant tissues. Since it is not clear to what extent whole-plant 

changes are related to changes in individual tissues, examining whole-tissue chemistry in the 

context of phloem feeders may be of limited value. This disparity in the literature suggests that 

we know much less about the plant mechanisms that drive phloem feeder/Homoptera responses 

to elevated CO2 than we do for other feeding guilds.  

The main effects of CO2 on herbivores (see Fig. 2-1) may be dependent on interacting 

abiotic factors, though this has not been widely studied. For example fertilization can bring about 

changes in nitrogen quality and quantity (see e.g. Newman et al., 2003a) and has the greatest 

effect on soluble nitrogenous compounds (amino acids, soluble proteins, amides) that are likely 

to be crucial limiting nutrients for herbivores (Mattson, 1980). This may have important 

implications for how herbivores respond to elevated CO2 in natural (N-limited) vs. agricultural 

(N-rich) ecosystems.  In this meta-analysis we observed that nitrogen fertilization resulted in a 

smaller CO2-induced reduction in total N (–12.6% vs. –16.9%), soluble protein (–11% vs. –19%) 

and amino acids (–9.7% vs. –25.1%) and a smaller increase in the C/N ratio (+16% vs. +20%). 

While these changes suggest that fertilization may lessen the negative impacts of CO2 on 

herbivore performance, nitrogen fertilization here was also shown to lessen the CO2-induced 

reduction in N-based secondary metabolites (–7.9% vs. –27.0%).  

Interactions between CO2 and temperature, light and drought, and their effects on plant 

chemistry and insect herbivores have been much less well studied. These variables can 

significantly alter plant responses to CO2, although our results are only really convincing for the 

effects of temperature. Indeed, the general lack of interactions involving drought or light was 

rather surprising.  Even the often-discussed interaction between elevated CO2 and drought on 

biomass was not significant in this meta-analysis.  The effect of elevated CO2 was nearly 

identical between the 85 data points comparing well watered plants and those experiencing 

drought conditions (+29% vs. +31%). It is not clear what we should make of this result.  There 
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are good theoretical reasons to expect this interaction, based on basic principles of plant 

physiology, and yet the data do not support this expectation. 

2.4.2 Limitations and future studies 

One limitation of this review is the same as was encountered by Coviella and Trumble (1999) in 

one of the first ever attempts to review plant-insect interactions under elevated CO2: the insects 

studied are heavily dominated by a few groups.  Herbivore responses are far better studied for 

Lepidoptera than for any other order and so our view of arthropod responses is strongly biased 

by this one order. 

 We have suggested that perhaps more progress can be made in understanding, and so 

predicting, herbivore responses to elevated CO2, if we incorporate more information about 

changes in plant nutritional quality and defences. We showed that many potential indicators of 

nutritional quality and defence depend upon interactions between CO2 and other environmental 

variables such as temperature and nutrient status.  The obvious next step would be to link these 

to changes in herbivore performance, but this is problematic for at least three reasons.  First, 

there is a reasonably large sample size for herbivore responses, which we might hope to relate to 

changes in indicators of plant quality.  However, we have shown that these herbivore responses 

depend upon herbivore guild (Fig. 2-3), and for many variables, each guild is represented by 

relatively few studies.  It will therefore be difficult to make a quantitative connection between 

herbivore response and plant quality indicator.  A second, related problem, is that often the plant 

quality indicator is measured in a tissue that is not relevant to all herbivore guilds.  For example, 

while Fig. 2-3 shows sample sizes for phloem feeders that range from 23 to 41, there was only a 

single study that estimated changes in plant phloem quality (Sun et al., 2009b). And finally, 

attempting to relate average responses in plant quality to average herbivore responses is 

probably an inappropriate use of the results of meta-analyses. ‘Plant quality’ is not an absolute 

measure, but one that is relative to the particular herbivore in question, its nutritional needs, its 

sensitivity to various metabolites, and so on (Awmack and Leather, 2002).  So while our results 

show that plant responses that will be important for at least some herbivores, depend upon 

interactions between CO2 and other variables, environmental and biological, we are not yet able 

to complete the linkage of interactions affecting plant quality and plant quality affecting 
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arthropod responses.  Nevertheless, our analysis does suggest particular hypotheses that might be 

fruitful to pursue in the future. 

 Finally, two related criticisms of meta-analysis deserve some consideration here: the 

‘apples and oranges’ criticism, and the ‘Flat Earth Society’ criticism (Glass, 1999).  Neither 

criticism negates the value of conducting meta-analyses, but they are important reminders to us 

to not over-interpret the results of such analyses. We consciously ignored one other potentially 

important criticism, in the context of meta-analyses of elevated CO2 research, the ‘quality’ of the 

research (for example, long-term versus short-term experiments, controlled chambers versus 

FACE systems, etc.).  However, we note that Stiling and Cornelissen (2007) did conduct such an 

analysis, but did not find large differences, except perhaps for arthropod abundance between 

closed chambers and FACE systems. 

Graphs like Fig. 2-1, in seeking to draw general conclusions about arthropod responses, 

will necessarily be averaging over the responses of many different species.  Just as we would 

pause to think about the rationale for comparing apples and oranges, we ought to pause and think 

about comparing aphids and butterflies.  Comparing apples and oranges makes sense when we 

are seeking to draw general conclusions about ‘fruit’, and so comparing aphids and butterflies 

makes sense when we are seeking to draw conclusions about arthropods.  However, we must ask 

ourselves how meaningful such conclusions are biologically.  Of course mechanically we can 

calculate such average effect sizes and their confidence intervals, but they only really make sense 

if we expect such disparate taxonomic groups to react similarly to elevated CO2. Perhaps we 

shouldn’t have such an expectation, and Fig. 2-2 suggests, a posteriori, why. Also, imagine that 

we are indeed trying to draw conclusions about fruit, but of all of our samples, 75% were from 

apples, 20% from oranges, and the remaining 5% from a smattering of other fruits.  Would the 

average effect size really represent ‘fruit’?  This is the problem we face in trying to characterize 

arthropod responses.  Notice too that although Fig. 2-2 seemingly addresses the apples and 

oranges criticism, it only lessens that criticism, it does not dispense with it, since within these 

orders and guilds we will again be averaging over many species of arthropods, many of which 

are disproportionately represented in the data. 

 The ‘Flat Earth Society’ is a criticism, attributed to Lee Cronbach, that says meta-

analysis seeks to bury complex hypotheses with an empirical bulldozer (Glass, 1999).  Figures 2-

4 to 2-6 show more complex hypotheses that are buried in analyses like that in Fig. 2-3.  Meta-
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analysis encourages us to ignore results that are clearly statistically significant, but in the 

opposite direction of the average effect size (e.g. Newman et al., 1999).  Unless we believe that 

these less common responses are all Type I errors of statistical inference, we risk ignoring some 

interesting biology if we don’t follow meta-analyses with attempts at explaining such 

contradictory results. 
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Table 2-1a: A priori hypotheses regarding arthropod responses to elevated CO2 and interactions 

among different groups of arthropods. Table 2-1b. A priori hypotheses regarding plant responses 

to elevated CO2 and interactions involving other environmental variables and different groups 

(see footnotes). Blue text denotes where the evidence apparently confirms the hypothesis (* = 

P<0.05, ** = P<0.01, *** = P<0.001); red text denotes where the evidence apparently 

contradicts the hypothesis; and green text denotes new hypotheses arising from this analysis. 

1a  
Insect Response CO2  CO2 x Order CO2 x Guild 

CO2 x 
Specialization 

Relative Growth 
Rate 

Expect ↓ at high 
CO2 

No hypothesis Chewers ↓, others 
do not 

No hypothesis 

References: (Roth & Lindroth, 1994, 
Lawler et al., 1996, 
Brooks & Whittaker, 
1998) 

 (Stiling & Cornelissen, 
2007) 

 

We found: confirmed *** Lepidoptera↓, 
others do not 

confirmed *** Not evaluated 

Relative 
Consumption Rate 

Expect ↑ at high 
CO2 

No hypothesis No hypothesis No hypothesis 

References: (Fajer, 1989, Marks & 
Lincoln, 1996)  

   

We found: confirmed *** Coleoptera and 
Lepidoptera↑, 
others do not 

Folivores↑, 
decomposers no 
change 

Not evaluated 

Total 
Consumption 

Expect ↑at high 
CO2 

No hypothesis No hypothesis No hypothesis 

References: (Fajer, 1989, Marks & 
Lincoln, 1996)  

   

We found: confirmed *** Lepidoptera↑, 
others do not 

No evidence of an 
interaction 

Not evaluated 

Conversion 
Efficiency 

Expect ↓at high 
CO2 

No hypothesis No hypothesis No hypothesis 

References: (Roth & Lindroth, 1994, 
Lawler et al., 1996, 
Brooks & Whittaker, 
1998) 

   

We found: confirmed *** Lepidoptera↓, 
others do not 

Insufficient data Not evaluated 

Development 
Time 

Expect ↑at high 
CO2 

No hypothesis Chewers↑, others 
do not 

No hypothesis 

References: (Roth & Lindroth, 1994, 
Lawler et al., 1996, 
Brooks & Whittaker, 
1998) 

 (Stiling & Cornelissen, 
2007) 

 

We found: confirmed *** Homoptera↓, 
Lepidoptera↑, 
others no change 

Phloem feeders↓, 
Folivores↑, others 
no change 

 

Not evaluated 
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Life Span Expect ↓at high 
CO2 (1) 

No hypothesis No hypothesis No hypothesis 

References: (Fajer, 1989, Stiling et 
al., 2003) 

   

We found: Not supported Homoptera↓, 
Lepidoptera no 
change  

Insufficient data Not evaluated 

Fecundity Expect ↓at high 
CO2 

No hypothesis No hypothesis No hypothesis 

References: (Wu et al., 2006)    

We found: Not supported Homoptera↑, 
Lepidoptera, 
Orthoptera, and 
Coleoptera ↓ 

Phloem feeders↑, 
Folivores↓, others 
no change 

Not evaluated 

Abundance Expect ↓at high 
CO2   

Aphids may ↑ 

while others ↓ 
No hypothesis Specialists↓, 

others do not 
change 

References: (Stiling et al., 1999, 
Kopper & Lindroth, 
2003b) 

(Bezemer & Jones, 
1998) 

 (Stiling & Cornelissen, 
2007) 

We found: Not supported Acari and 
Hompotera↑, 
Lepidoptera ↓ 
others no change 

Phloem feeders 
and scrapper↑, 
leafminers ↓ 

Not supported 

 

 

1b  
Plant response CO2 CO2 x N CO2 x H2O CO2 x T CO2 x Light 

[C] Expect ↓at 
high CO2 (2) 

No hypothesis No hypothesis No hypothesis No hypothesis 

References: (Bazzaz, 1990)     

We found: Not supported No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

Insufficient 
data 

[N] Expect ↓at 
high CO2 (3) 

>↓at low N No hypothesis No hypothesis No hypothesis 

References: (Bazzaz, 1990, 
Bowes, 1993, 
Cotrufo et al., 
1998, Stitt & 
Krapp, 1999) 

(Stitt & Krapp, 
1999) 

 

   

We found: Confirmed*** Confirmed* No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

[Starch] Expect ↑at 
high CO2 (4) 

>↑at low N No hypothesis <↑at high T No hypothesis 

References: (Bazzaz, 1990, 
Bowes, 1993) 

(Stitt & Krapp, 
1999) 

 (Farrar & Williams, 
1991, Zvereva & 
Kozlov, 2006) 

 

We found: Confirmed*** No evidence of No evidence of No evidence of Insufficient 
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interaction interaction interaction data 

[Soluble CHO] Expect ↑at 
high CO2 (4) 

No hypothesis No hypothesis >↑at high T No hypothesis 

References: (Bazzaz, 1990, Stitt 
& Krapp, 1999) 

  (Farrar & Williams, 
1991) 

 

We found: Confirmed** No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

[TNC] Expect ↑at 
high CO2 (4) 

>↑at low N  No hypothesis <↑at high T 

 

No hypothesis 

References: (Stitt & Krapp, 
1999) 

(Stitt & Krapp, 
1999) 

 (Zvereva & Kozlov, 
2006) 

 

We found: Confirmed*** No evidence of 
interaction 

Insufficient 
data 

Insufficient 
data 

Insufficient 
data 

[Amino Acids] Expect ↓at 
high CO2 

>↓at low N No hypothesis No hypothesis No hypothesis 

References: (Stitt & Krapp, 
1999, Ziska & 
Bunce, 2006) 

(Stitt & Krapp, 
1999) 

   

We found: Confirmed*** No evidence of 
interaction 

Insufficient 
data 

No evidence of 
interaction 

Insufficient 
data 

[Protein] Expect ↓at 
high CO2 

>↓at low N  No hypothesis No hypothesis No hypothesis 

References: (Stitt & Krapp, 
1999, Ziska & 
Bunce, 2006) 

(Stitt & Krapp, 
1999) 

   

We found: Confirmed*** No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

Insufficient 
data 

Leaf 
Toughness 

Expect ↑at 
high CO2 

No hypothesis No hypothesis No hypothesis No hypothesis 

References: (Bazzaz, 1990, Stitt 
& Krapp, 1999) 

    

We found: Confirmed*** No evidence of 
interaction 

Insufficient 
data 

No evidence of 
interaction 

Insufficient 
data 

Biomass Expect ↑at 
high CO2  
(5-8) 

>↑at high N 

 

<↑at low H2O 

 

>↑at high T >↑at high light 

References: (Bazzaz, 1990, 
Bowes, 1993, Stitt 
& Krapp, 1999, 
Ziska & Bunce, 
2006) 

(Bazzaz, 1990, Stitt 
& Krapp, 1999) 

(Asseng, 2004) 

 

(Bazzaz, 1990, 
Bowes, 1993, 
Poorter & Navas, 
2003) 

(Bazzaz, 1990) 

Or no difference 
(Bowes, 1993) 

We found: Confirmed*** Confirmed*** No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

C:N Expect ↑at 
high CO2 

>↑at low N No hypothesis No hypothesis No hypothesis 

References: (Bowes, 1993, Stitt 
& Krapp, 1999) 

(Stitt & Krapp, 
1999) 

   

We found: Confirmed*** No evidence of 
interaction 

Insufficient 
data 

No evidence of 
interaction 

No evidence of 
interaction 

Water Expect Water No hypothesis WUE <↑at low No hypothesis No hypothesis 
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Use Efficiency 
↑at high CO2 

H2O 

 

References: (Bazzaz, 1990)  (Asseng, 2004)   

We found: Water content 
declines; WUE 
not evaluated 

No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

No evidence of 
interaction 

Root:Shoot Expect ↑at 
high CO2 

>↑at low N >↑at low H2O No hypothesis No hypothesis 

References: (Bazzaz, 1990, Stitt 
& Krapp, 1999) 

(Bazzaz, 1990, Stitt 
& Krapp, 1999) 

(Bazzaz, 1990)   

We found: Not supported No evidence of 
interaction 

No evidence of 
interaction 

Insufficient 
data 

Insufficient 
data 

N-based 2° 
Metabolites 

Expect ↓at 
high CO2 

>↓at low N  

 

No hypothesis No hypothesis No hypothesis 

References: (Ryan et al., 2010) (Stitt & Krapp, 
1999) 

   

We found: Confirmed*** No evidence of 
interaction 

No evidence of 
interaction 

Total 
glycosides 
↑under 
elevated 
temperature 

Insufficient 
data 

C-based 2° 
Metabolites 

Expect ↑at 
high CO2 (4) 

No hypothesis No hypothesis <↑at high T 

 

No hypothesis 

References: (Bidart-Bouzat & 
Imeh-Nathaniel, 
2008, Ryan et al., 
2010) 

  (Zvereva & Kozlov, 
2006) 

 

We found: Phenolics↑, 
Terpenes ↓ 

No evidence of 
intx for total 
phenolics or 
terpenes, but 
under elevated 
CO2 terpene 
emission rates 
↑ under high 
N and ↓ under 
low N 

No evidence of 
intx for total 
phenolics or 
terpenes, but 
under elevated 
CO2 terpene 
emission rates 
↓ more under 
high water 

No evidence of 
interaction 

Insufficient 
data 

 

(1) Perhaps due to increased mortality imposed by natural enemies on larval and nymphal stages. 
(2) Increased [C] greater in C3 plants than C4 plants (Bazzaz, 1990, Bowes, 1993, Poorter & Navas, 2003, Ziska & 

Bunce, 2006).  We found: Confirmed* for total carbohydrates and starch, but no evidence of an interaction 
for TNC or soluble CHO. 

(3) Decreased [N] greater in C3 plants than C4 plants (Cotrufo et al., 1998). We found: Confirmed*. 
(4) Starch, soluble CHO and TNC increases greater for slow growing plants than fast-growing plants (Pritchard 

et al., 1999).  We found: No evidence for an interaction for soluble CHO, total CHO or TNC.  We found an 
interaction for starch but it was in the opposite direction (i.e. increase in [starch] was greater for fast 
growing plants than for slow or moderate growing plants). 

(5) Increase in biomass greater for fast growing plants than slow-growing plants (Poorter, 1993, Pritchard et 
al., 1999).  We found: No evidence of an interaction. 
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(6) Increase in biomass greater for nitrogen fixers (Poorter, 1993, Poorter & Navas, 2003).  We found: No 
evidence of an interaction. 

(7) Increase in biomass greater for herbaceous plants than for woody plants (Poorter & Navas, 2003).  We 
found: Significant interaction, but in the opposite direction (i.e. trees had a larger positive cumulative effect 
size than herbaceous plants). 

(8) Increase in biomass greater for angiosperms than gymnosperms (Poorter & Navas, 2003). We found: 
Significant interaction, but in the opposite direction (i.e. gymnosperms had a larger positive cumulative 
effect size than angiosperm plants). 
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Figure 2-1: Herbivore responses to elevated CO2. ‘→SC07’ and corresponding blue symbols 

denote the comparable results from Stiling and Cornelissen (2007).  The SC07 results are joined, 

by a thin line, to our results to denote the appropriate comparison.  Numbers to the right denote 

(sample size/ number of studies/ Failsafe ratio).  The Failsafe ratio is the failsafe number divided 

by Rosenthal’s critical value ( ≥5x + 10 where x is the sample size).  Failsafe ratios > 1 pass 

Rosenthal’s test.  Significance levels were determined by Z-tests and are denoted by: * = P < 

0.05; ** = P < 0.01; and *** = P < 0.001.  Complete details for all statistical tests are contained 

in Appendix 5a.  Variable definitions and literature sources are given in Appendix 3. 
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Figure 2-2: Differences in herbivore order and feeding guild responses to elevated CO2 for (a) 

abundance and (b) fecundity. ‘→SC07’ and corresponding blue symbols denote the comparable 

results from Stiling and Cornelissen (2007). Numbers to the right of the group name denote 

(sample size). Fecundity data for Diptera are not presented due to wide confidence intervals that 

interfered with an examination of the effect sizes for other orders.  Significance level for each 

order was determined by a Z-test and is denoted by: * = P < 0.05; ** = P < 0.01; and *** = P < 

0.001. The significance level for the overall interaction was determined by χ
2
 tests for the QB 

values, and is denoted by the P-values in the upper right corners.  Complete details of all 

statistical tests are contained in Appendix 5b and 5c.  Variable definitions and literature sources 

are given in Appendix 3. 
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Figure 2-3: Plant responses to elevated CO2. ‘→SC07’ and corresponding blue symbols denote 

the comparable results from Stiling and Cornelissen (2007).  ‘→ZK06’ and corresponding blue 

symbols denote the comparable results from Zvereva and Kozlov (2006).  The SC07 and ZK06 

results are joined, by a thin line, to our results to denote the appropriate comparisons.  Numbers 

to the right denote (sample size/ number of studies/ Failsafe ratio).  The Failsafe ratio is the 

failsafe number divided by Rosenthal’s critical value ( ≥5x + 10 where x is the sample size).  

Failsafe ratios > 1 pass Rosenthal’s test.  Significance levels were determined by Z-tests and are 

denoted by: * = P < 0.05; ** = P < 0.01; and *** = P < 0.001.  Complete details of all statistical 

tests are contained in Appendix 6a - 6e.  Variable definitions are given in Appendix 1 and 

literature sources of the extracted results are given in Appendix 2. 
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Figure 2-4: Plant responses to elevated CO2 at two levels of the interacting environmental factor 

or differences in the direction of responses between plant functional groups.  Ta = ambient 

temperature, Te = elevated temperature. PAI = phenylpropanoid acid intermediates.  TTER = 

total terpene emission rate.  Numbers to the right of the group name denote (sample size). 

Significance levels were determined by χ
2
 tests for the QB values, and are denoted by the 

asterisks preceding the response variable name.  * = P < 0.05; ** = P < 0.01; and *** = P < 

0.001.  Complete details of all statistical tests are contained in Appendix 6d and Appendix 7a., 7c 

and 7g. Variable definitions are given in Appendix 1 and literature sources of the extracted 

results are given in Appendix 2. 
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Figure 2-5: Effects of elevated CO2 on (a) plant nitrogen concentration, (b) biomass, (c) [total 

phenolics] by plant growth form, and (d) [total phenolics] by class of phenolic compound, under 

two levels of temperature (Ta = ambient temperature, blue symbols; Te = elevated temperature, 

red symbols), showing differences in the presence of two-way interactions between plant 

functional groups. Numbers to the right of the group name denote the sample sizes at each level 

of temperature for each plant functional group. Significance levels for the difference in the effect 

of elevated CO2 between the two temperature conditions were determined by Z-tests for each 

plant functional group and are denoted by: * = P < 0.05; ** = P < 0.01; and *** = P < 0.001.  

Where significant differences exist, the two levels of temperature are also connected by a red 

arrow for fast visual reference.  PAI = phenylpropanoid acid intermediates.  Complete details of 

all statistical tests are given in Appendix 7h. Variable definitions are given in Appendix 1 and 

literature sources of the extracted results are given in Appendix 2. 
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Figure 2-6: Effects of elevated CO2 on (a) plant nitrogen concentration, (b) biomass, (c) 

carbon:nitrogen ratio, (d) [starch] and [soluble sugars] under two levels of nitrogen availability 

(low N = brown symbols, high N = green symbols), showing differences in the presence of two-

way interactions between plant functional groups. Numbers to the right of the group name denote 

the sample sizes at each level of nitrogen availability for each plant functional group. 

Significance levels for the difference in the effect of elevated CO2 between the two levels of 

nitrogen availability were determined by Z-tests for each plant functional group and are denoted 

by: * = P < 0.05; ** = P < 0.01; and *** = P < 0.001.  Where significant differences exist, the 

two levels of nitrogen are also connected by a red arrow for fast visual reference.  Complete 

details of all statistical tests are given in Appendix 7b. Variable definitions are given in 

Appendix 1 and literature sources of the extracted results are given in Appendix 2. 
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CHAPTER 3                                                                                           

The effects of elevated CO2, nitrogen fertilization and endophyte status on the 

performance of the aphid Rhopalosiphum padi (Linnaeus): can aphid 

responses be linked to phloem amino acid composition?
2 

3.0 ABSTRACT  

Aphid performance has been shown to change under elevated CO2, though generalities about the 

direction of aphid response have been difficult to formulate. Few studies have attempted to link 

phloem nitrogen chemistry under elevated CO2 to altered phloem feeder performance.  

We examined Rhopalosiphum padi aphid performance under three levels of CO2 

(ambient, 800 ppm and 1000 ppm) on tall fescue plants with two levels of nitrogen fertilization 

(0.004 gN/week vs. 0.2g N/week) that were either endophyte infected or endophyte free. We 

used the EDTA exudation method to obtain phloem samples, and reverse-phase HPLC to 

quantify the amino acid composition in phloem exudates. 

Plant biomass increased in the high nitrogen, elevated CO2 and endophyte-infected 

treatments. There was a significant N x endophyte interaction: increased biomass in infected 

plants was more pronounced in the high N treatment. Aphid abundance decreased relative to 

ambient in the 800 ppm, but not the 1000 ppm CO2 treatment. The density of aphids was reduced 

in both the elevated CO2 treatments. Aphids were unsuccessful at colonizing endophyte-infected 

plants, possibly due to the presence of loline alkaloids. 

Multivariate analysis of phloem exudates showed that certain groups of amino acids were 

altered by nitrogen fertilization and CO2. We used Akaike’s Information Criterion (AIC) to 

generate a model of aphid performance in relation to amino acid composition. We found that 

four amino acids (valine, arginine, glutamine and aspartate) correlated with aphid performance. 

These partially explained the effect of plant N fertilization on aphids, but could not explain the 

observed changes under elevated CO2. Aphid performance was also found to correlate with 

whole plant C:N ratio. 

                                                
2 Manuscript in preparation for Global Change Biology, by G.D. Ryan, K. Shukla, S. Rasmussen, B.J. Shelp and 

J.A. Newman. G.D.R. helped design the experiment, conducted tissue sampling and analysis, performed the 

statistical analysis and wrote the paper; K.S. aided in aphid counting and plant maintenance; S.R. provided training 

and assistance with whole-tissue metabolite analysis; B.J.S. provided training and assistance with HPLC analysis; 

J.A.N. assisted in experimental design, statistical analysis and paper editing. 
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We suggest that techniques that allow for quantification of pure phloem sap and permit 

measurements of absolute concentrations of phloem amino acids may illuminate some of the 

mechanisms underlying aphid responses to elevated CO2. 

 

Keywords: amino acids, bird cherry-oat aphid, climate change, elevated CO2, Neotyphodium 

coenophialum, nitrogen metabolism, phloem sap, Rhopalosiphum padi, Schedonorus 

arundinaceus, tall fescue. 

 

3.1 INTRODUCTION 

Atmospheric CO2 levels are set to rise to between 550 and 1000 ppm by the year 2100 due to 

anthropogenic emissions, primarily from deforestation and fossil fuel burning (IPCC, 2007). 

Elevated CO2 can impact primary productivity through changes in plant photosynthetic output, 

which in turn can alter plant growth, morphology, primary and secondary metabolism, resource 

allocation and gene regulation (Bazazz, 1990; Ryan et al., 2010; Robinson et al., 2012). Such 

effects are expected to impact insect herbivores by altering the quality of host plants through 

changes in plant defensive chemistry, nutrient allocation and physical barriers to feeding (as 

reviewed in Bezemer and Jones,1998; Bidart-Bouzat and Imeh Nathaniel, 2008; Stiling and 

Cornelissen, 2007; Robinson et al., 2012). In a recent meta-analysis of plant and insect responses 

to CO2 Robinson et al. (2012) found a decrease in soluble protein and amino acids, an increase in 

carbon-based metabolites and an increase in C:N ratio in plants growing under elevated CO2. 

Such changes in resource allocation are expected to impact insect herbivores because they are 

generally nitrogen limited (Mattson, 1980). CO2-induced changes in secondary metabolism may 

also alter insect performance, although generalizations concerning these changes have been 

difficult to formulate and may be subject to complex regulation by phytohormones (Ryan et al., 

2010). 

A general hypothesis has emerged according to which insect performance, on average, is 

thought to decrease under elevated CO2, primarily due to a dilution of limiting nutrients. 

However, since plant physiological changes are likely to differ for different plant tissues, insect 

response to elevated CO2 may be dependent on feeding guild (Bezemer and Jones, 1998; Stiling 

and Cornelissen, 2007; Robinson et al., 2012). A recent meta-analysis of the effects of CO2 on 
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insect life history traits for different feeding guilds found that while the abundance of foliage 

feeders tends to decrease with elevated CO2, phloem feeders on average respond in the opposite 

direction (Robinson et al., 2012). Indeed, predicting the response of phloem feeders, such as 

aphids, to elevated CO2 has generally proved difficult. Although many studies have found 

evidence of increases, some have found decreases and still others have found no change in aphid 

population dynamics in response to elevated CO2 (Hughes & Bazzaz, 2001). This has led to the 

suggestion that aphid responses to CO2 are idiosyncratic and may not be generalizable beyond 

individual insect and host species combinations (Pritchard et al., 2007). Others have suggested 

that a general mechanism controlling aphid responses cannot be ruled out, since responses can be 

modeled by parameters such as density dependence, aphid nitrogen requirements and nitrogen 

soil fertility (Newman et al., 2003a). 

Tissue chemistry responses to CO2 have been well documented for whole plant tissues 

and there has been some effort to relate changes in herbivore response to plant chemistry for 

guilds such as foliage feeders. However, there is a paucity of studies in the CO2 literature 

attempting to link plant chemistry to the performance of phloem feeders such as aphids. A recent 

literature search of studies relating plant chemistry to insect performance, found that of the 15 

papers that related phloem feeder performance to plant chemistry, only a single paper actually 

measured altered phloem composition in response to elevated CO2, while the rest related 

performance to whole-tissue chemistry (Robinson et al., 2012). This is likely due to the inherent 

difficulty in sampling pure phloem for chemical analysis. Since quantitative information on 

phloem chemistry cannot be inferred from whole-tissue studies, we know much less about the 

mechanisms driving changes in aphid performance under elevated CO2 than we do for other 

insect guilds. The importance of nitrogen in mediating aphid response to elevated CO2 has been 

suggested from both empirical (Thompson et al., 1993; Sudderth et al., 2005) and theoretical 

(Newman et al., 2003a) studies. Since phloem nitrogen is composed predominantly of free amino 

acids, CO2-induced alterations in nitrogen metabolism are likely to affect phloem composition in 

ways that are relevant to aphid herbivory.  

Although changes in plant response to elevated CO2 have been well documented, and 

subsequent changes in insect herbivores have been reasonably well documented, changes in 

broader ecosystem interactions such as herbivore enemy, plant-plant and plant-fungal 

interactions have rarely been studied (Ryan et al., 2010). The response of aphids to CO2-induced 
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changes in host plant quality may be mediated by interactions with host plant symbionts. For 

example, the pasture grass Schedonorus arundinaceus (tall fescue), is a host plant of the aphid 

Rhopalosiphum padi, an ecologically and economically important aphid species, and it is 

estimated that ~60% of agricultural pastures are infected with the mutualistic endophytic 

Neotyphodium fungus (Shelby and Dalrymple, 1987). Neotyphodium endophytes are asexual, 

vertically transmitted fungi whose hyphae grow in the intercellular spaces of host grasses and 

directly increase host plant resistance to both vertebrate and invertebrate herbivores (Clay, 1988). 

Grasses are relatively free of toxic secondary metabolites compared with other plant groups 

(Clay, 1990) and most resistance to herbivory is the result of endophyte-derived alkaloids. 

Several studies of perennial ryegrass and tall fescue have shown that aphid survival is decreased 

on endophyte-infected plants (Latch et al., 1985; Kindler et al., 1990; Hunt and Newman, 2005; 

Meister et al., 2006). However, results appear to depend on the species under investigation and 

the alkaloid profile of the endophyte-host interaction. In studies of R. padi, populations were 

sensitive only to plants containing lolines, but survival was unaffected on plants containing other 

alkaloids (Siegel et al., 1990). Studies have shown that endophyte infection can buffer the N-

metabolism response to elevated CO2 in both tall fescue (Newman et al., 2003b) and perennial 

ryegrass (Hunt et al., 2005) which may have further implications for herbivores.  

In this study we examine the effects of elevated CO2 on population responses of the aphid 

Rhopalosiphum padi feeding on tall fescue (Schedonorus arundinaceus) and explore how these 

effects may be mediated by soil nitrogen fertility and the presence of fungal endophyte in host 

plants. We relate aphid responses to the amino acid composition of tall fescue phloem sap, 

sampled using the EDTA exudation method. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Chambers and CO2 

The experiment was conducted in nine plexiglass CO2-controlled closed chambers housed in a 

greenhouse in a 3 x 3 square pattern. CO2 concentrations, relative humidity and temperature were 

controlled by an Argus Greenhouse Control System. We used three CO2 concentrations (ambient 

(390 ppm), 800 ppm and 1000 ppm) with three replicates of each, which were blocked according 

to a light gradient within the greenhouse (one of each treatment level per block, arranged as a 
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latin squares design). These elevated CO2 concentrations are within the range of the projected 

increase by the year 2100. Chambers were constructed and operated according to Grodzinski et 

al. (1999). Chambers were maintained under high relative humidity (~80%) and 23ºC. The light 

regime was set to an 18:6 L/D cycle. Supplementary artificial sodium vapour lights were used 

during incidents of low natural light. 

 

3.2.2 Plant material 

Experimental Schedonorus arundinaceus (tall fescue) plants were taken from a group of long-

established nursery plants where each nursery plant was the product of a single seed and thus 

represented a single genotype. Georgia 5 seed lines, both uninfected and infected with the 

common strain (CS) of Neotyphodium coenophialum endophyte, were originally obtained from 

Donald Wood (University of Georgia, USA). Six E+ genotypes and six E- genotypes were 

randomly selected for the experiment. Endophyte infection status was confirmed using the 

immunoblot method (Agrinostics Ltd.). Experimental plants were prepared by removing two 

tillers from the parent plant, cutting back to 5-6 cm (above- and below-ground tissue) and re-

potting in a mixture of 50% Sunshine Mix #2 (Sun Gro Horticulture) and 50% vermiculite (2A; 

Thermorock) in 9 cm x 38 cm (D x H) cylindrical pots made from 0.635 cm thick PVC piping. 

Each of the 12 genotypes (6 E- and 6 E+) were replicated twice per chamber (one set of replicate 

genotypes per level of nitrogen fertilization) for a total of 216 pots used for the entire 

experiment. After placement in the CO2-controlled chambers, plants were sprayed once with 

insecticidal soap to avoid unwanted aphid colonization prior to the beginning of the experiment 

and were deemed aphid-free prior to the experimental addition of aphids. Plants were watered as 

necessary with de-ionized water. Plants were fertilized weekly with either a low N (0.004 g 

N/week) or high N (0.2 gN/week) treatment, delivered as 40 ml of a 0.3 g/L NH4NO3 or 14.7 g/L 

NH4NO3 solution respectively. All plants received 40 ml of a micronutrient solution weekly 

(nitrogen-free Long Ashton solution; Ponder et al. 2000). In order to test the resulting plant 

nitrogen status, we measured %N in above-ground tissue at two time points, pooled across 

genotype, endophyte and CO2. Low N plants contained 2.69 ± 0.12% N, while high N plants 

contained 4.24 ± 0.10% N; these values reasonably approximate grasses in N-limited and N-rich 

pastures respectively (Anthony Parsons, pers. comm.). 
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3.2.3 Conduct of experiment 

Plants were grown under CO2 and nitrogen treatment conditions for 6 months prior to the 

beginning of the herbivore assay and plant tissue sampling to avoid transient changes in plant 

chemistry caused by the abrupt change in CO2 concentration. Two 4
th
 or 5

th 
instar R. padi aphids 

were placed on each plant and aphids were free to move from plant to plant within the chamber. 

After placement on experimental plants, total aphid numbers were counted every week for the 

first three weeks and every two weeks thereafter, for a total of 15 weeks (∼10-12 aphid 

generations). Plants were trimmed back to 10cm weekly during this period and the cuttings dried 

and weighed. Aphids above 10cm were removed with plant tissue. At the end of 15 weeks, plants 

were harvested and above-ground material (sheaths and leaves) were flash frozen in liquid 

nitrogen and immediately stored in a -80 freezer. Material was later ground in liquid N using a 

mortar and pestle, freeze-dried and weighed, then stored in a -20 freezer. Root material was dried 

in a drying oven and subsequently weighed. 

 

3.2.4 Whole-tissue plant chemistry 

Because changes in whole plant C:N ratio under our treatment conditions may have 

consequences for aphid performance, we include results on the whole tissue C:N ratio in the 

present analysis. The C:N ratio in tall fescue was calculated as the sum of water soluble 

carbohydrates (WSCs) divided by the sum of nitrogen primary metabolites (total soluble protein 

+ total amino acids). Low molecular weight (LMW) water soluble carbohydrates (mostly 

glucose, fructose and sucrose), high molecular weight (HMW) water soluble carbohydrates 

(mainly fructans), total soluble protein and total amino acids were extracted and quantified from 

above-ground tissues as previously described by Hunt et al. (2005) and Rasmussen et al. (2007).  

 

3.2.5 Phloem sap sampling and analysis 

Nine weeks after the introduction of aphids, phloem sap was sampled using the EDTA exudation 

method (King and Zeevart, 1974; Douglas, 1993). A 5mM solution of EDTA was prepared and 

the pH adjusted to 7.5. Centrifuge tubes were filled with 200µl of the EDTA solution and tubes 

were incubated overnight in a dark box (a modified black plastic toolbox) containing a bowl of 

saturated KH2PO4 to maintain high humidity conditions. Following overnight incubation of the 

tubes, a single tiller was removed from each plant, at the base of the stem, using a sharp knife 
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and immediately placed in individual tubes in the box. Tillers were incubated in darkness, in 

EDTA solution, for 1 hour at 22ºC and 80% humidity. Tillers were discarded at the end of the 

incubation period and the samples were stored at -20ºC. Plants in the same block (see Statistics) 

were sampled on the same day (3 chambers per day) and all plants were thus sampled over a 

three day period, at the same time each day and under the same box conditions.  

The composition of amino acids in phloem samples was determined by reverse-phase 

high performance liquid chromatography (HPLC) using the method of Allan and Shelp (2006). 

The concentration of amino acids in the EDTA exudation solution was low, necessitating the use 

of 30µl aliquots for reliable analysis. Pre-column derivitization with o-phthalaldehyde (OPA) 

and fluorenylmethyl chloroformate (FMOC) was used to detect primary and secondary amino 

acids, respectively. All protein amino acids, with the exception of proline, lysine and cysteine, 

were detected using this method. All peaks were manually integrated using ChemStation 

software. Since the volume of phloem exudate in the EDTA solution is unknown with this 

sampling method, amino acid concentrations in a given sample are expressed as a proportion of 

the total amino acid concentration. 

 

3.2.6 Statistics 

We used a blocked split-plot experimental design with CO2 as the whole-plot factor and nitrogen 

and endophyte as split-plot factors. All analyses were performed using a mixed effects ANOVA 

model with CO2, nitrogen and endophyte as fixed factors and plant genotype as a random factor. 

We also included a block term but as we had no a priori hypothesis about block x treatment 

interactions, we excluded these interactions from our model and collapsed these terms into the 

residuals (Newman et al., 1997). Table 3-1 shows the degrees of freedom for the analysis. We 

analyzed univariate plant biomass and insect population responses using the model outlined in 

Table 3-1. However, we used a multivariate approach for the analysis of phloem responses. A 

multivariate approach is more appropriate in cases where a high number of related response 

variables (in this case 18 amino acid responses) increases the likelihood of committing a Type I 

error (detecting false treatment effects) (Rasmussen et al., 2008a). Multivariate techniques reveal 

how groups of response variables, rather than individual variables, respond to treatments. We 

used a principal components analysis (PCA) with factor rotation to examine phloem responses. 

Rotated factors were then analyzed using the ANOVA model in Table 3-1. However, since our 
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goal was to relate phloem amino acids to aphid performance, we excluded endophyte as a factor 

in our phloem analysis since aphid colonization of endophyte infected plants was largely 

unsuccessful.  

In order to determine the relationship between aphid performance and relative phloem 

amino acid composition, we utilized a model selection approach based on Akaike’s Information 

Criterion (AIC; Akaike 1973), whereby AIC values were calculated as follows: 

 

AIC = -2 log Likelihood + 2K 

 

where K is the number of parameters (plus the intercept). The addition of subsequent parameters 

to the model is penalized in the AIC approach, and hence the most appropriate model uses a 

minimum number of parameters according to the principle of simplicity and parsimony (Akaike, 

1973). Therefore, we selected models with the lowest AIC values. 

All analyses were conducted using JMP statistical software version 8. For univariate 

responses, we used a Box-Cox transformation to homogenize the residual variance and an 

examination of the residuals following transformations suggested that the assumptions of the 

ANOVA were met. We report here the untransformed means, and standard error of the means, as 

a measure of data dispersion. 

3.3 RESULTS 

3.3.1 Plant response to elevated CO2, nitrogen fertilization and endophyte infection 

We measured both plant dry mass at harvest and cumulative dry mass (the sum of the mass of 

weekly cuttings taken over the course of the experiment). Since these two variables were highly 

correlated (r = +0.91) we analyzed only the plant dry mass at harvest. Plant above-ground mass 

increased for both the 800 ppm and 1000 ppm CO2 treatments relative to ambient (F2,4 = 22.00, P 

< 0.0001 ). However, this effect of CO2 was dependent on nitrogen concentration (Nitrogen x 

CO2 interaction; F2, 142 = 3.55, P < 0.05) and the magnitude of the difference between ambient 

and elevated CO2 was greatest for the high nitrogen treatment (Fig. 3-1a). There was a main 

effect of both nitrogen (F1, 142 = 96.61, P < 0.0001) and endophyte (F1,142 = 22.30, P < 0.0001) 

infection on plant above-ground dry mass response. Plant mass was higher under high nitrogen 

and endophyte infection. However, this result depended on an interaction between the treatments 
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whereby the magnitude of the difference in biomass response between high and low nitrogen was 

highest in endophyte-infected plants (F1,142 = 37.74, P < 0.0001; Fig. 3-1b).  

Root dry mass was highest under elevated CO2 (F2,4 = 56.30, P < 0.0001; Fig. 3-1c), low 

nitrogen fertilization (F1,142 = 121.68, P < 0.0001) and in endophyte infected plants (F1,142 = 

23.71, P < 0.0001). However, the magnitude of the difference between low and high nitrogen 

was greatest in the endophyte-free treatment (Nitrogen x Endophyte interaction; F1,142 = 16.26, P 

< 0.005; Fig. 3-1d).  

As CO2 is proposed to alter resource allocation between below and above-ground plant 

tissues, we analyzed the root:shoot ratio as the ratio of root dry mass to above-ground dry mass 

at harvest. The root:shoot ratio was highest at elevated CO2 (F2,4 = 13.85, P = 0.0002), low 

nitrogen (F1,142 = 361.88, P < 0.0001) and for endophyte infected plants (F1,142 = 12.79, P = 

0.005). The effects of elevated CO2 concentration and endophyte infection on the root: shoot 

ratio were both dependent upon nitrogen fertilization. The effects of elevated CO2 on root:shoot 

ratio were apparent only for the low N treatment (CO2 x Nitrogen interaction; F2,142 = 6.24, P < 

0.01; Fig. 3-1e). Similarly, the increase in root:shoot ratio seen in endophyte infected plants was 

apparent only for the low N treatment (Endophyte x Nitrogen interaction; F1,142 = 6.42, P < 0.05; 

Fig. 3-1f). 

There was a main effect of CO2, nitrogen and endophyte status on the number of 

vegetative tillers produced by experimental plants. Tiller number was highest for elevated CO2 

(F2,4 = 15.37, P < 0.0001; Fig. 3-2a), in the high nitrogen treatment (F1,142 = 97.36, P < 0.0001 ; 

Fig. 3-2b) and in endophyte infected plants (F1,142 = 8.62, P < 0.05; Fig. 3-2c). There were no 

significant interactions. 

3.3.2 Aphid response to elevated CO2, nitrogen fertilization and endophyte infection 

We analyzed both aphid abundance (the cumulative number of aphids per plant counted over the 

course of the experiment) and aphid density. The two potential measures of density (number of 

aphids per tiller and number of aphids per unit plant biomass) were highly correlated (r = +0.79) 

and as such we present data here only for the cumulative number of aphids per final tiller count 

as a measure of density. 

Aphid abundance response to elevated CO2 was non-linear. Aphid number decreased in 

the 800 ppm treatment relative to ambient, but rose to near-ambient levels at the 1000 ppm 
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treatment (F2,4 = 3.80, P < 0.05; Fig. 3-3a). There was a main effect of both nitrogen fertilization 

(F1,72 = 102.93, P < 0.0001) and endophyte infection (F1,72 = 32.23, P = 0.0002) on aphid 

abundance. Aphid abundance was lowest in the low N treatment and on plants that were 

endophyte infected. However, this stimulatory effect of nitrogen fertilization on aphids was seen 

only in the endophyte free plants (Nitrogen x Endophyte interaction; F1,72 = 42.41, P < 0.0001; 

Fig. 3-3b). Aphid density, decreased in the elevated CO2 treatment (F2,4 = 17.24, P < 0.0001; Fig. 

3-3c). Unlike aphid abundance this decrease in density was similar for both the 800 ppm and 

1000 ppm treatments relative to ambient. Aphid density was highest in the high nitrogen 

treatment (F1,72 = 14.03, P < 0.005) and on endophyte free plants (F1,72 = 69.96, P < 0.0001). As 

with aphid abundance, there was a significant Nitrogen x Endophyte interaction for aphid 

density, whereby the increase in density seen in the high N treatment was apparent only for 

endophyte-free plants (F1,72 = 55.37, P < 0.0001; Fig. 3-3d). 

 

3.3.3 Amino acid response to CO2 and nitrogen fertilization 

Due to the failure of aphids to suceessfully colonize endophyte-infected plants, we restricted our 

analyses of the relationship between phloem amino acid response and aphid performance under 

elevated CO2 and nitrogen fertilization to endophyte-free plants. As such, all phloem analyses 

are presented using a reduced version of the model presented in Table 3-1 that excludes 

endophyte as a factor. 

We used a principal components analysis (PCA) to reduce the number of phloem amino 

acid response variables to a new set of composite variables. Multivariate techniques are 

particularly relevant in cases where response variables are non-independent. Since the EDTA 

technique allowed us to measure only the relative composition of amino acids, the amino acid 

responses are non-independent because they must sum to one. Thus the PCA creates a new set of 

composite variables that are independent of each other. Table 3-2 shows the resulting 

eigenvalues and the individual and cumulative variation associated with each. We retained three 

factors for subsequent analysis. Probably the most common method for deciding on the number 

of factors to retain for analysis is the Kaiser Criterion which excludes all factors with 

eigenvalues of less than 1. The logic behind this method is that since all factors have a variance 

of 1 (thus the total variance in a PCA is equal to the number of variables in the matrix), any 

factor extracting less information than the equivalent of one original variable is excluded. 
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However, because this approach has been criticized for the over inclusion of factors, we used a 

standard statistical approach to determine the number of factors to retain for analysis. The 

statistical approach utilizes a chi-squared test to examine whether the residual matrix after each 

subsequent factor has been removed includes significant residual variation. In this approach, the 

correct number of factors have been extracted when a subsequent factor is found to be non-

significant (Gorsuch, 1983). 

In order to facilitate interpretation of principal components, we subjected the first three 

principal components to factor rotation. Rotation serves to make the PCA output more 

understandable, and results in a pattern of loadings where items load most strongly on one factor, 

and much more weakly on the other factors (Rasmussen et al., 2008a). We performed varimax 

rotation which is an orthogonal rotation method and the most commonly used type of rotation. 

Factor rotation is analogous to univariate transformation and may be used for two nonexclusive 

purposes: (1) the analysis of multivariate data where the normality assumption is not met, and (2) 

the interpretation of the principal component space (analogous to logarithmic transformation of 

univariate data) (Rasmussen et al., 2008a). Varimax rotation increases the distinction between 

variables that load heavily onto an axis and those that do not, which aids in the biological 

interpretation of axes. 

We retained three rotated factors (herein RF1, RF2 and RF3) which we analyzed using 

the reduced ANOVA model (i.e. without the factor “endophyte”). However, only RF1 and RF3 

were significant for our treatments of interest. There were no treatment effects on RF2, with the 

exception of the blocking factor. The significant effect of “block” on RF2 suggests that the block 

effect is responsible for the underlying structure of the variables that load heavily on RF2. 

However, since we considered block as a “nuisance” variable, we restrict our analyses and 

discussion below to RF1 and RF3. Figure 3-4 shows the variable loadings for RF1 and RF3. As 

the values of the rotated factor increase, those variables that load heavily and positively (loading 

≥ +0.5) also increase, while those variables that load heavily but negatively (loading ≤ -0.5) 

decrease. Figure 3-4 shows that serine, glycine, histidine, phenylalanine, leucine and isoleucine 

loaded heavily and positively onto RF1, while glutamate and GABA loaded heavily and 

negatively. For RF3, valine and tryptophan loaded heavily and positively, while aspartate loaded 

heavily and negatively. 
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We subjected RF1 and RF3 to the reduced ANOVA model and found a significant main 

effect of nitrogen fertilization on RF1 (F1,72 = 24.41, P < 0.005; Fig. 3-5a) and of CO2 

concentration on RF3 (F2,4 = 4.43, P < 0.05; Fig. 3-5c). There were no significant interactions. 

Figure 3-5 shows the effect of nitrogen fertilization on RF1 and of CO2 on RF3. The 

standardized univariate responses are also shown in Figure 3-5b and d for comparison. 

Standardization of the univariate responses aids in visualizing the magnitude of changes in 

individual variable responses, where the absolute values of those responses may be vastly 

different and difficult to compare on a single axis. Treatment effects on rotated factors can be 

interpreted as follows: variables loading heavily and positively on RF1 (Fig. 3-4a), tend to 

increase when nitrogen concentration is low (Fig. 3-5a), while variables loading heavily and 

negatively tend to increase when nitrogen is high. Similarly, variables loading heavily and 

positively on RF3 (Fig. 3-4b), tend to increase when CO2 concentration is lowest (Fig. 3-5c), 

while variables loading heavily and negatively on RF3 tend to increase when CO2 concentration 

is highest (1000 ppm). 

Since multivariate responses can sometimes be difficult to interpret and may not always 

capture those effects seen in a univariate analysis, we have included all phloem amino acid 

univariate analyses in Appendix 8. Appendix 8a contains F values, associated degrees of 

freedom and significance levels, while Appendix 8b contains all means and standard errors 

across CO2 and nitrogen treatments. However, because of the problems of Type I error inflation 

outlined above, we suggest that caution be exercised in interpreting the statistical results of 

univariate responses. 

 

3.3.4 The relationship between phloem amino acids and aphid performance 

The AIC model output relating phloem relative composition to aphid abundance is shown in 

Table 3-3. The best model is the one with the lowest AIC value, however, a generally agreed rule 

of thumb is that AIC cannot distinguish between models whose AIC value is within 2 of the 

minimum value.  We therefore show all of the ‘candidate’ models. An analysis of the candidate 

models shows that aspartate and arginine, and to a lesser extent valine, are predictors of aphid 

abundance.  This analysis, along with the principle of parsimony, suggests that the best model is 

probably the three parameter model (aspartate + arginine + a constant). Figure 3-6a,b shows the 

relationship between aphid abundance and each of the two amino acids. The relative composition 
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of aspartate and arginine are both positively correlated with aphid performance, though the 

correlation coefficients (Fig. 3-6) were low. 

The candidate models (Table 3-3) also show some support for including valine and 

glutamine as predictors of aphid abundance (Fig. 3-6c,d). Valine appeared in 11 of our 18 

candidate models of aphid abundance, while glutamine appeared in 4 out of 18 candidate models. 

We include information about these relationships here since excluding these data from our 

interpretation may result in the loss of valuable information about phloem-mediated aphid 

responses to treatment effects. Of these four amino acids (aspartate, arginine, valine and 

glutamine) two loaded heavily on RF3 (aspartate loaded negatively and valine loaded positively), 

while none loaded heavily on RF1. Although there was a significant effect of CO2 on RF3, only 

valine appeared to change under elevated CO2, whereas aspartate was unchanged under elevated 

CO2 (Fig. 3-5d). However, the CO2-induced decrease in valine cannot explain aphid performance 

under elevated CO2. Aphid abundance decreased in the 800 ppm treatment relative to ambient, 

while abundance in the 1000 ppm treatment was similar to ambient. However, overall aphid 

abundance decreased with increasing relative concentration of valine, which is the opposite 

direction than would be expected if the CO2-induced decrease in valine caused the observed 

responses in aphid performance under elevated CO2. 

Aphid performance was shown to increase in the high N fertilizer treatment. However, 

none of the four amino acids from the AIC model loaded strongly on RF1, which was shown to 

be significantly affected by nitrogen fertilization (Fig. 3-5a). On the other hand, of the four 

amino acids, valine and aspartate were significantly affected by nitrogen fertilization when 

univariate responses were examined (Fig. 3-5b), with aspartate increasing in high N and valine 

decreasing in high N. Aphid abundance increased with increasing aspartate and decreased with 

increasing valine suggesting that changes in aphid performance in the nitrogen fertilization 

treatment may be linked to changes in the relative composition of these amino acids. However, 

when aphid abundance was regressed against aspartate and valine for high and low N separately 

(Fig. 3-7a,b), the relationship between aphid performance and relative concentrations of the 

amino acids was significant only for the high N treatment in the case of aspartate. In the case of 

valine, aphid abundance increased with valine under high N but decreased significantly with 

increasing valine under low N. 
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3.3.5 The relationship between whole tissue chemistry and aphid performance 

The C:N ratio is expressed here as the ratio of the sum of low- and high-molecular weight sugar 

concentration to the sum of protein and amino acid concentration in whole-plant tissues. We 

found an increase in the C:N ratio under elevated CO2 (F2,4 = 27.95, P < 0.0001; Fig. 3-8a) and 

in the low nitrogen treatment (Low N: 45.26 ± 2.62, High N: 19.46 ± 1.06 ; F1,142 = 282.07, P < 

0.0001). In order to examine the effect of C:N ratio on aphid performance, we regressed C:N 

ratio against aphid abundance and found a significant relationship between the two (Fig. 3-8b). 

We found that a log linear function best described this relationship (Log(aphid abundance) = 

11.339408 - 1.2082199*Log(C:N ratio); F1,99 = 45.97; P < 0.0001). This suggests that decreased 

aphid performance under high CO2 and low nitrogen, may in part be mediated by an increase in 

the C:N ratio under these conditions, or by mechanisms similar to those mediating whole plant 

C:N. 

 

3.4 DISCUSSION  

3.4.1 Effects of elevated CO2, nitrogen fertilization and endophyte infection on plant 

growth  

Plant growth increased as expected under elevated CO2. Both above- and below-ground plant dry 

mass (Fig. 3-1a,c) and the number of vegetative tillers produced (Fig. 3-2a) increased to a similar 

extent in both the 800 ppm and 1000 ppm conditions relative to ambient. This suggests that the 

CO2-induced increase in tall fescue growth may already be saturated at or before 800 ppm. The 

magnitude of the difference between growth in ambient and elevated CO2 conditions was higher 

in high nitrogen plants, at least in the case of above-ground biomass production.  This suggests 

that plants that are limited by other factors, such as nutrients, may be less responsive to elevated 

CO2. Previous studies have shown that plants that are N limited are less likely to undergo CO2-

induced increases in photosynthesis and subsequent plant growth (Bowler and Press, 1996; Arp 

et al., 1998). Also, CO2 itself has been shown to decrease plant nitrogen concentration resulting 

in a decrease in the primary photosynthetic enzyme Rubsico; this may explain why some plants 

are unresponsive to elevated CO2 or acclimate to its effects over time (Bowes, 1991). This CO2-

induced nutrient dilution may be overcome in highly fertilized soils, resulting in increases in 
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biomass such as those seen in the present study. This may have implications for the growth 

response of natural (nutrient limited) vs. agricultural (nutrient rich) ecosystems to increased 

atmospheric CO2. The interaction between CO2 and nitrogen fertilization for the root:shoot ratio 

in this study (Fig. 3-1e) also suggests that a nutrient dilution may occur under elevated CO2.  The 

ratio of root to shoot was highest in the low N treatment, likely due to plant allocation of 

resources to root extension in the nutrient poor soil. Within the low N group root allocation was 

highest in elevated CO2, suggesting further nutrient depletion in high CO2, while the magnitude 

of the CO2 response was much lower in the well-fertilized plants. 

Endophyte infection increased above- and below-ground plant dry mass (Fig. 3-1b, d) 

and root:shoot ratio (Fig. 3-1f), though these effects were dependent on plant nitrogen status. 

Both nitrogen fertilization and endophyte infection increased shoot tissue and there was a 

synergistic effect when both treatments were present together (Fig. 3-1b). Neotyphodium fungal 

endophyte infection has previously been shown to stimulate plant growth in tall fescue (Cheplick 

and Faeth, 2009). Since endophyte infection in tall fescue may come at a nitrogen cost to the 

plant, removing this associated cost through increased nitrogen fertilization may explain the 

endophyte x nitrogen interaction observed here. Root dry mass was also higher in endophyte 

infected plants. Although root mass was lowest in the high N treatment, the magnitude of the 

endophyte-stimulated increase in root mass was highest in high N (Fig. 3-1d). Although the 

root:shoot ratio was similar between endophyte-free and endophyte-infected plants  in the high N 

treatment, there was an increase in the root:shoot ratio of infected plants in the low N treatment. 

This increased allocation to root tissue in endophyte-infected plants grown in low N may also be 

suggestive of a nitrogen cost associated with endophyte infection. 

 

3.4.2 Effects of elevated CO2, nitrogen fertilization and endophyte infection on aphid 

performance 

Aphid abundance response to elevated CO2 was non-linear, resulting in a decrease in the 800 

ppm treatment relative to ambient, but similar abundances between ambient and 1000 ppm (Fig. 

3-3a). However, aphid density decreased in response to elevated CO2 and the magnitude of this 

decrease was similar for both 800 ppm and 1000 ppm relative to ambient (Fig. 3-3c). This non-

linear response of aphid abundance to the two concentrations of elevated CO2, is similar to that 

seen in a previous experiment conducted by us using both R. padi and tall fescue in the same 
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experimental set-up (Ryan et al., unpublished). The chamber CO2 concentrations were re-

randomized between the two experiments suggesting that this effect is real and not due to 

chamber effects. The density of aphids on tall fescue was ~50% lower on plants grown in 

elevated CO2 relative to ambient (Fig. 3-3c). Insect density appears to be driven primarily by 

changes in plant biomass as CO2-induced changes in plant mass exceeded changes in insect 

abundance. 

Aphid abundance was highest in the high N nitrogen treatment, suggesting that aphid 

performance is dependent on plant nitrogen status. However this effect was seen only in 

endophyte-free plants (Nitrogen x Endophyte interaction; Fig. 3-3b,d) and the beneficial effect of 

increased nitrogen for aphids was not observed on endophyte-infected plants which aphids failed 

to colonize. Neotyphodium endophyte infection may alter an array of plant metabolites 

(Rasmussen et al., 2008a) such that herbivores may respond to endophyte factors other than the 

production of alkaloids in endophyte infected plants (Rasmussen et al., 2008b). Also, since the 

genetic background of E+ and E- plants may be distinct (for example, differences in the 

physiology of plants associated with an “affinity” for endophyte infection) plant factors may play 

a part in the observed differences between herbivore performance on E+ and E- plants. However, 

in the case of N. coenophialum-infected tall fescue, several lines of evidence suggest that the 

production of loline alkaloids is primarily responsible for the strong and consistent inhibitory 

effects of the common strain of N. coenophialum on aphids. Studies using grasses infected with 

the closely related sexual fungal endophyte Epicloë festucae found that R. padi performance was 

dramatically higher on plants infected with a loline “non-expression” phenotype, relative to 

fungal siblings with a loline “expression” phenotype where aphid colonization was vastly 

reduced (Wilkinson et al., 2000). While aphids were strongly inhibited on infected plants in the 

present study, we found no correlation between loline production and aphid abundance on 

endophyte infected plants (data not shown). This suggests that aphid colonization is inhibited to 

a similar degree in all loline-producing plants regardless of concentration. This is consistent with 

other studies which show that even very low concentrations of lolines can result in high aphid 

mortality (Eichenseer et al., 1991). While we did find some live aphids on endophyte-infected 

plants, no nymphs were found over the course of the experiment and aphids on E+ plants were 

less settled than aphids on E- plants. This suggests that aphids found on E+ plants may have 
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moved from E- neighbours and were probing plants when counting took place. Complete details 

of endophyte and alkaloid biochemistry will be published in a forthcoming manuscript. 

 

3.4.3 Phloem amino acids 

The amino acid profile of the EDTA exudates was dominated by the non-essential amino acids 

glutamate, serine and aspartate, and to a lesser extent alanine, glycine glutamine and asparagine 

(Appendix 8). All other amino acids comprised <5% of the total profile. The relative amino acid 

concentrations seen in tall fescue here are similar to those observed in other members of the 

Poaceae family sampled using EDTA exudation and pure phloem sap from aphid stylectomy 

(Weibull, 1987, 1988, 1990). As expected our multivariate analyses revealed an effect of 

nitrogen on amino acid composition. Figure 3-4 shows the loadings onto RF1 for which there 

was a significant nitrogen effect. The two most abundant amino acids, serine and glutamate, 

loaded heavily in opposite directions and were negatively correlated with each other. The relative 

composition of glutamate and aspartate increased in the high N treatment whereas serine, glycine 

and several minor amino acids decreased in the high N treatment (Fig. 3-5b). This increase in 

dicarboxylic amino acids in response to N fertilization is consistent with observations in barley 

and oats (Weibull, 1987).  

 

3.4.4 Aphid response to phloem amino acid composition 

Figure 3-6 shows the relative concentration of amino acids included in the AIC model, regressed 

against aphid abundance. Aphid abundance was found to correlate positively with relative 

concentrations of aspartate and arginine, and negatively with relative concentrations of valine 

and glutamine. In the present study we found that two of the amino acids which correlated with 

aphid performance were essential (valine and arginine), while two were non-essential (aspartate 

and glutamine). We found no correlation between aphid performance and the ratio of 

essential:non-essential amino acids (data not shown). This may not be surprising, as it has been 

suggested that aphids may be nutritionally “buffered” from essential amino acid limitations 

owing to the presence of Buchnera bacterial symbionts capable of synthesizing essential amino 

acids from non-essentials (Karley et al., 2002). 

Two of the amino acids which were altered by nitrogen fertilization were correlated with 

aphid abundance. Aphid abundance increased with increasing aspartate and decreased with 
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increasing valine; however, in both cases this relationship was seen only in the high N treatment 

(Fig. 3-7). This suggests that the relative concentration of certain amino acids may be important 

determinants of aphid performance, but only after a threshold concentration has been reached. It 

may be that if the overall concentration of amino acids is low, then the relative composition is 

less relevant to performance. Of course this rests on the assumption that the total concentration 

of phloem amino acids, which was not measured here, increases with increased nitrogen inputs. 

Several studies have shown this to be the case (Weibull, 1987; Ponder et al., 2000), though some 

exceptions to this have been noted (Shelp, 1987). A limitation of the EDTA exudation method 

used here is that because the volume of phloem exudate is unknown, only relative amino acid 

composition can be quantified. However, overall amino acid concentration may play an 

important role in aphid performance. Seasonal fluctuations in total amino acid concentration 

have been shown to correlate highly with aphid performance (Weibull, 1987; Dixon et al., 1993). 

In addition, a lower concentration of total amino acids has been associated with poor aphid 

performance on nitrogen deficient plants (Ponder et al., 2000).  

The composition of amino acids could not explain the observed decrease in aphid 

performance under elevated CO2. The relative concentration of glutamate increased under 

elevated CO2 while several minor (<5% of total) amino acids decreased. Increased levels of 

glutamate have previously been associated with resistance to R. padi in barley and oats (Weibull, 

1988), however in the present study there was no correlation between relative glutamate 

concentration and aphid performance. It may be that the total concentration of amino acids is 

altered in such a way as to affect aphid performance, however we were unable to measure 

absolute concentration. There is a general hypothesis of decreased nitrogen metabolites in 

elevated CO2 and decreases in free amino acid concentration have been noted (Demmers-Derks 

et al., 1998; Docherty et al., 1997; Geiger et al., 1999) though these were examined in whole 

plant tissue. Phloem measurements in the CO2 literature are sparse, though in one study Wang 

and Nobel (1995) found a 17% decrease in phloem amino acid concentration under elevated 

CO2. We did observe an increase in the C:N ratio of whole tissues in the present study and 

increasing C:N ratio was negatively correlated with aphid abundance. While this was quantified 

in whole plant tissue rather than phloem, it may be that the same mechanisms underlying whole-

plant resource allocation also underlie those metabolite changes which may be important 

determinants of aphid performance. 
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3.5 CONCLUSION 

This study highlights the need for precise quantitative measurements of nitrogen metabolites in 

pure phloem sap, in order to quantify the contribution of absolute and relative amino acid 

concentration under altered environmental conditions such as elevated CO2 and nitrogen 

fertilization. We did not find a strong relationship between relative phloem amino acid 

composition and aphid performance. Altered relative concentration in individual amino acids 

(valine and aspartate) may partially explain changes under different nitrogen conditions; 

however changes in aphid performance under elevated CO2 could not be linked to changes in 

phloem composition. However, any correlation between aphid performance and amino acid 

composition should be interpreted with caution, and while these measures may serve as a starting 

point for investigating the mechanisms underlying altered aphid performance, causality can only 

be attributed through controlled artificial diet experiments. 
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Table 3-1: ANOVA model and degrees of freedom used for all analyses in this experiment, with 

the exception of the multivariate analysis of phloem amino acids which used a model that 

excluded endophyte as a factor. 

Source df 

Block 2 

CO2 2 

Whole-Plot Error 4 

  

Endophyte 1 

Genotype(Endophyte) 10 

CO2 x Endophyte 2 

Genotype(Endophyte) x CO2 20 

Nitrogen 1 

Nitrogen x Endophyte 1 

Genotype(Endophyte) x Nitrogen 10 

Nitrogen x CO2 2 

Nitrogen x CO2 x Endophyte 2 

Genotype(Endophyte) x Nitrogen x CO2 20 

Sub-Plot Error 142 
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Table 3-2: PCA output showing the first five factors. We used a chi-squared test to determine 

which factors to retain for analysis. We retained the first three principle components, which 

accounted for 54.1% of the variation in the PCA data matrix. 

Number Eigenvalue Percent 
Cumulative 

percent 
Chi-square df Prob>ChiSq 

1 5.9672 33.151 33.151 687.797 170 <.0001 

2 2.0132 11.184 44.336 270.764 152 <.0001 

3 1.7633 9.796 54.132 177.517 135 0.0083 

4 1.3454 7.474 61.606 85.701 119 0.9908 

5 1.0784 5.991 67.597 21.378 104 1 
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Table 3-3: AIC model output showing candidate models, number of terms in a given model and 

AIC values for each model. Candidate models within +2 of the lowest AIC value are given for 

aphid abundance. 

Aphid abundance 

Model # AIC 

Asp, Arg, Val 3 1978.306 

Asp, Arg 2 1979.003 

Asp, Arg, Tyr, Val 4 1979.547 

Asp, Glu, Arg, Val 4 1979.588 

Asp, Glu, Arg 3 1979.845 

Asp, Arg, Val, Met 4 1979.941 

Asp, Arg, Val, Phe 4 1979.95 

Asp, Asn, Arg, Val 4 1980.068 

Asp, Asn, Arg 3 1980.157 

Asp, Arg, Val, Trp 4 1980.163 

Asp, Arg, Val, Ile 4 1980.197 

Asp, Thr, Arg, Val 4 1980.208 

Asp, Asn, Glu, Arg 4 1980.213 

Asp, Arg, GABA 3 1980.247 

Asp, Glu, Arg, Val 4 1980.263 

Asp, Thr, Arg 3 1980.285 

Asp, Arg, Trp 3 1980.287 

Asp, Arg, GABA, Val 4 1980.303 
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Figure 3-1: The effect of elevated CO2 and its interaction with nitrogen on (a) above-ground 

plant dry mass and (e) root:shoot ratio, and the main effect of elevated CO2 on (c) root dry mass. 

The interactive effects of nitrogen fertilization and fungal endophyte on (b) above-ground dry 

mass, (d) root dry mass and (f) root:shoot ratio (means per pot ± SE).  
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Figure 3-2: The main effect of (a) elevated CO2, (b) nitrogen fertilization and (c) endophyte 

status on the production of vegetative tillers in tall fescue (means per pot ± SE). There were no 

significant interactions.  

 

 

 

Figure 3-3: The effect of elevated CO2 on (a) cumulative aphid abundance, and (c) aphid 

density, and the interactive effects of nitrogen fertilization and fungal endophyte on (b) aphid 

abundance, and (d) aphid density (means per pot ± SE). 
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Figure 3-4: Variable loadings onto (a) RF1, and (b) RF3. Variables that loaded heavily either 

positively (loading ≥ +0.5) or negatively (loading ≥ -0.5) are highlighted in black. These 

multivariate responses can be interpreted as increasing as the positively loading variables 

increase and decreasing as the negatively loading variables increase. 
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Figure 3-5: The mean response of (a) RF1 and (b) associated standardized univariate responses 

to nitrogen fertilization, and the mean response of (c) RF3 and (d) associated univariate 

responses to CO2 concentration. Individual amino acids are expressed as the relative proportion 

of the total (%mol).  
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Figure 3-6: The relationship between aphid abundance and (a) aspartate (R
2
 = 0.12, F1,101 = 

13.40, P = 0.0004), (b) arginine (R
2
 = 0.05, F1,101 = 5.26, P = 0.024), (c) valine (R

2
 = 0.08, F1,101 

= 9.20, P = 0.003) and (d) glutamine (R
2
 = 0.06, F1,101 = 6.27, P = 0.014). Individual amino acids 

are expressed as the relative proportion of the total (%mol). 
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Figure 3-7: The relationship between aphid abundance and (a) aspartate (High N: R
2
 = 0.16, 

F1,48 = 9.44, P = 0.0035; Low N: R
2
 = 0.001, F1,51 = 0.065, P = 0.799) and (b) valine (High N: R

2
 

= 0.12, F1,48 = 6.64, P = 0.0131: Low N: R
2
 = 0.12, F1,48 = 6.75, P = 0.0122). Light grey line = 

high nitrogen treatment, dark grey line = low nitrogen treatment. 
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Figure 3-8: (a) The effect of elevated CO2 on whole tissue tall fescue C:N ratio and (b) the 

relationship between cumulative aphid abundance and C:N ratio (means per pot ± SE). 
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CHAPTER 4                                                                                          

Phytochemical analysis of the effects of elevated CO2 and nitrogen fertilization 

on the association between tall fescue (Lolium arundinaceum) and its fungal 

symbiont Neotyphodium coenophialum.
3
 

 

4.0 ABSTRACT 

Atmospheric CO2 is expected to increase to between 550 ppm and 1000 ppm in the next century. 

CO2-induced changes in plant physiology can have ecosystem-wide implications and may alter 

plant-plant, plant-herbivore and plant-symbiont interactions. 

We examined the effects of three concentrations of CO2 (390 ppm, 800 ppm and 1000 

ppm) and two concentrations of nitrogen fertilizer (0.004 gN/week vs. 0.2 gN/week) on the 

physiological response of Neotyphodium fungal endophyte-infected and uninfected tall fescue 

plants. We used real-time PCR to quantify the concentration of endophyte under altered CO2 and 

N conditions.  

We found that elevated CO2 increased the concentration of water soluble carbohydrate 

and decreased the concentration of plant total amino acid concentration. Fungal-derived alkaloids 

decreased in response to elevated CO2 and increased in response to nitrogen fertilization. 

Endophyte growth (expressed as the number of copies of an endophyte-specific gene per total 

genomic DNA) increased under elevated CO2 and nitrogen fertilization. The correlation between 

endophyte concentration and alkaloid production observed at ambient conditions was lost under 

elevated CO2. 

These results show that nutrient exchange dynamics important for maintaining the 

symbiotic relationship between fungal endophytes and their grass hosts may be altered by 

changes in environmental variables such as CO2 and nitrogen fertilization. 

 

                                                
3 Manuscript in preparation for Plant, Cell and Environment, by G.D. Ryan, H. Xue, S. Rasmussen, A.J. Parsons and 
J.A. Newman. G.D.R. helped design the experiment, conducted tissue sampling and analysis, performed the 

statistical analysis and wrote the paper; H.X. aided in the development of the PCR protocol; S.R. and A.J.P. 

provided training and assistance with metabolite analysis and paper editing; J.A.N. assisted in experimental design, 

statistical analysis and paper editing. 
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4.1 INTRODUCTION 

Atmospheric CO2 is expected to rise from a current ambient concentration of 390 ppm to 

between 550 and 1000 ppm by the year 2100 (IPCC 2007). The effects of elevated CO2 on plant 

growth, physiology, metabolism, morphology and competition have been well studied (Bazazz, 

1990; Robinson et al., 2012). Increased CO2 has been shown to increase plant photosynthetic 

rate resulting in increased growth and biomass production and physiological changes brought 

about by altered resource allocation. A commonly observed CO2-induced change is an increase 

in carbohydrate metabolites and a decrease in nitrogen metabolites such as amino acids and 

soluble protein, resulting in an altered plant C:N ratio (Robinson et al., 2012). Such changes in 

resource allocation are also expected to alter plant defensive chemistry. The carbon-nutrient 

balance (CNB) hypothesis has often been employed as a model of allocation to defensive 

compounds under elevated CO2 and predicts that carbon products in excess of those needed for 

primary metabolic functions will result in increased carbon-based secondary metabolites and 

subsequent decreased N-based secondary metabolites. Although there is some evidence that 

supports this outcome on average (Robinson et al., 2012) generalizations concerning these 

changes have been difficult to formulate and may be subject to complex regulation by 

phytohormones (Ryan et al., 2010). Such alterations in plant primary and secondary metabolism 

are expected to have bottom-up trophic effects that are likely to effect broader community 

interactions. Whereas these effects have been relatively well studied in the case of herbivores 

and their host plants, very little work exists on the broader ecosystem impacts of elevated CO2. 

The perennial grass Schedonorus arundinaceus (Schreb) (tall fescue) is an agriculture 

pasture grass that is commonly associated with the mutualistic clavicipitaceous fungus 

Neotyphodium coenophialum (Morgan-Jones and Gams). Neotyphodium endophytes are asexual, 

vertically transmitted fungi whose hyphae grow in the intercellular spaces of host grasses. 

Grasses themselves generally produce few defensive compounds and the presence of mutualistic 

Neotyphodium fungi has been shown to directly increase host plant resistance to both vertebrate 

and invertebrate herbivores through the production of toxic alkaloids (Clay, 1988). The presence 

of endophytic fungi can alter the outcome of competitive interactions between plants by 

providing increased herbivore resistance, drought tolerance, disease resistance, nutrient stress 

tolerance and reproductive vigour in host plants (Kuldau and Bacon, 2008; Cheplick and Faeth, 

2009). As such, endophytes have a critical role in shaping community composition.  
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Recent studies have suggested that the degree of mutual benefit for endophytic fungi and 

their hosts may be conditional on environmental factors such as nutrient availability (Saikkonen 

et al., 2006). Heterotrophic microorganisms such as fungal endophytes and mycorrhizae depend 

on carbon and energy provided by their autotrophic host plants. It is not entirely clear which 

organism controls such interactions and to what extent abiotic mechanisms contribute to these 

dynamics. Although these mechanisms have yet to be elucidated, nutrient exchange between 

plant and fungal partners seems to play an important role (Kiers and Denison, 2008; Ryan et al., 

2008; Draper et al., 2011). Thus, changes in environmental variables that can alter plant resource 

allocation may have implications for the way in which symbiotic partners interact. Both elevated 

CO2 and nitrogen fertilization can alter plant nutrient allocation and may affect nutrient exchange 

in ways that impact the production of N-based mycotoxins and carbon energy sources for 

endophytic growth. Few studies have examined the interaction between fungal endophytes and 

host plants under elevated CO2 (but see: Marks and Clay, 1990; Groppe et al., 1999; Newman et 

al., 2003b; Hunt et al., 2005). Hunt et al., (2005) found that Neotyphodium-derived alkaloids 

increased in perennial ryegrass grown under elevated CO2, but only when plants were well-

fertilized. CO2-induced increases in defensive compounds are likely to impact herbivores in a 

high CO2 atmosphere. Studies have also shown that endophyte infection can buffer CO2-induced 

decreases in plant protein production in both tall fescue (Newman et al., 2003b) and perennial 

ryegrass (Hunt et al., 2005) which may have implications for herbivores beyond changes in 

defensive chemistry. The growth responses of endophytes to changes in plant physiology have 

been difficult to study due to fact that endophyte and plant tissues cannot be physically 

separated. As such, most studies in the endophyte literature report only presence/absence data in 

host grasses. However, real time PCR (qPCR) may provide a promising technique for measuring 

endophyte concentration by quantifying the number of copies of endophyte-specific genes found 

in total (plant + fungus) genomic DNA (Rasmussen et al., 2007, Liu et al., 2011).  

In this study we examine the effects of elevated CO2, nitrogen fertilization and endophyte 

status on plant physiological parameters associated with carbon and nitrogen metabolism. In 

endophyte-infected plants, we examine the effects of CO2, nitrogen fertilization and their 

interaction on endophyte-derived alkaloids. We use qPCR to examine N and CO2 effects on the 

fungal concentration of Neotyphodium coenophialum. To our knowledge this is the first time this 

technique has been used to examine in planta fungal growth of Neotyphodium coenophialum in 
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response to altered atmospheric CO2 concentration. Changes in fungal growth in response to 

altered environmental variables may have implications for the strength and direction of plant-

endophyte interactions, particularly in cases where nutrient dynamics are altered. 

4.2 MATERIALS AND METHODS 

4.2.1 Chambers and CO2 

The experiment was conducted in nine plexiglass CO2-controlled closed chambers housed in a 

greenhouse in a 3 x 3 square pattern. CO2 concentrations, relative humidity and temperature were 

controlled by an Argus Greenhouse Control System. We used three CO2 concentrations (ambient 

(390 ppm), 800 ppm and 1000 ppm) with three replicates of each, which were blocked according 

to a light gradient within the greenhouse (one of each treatment level per block, arranged as a 

latin squares design). These elevated CO2 concentrations are within the range of the projected 

increase by the year 2100. Chambers were constructed and operated according to Grodzinski et 

al., (1999). Chambers were maintained under high relative humidity (~80%) and 23ºC. The light 

regime was set to an 18:6 L/D cycle.  

 

4.2.2 Plant material 

Experimental Schedonorus arundinaceus (tall fescue) plants were taken from a group of long-

established nursery plants where each nursery plant was the product of a single seed and thus 

represented a single genotype. Georgia 5 seed lines, both uninfected and infected with the 

common strain (CS) of Neotyphodium coenophialum endophyte, were originally obtained from 

Donald Wood (University of Georgia, USA). Six E+ genotypes and six E- genotypes were 

randomly selected for the experiment. Endophyte infection status was confirmed using the 

immunoblot method (Agrinostics Ltd.). Experimental plants were prepared by removing two 

tillers from the parent plant, cutting back to 5-6 cm (above- and below-ground tissue) and re-

potting in a mixture of 50% Sunshine Mix #2 (Sun Gro Horticulture) and 50% vermiculite (2A; 

Thermorock) in 9 cm x 38 cm (D x H) cylindrical pots made from 0.635 cm thick PVC piping. 

Each of the 12 genotypes (6 E- and 6 E+) were replicated twice per chamber (one set of replicate 

genotypes per level of nitrogen fertilization) for a total of 216 pots for the entire experiment. 

After placement in the CO2-controlled chambers, plants were sprayed with insecticidal soap to 

avoid unwanted insect colonization prior to the beginning of the experiment. Plants were watered 
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as necessary with de-ionized water. Plants were fertilized weekly with either a low N (0.004 

gN/week) or high N (0.2 gN/week) treatment, delivered as 40 ml of a 0.3 g/L NH4NO3 or 14.7 

g/L NH4NO3 solution respectively. All plants received 40 ml of a micronutrient solution weekly 

(nitrogen-free Long Ashton solution; Ponder et al. 2000). In order to test the resulting plant 

nitrogen status, we measured %N of above-ground tissue at two time points, pooled across 

endophyte and CO2. Low N plants contained 2.69 ± 0.12 %N, while high N plants contained 

4.24 ± 0.10% N; these values reasonably approximate N-limited and N-rich pastures respectively 

(Anthony Parsons, pers. comm.). Plants were grown under CO2 and nitrogen treatment 

conditions for 6 months, at which point two 4
th
 to 5

th 
instar Rhopalosiphum padi aphids were 

released onto each plant. Details of aphid population dynamics and phloem biochemistry will be 

published in a forthcoming manuscript. 

 

4.2.3 Alkaloid extraction and analysis 

All alkaloid analyses were performed on harvested plant tissue. Ergovaline extraction was 

performed using a method modified from Spiering et al. (2002). A sample of lyophilized grass 

tissue (50 mg) was extracted for one hour with 1ml of extraction solvent (50% isopropanol, 1% 

lactic acid with 1.16 ng/ml ergotamine tartrate as internal standard). The sample was then 

centrifuged (8000 g, 5 min) and a 500 µl aliquot of the supernatant transferred to an HPLC vial 

for analysis. 

Extraction and analysis of lolitrem-B was performed using a method modified from 

Spiering et al., (2005). Samples of lyophilized grass tissue (50 mg) were extracted for one hour 

with 1 ml of the extraction solvent (9:1 dichloroethane/methanol). Samples were centrifuged for 

5 min at 8000 g and 500 µl aliquots of the supernatant were transferred to HPLC vials for 

analysis. 

Loline alkaloids (N-acetyl loline, N-formyl loline and N-acetyl norloline) were measured 

using gas chromatography from a method modified from Kennedy and Bush (1983) and Yates et 

al., (1989). A sample of lyophilized grass tissue (100 mg) was extracted for 1 hour with 50 µl of 

40% methanol/5% ammonia and 1 ml of the 1,2-dichloroethane (containing 53.7 ng/ml, 4-

phenylmorpholine as internal standard). The tubes were then centrifuged for 5 min at 8000 g, and 

the supernatant transferred to a glass GC vial via a 10 µm filter for analysis. The analysis was 
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conducted on a gas chromatography-flame ionization detector (GC-FID) equipped with a ZB-5 

capillary column (30 m x 0.32 mm x 0.25 µm film; Phenomenex, Torrance, CA, USA). 

Peramine was extracted using a method modified from Spiering et al., (2002). A sample 

of lyophilized grass tissue (50 mg) was extracted for one hour with 1ml of extraction solvent 

(50% methanol with 2.064 ng/ml homoperamine nitrate as internal standard). The sample was 

then centrifuged (8000 g, 5 min) and a 500 µl aliquot of the supernatant transferred to an HPLC 

vial for analysis. 

 

4.2.4 Endophyte concentration  

The concentration of Neotyphodium endophyte in harvested plant tissue was estimated based on 

quantitative PCR (qPCR, real-time PCR) of genomic DNA (gDNA) isolated from infected plants 

using the Roche LightCycler® 480 system (Roche Diagnostics). DNA was extracted from 25 mg 

of freeze-dried powdered plant material (pseudostem + blade) using DNeasy ® Plant Mini kit 

(Qiagen, Biolab Ltd., Auckland, New Zealand) following the manufacturer’s handbook. Primers 

suitable for qPCR were designed for a fragment of an endophyte-specific gene, encoding an 

Elongation Factor (forward: 5`-cacgtactgactgaagcgtagc-3`; reverse: 5`-caatgcagcgagtgaacatc-3`). 

The gel-purified PCR products were cloned into TOPO vectors (Invitrogen NZ Ltd., Auckland, 

New Zealand) and transformed into One Shot ® E. coli cells by chemical transformation. Single 

colonies were grown in liquid culture and plasmids extracted and purified (Qiagen Plasmid Kit). 

A dilution range of the plasmids from 2 ×10
1
 to 2 × 10

6
 copies was used to generate a standard 

curve. Three nanograms of gDNA isolated from infected and uninfected plant material was 

mixed with LightCycler 480 SYBR Green I Master Mix (Roche Diagnostics), primer pairs and 

water, for a total volume of 15 μl per qPCR reaction. The PCR protocol was as follows: pre-

incubation: one cycle of 95°C for 5 min; amplification: 45 cycles of 95°C for 10 s, 64°C for 10 s 

and 72°C for 10 s; melting analysis: 95°C for 5 sec, 65°C for 1 min and a continuous melting 

curve fluorescent acquisition at 97°C; cooling: 40°C for 30 sec. The formation of single PCR 

products in the assays was confirmed by subsequent gel electrophoresis and ethidium bromide 

staining of amplified DNA. The concentration of endophyte present in the grass is expressed as 

the number of copies of fungal-specific gene per total (plant + fungal) genomic DNA. 
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4.2.5 Water soluble carbohydrates, protein and amino acids 

Low molecular weight (LMW) carbohydrates (mostly glucose, fructose and sucrose) and high 

molecular weight (HMW) carbohydrates (mainly fructans) were extracted and quantified from 

above-ground tissues as previously described (Hunt et al., 2005; Rasmussen et al., 2007). 

Briefly, 25 µg of dried tissue was extracted with 2 × 1 ml of 80% ethanol (LMW sugars) and 

subsequently with 2 × 1 ml water (HMW sugars) for 30 min at 60° C. Extracts were centrifuged, 

and supernatants of each fraction were analyzed separately using anthrone as a colorimetric 

reagent (Jermyn, 1956). Standard calibration curves were generated using sucrose and inulin for 

LMW and HMW sugars respectively. Absorbance was measured at 620 nm. Total free amino 

acids were analyzed from the ethanol fraction used in carbohydrate extraction and were 

determined colorimetrically with ninhydrin, as described previously (Yemm, 1955). L-glutamine 

was used as a standard and absorbance was measured at 570 nm. Soluble proteins were extracted 

using 0.1% mercaptoethanol in 100 mM Kpi buffer. Extracts were centrifuged and the resulting 

supernatant was analyzed according to Bradford (1976) with absorbance measured at 595 nm 

using Bovine Serum Albumin (BSA) as a standard. 

 

4.2.6 Statistics 

We used a blocked split-plot experimental design with CO2 as the whole-plot factor and nitrogen 

and endophyte as split-plot factors. All analyzes were performed using a mixed effects ANOVA 

model with CO2, nitrogen and endophyte as fixed factors and plant genotype as a random factor. 

We also included a block term but as we had no a priori hypothesis about block x treatment 

interactions, we excluded these interactions from our model and collapsed these terms into the 

residuals (Newman et al., 1997). We used box-cox transformations to homogenize the error 

variance. Table 4-1 shows the degrees of freedom for the analysis. For endophyte and alkaloid 

concentrations, we used a reduced version of the model that excluded “endophyte” as a factor, 

since these were only measured in endophyte-infected plants. 
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4.3 RESULTS 

4.3.1 Water soluble carbohydrates 

LMW-WSC concentration increased under elevated CO2 (F2,4 = 49.76, p < 0.0001) and 

decreased in the high nitrogen treatment (F1,142 = 10.08, p < 0.01). However there was a 

significant CO2 x N interaction (F2,142 = 10.23, p < 0.0001; Fig. 4-1a), whereby the increase in 

LMW concentration under elevated CO2 was observed only in the high N treatment. The effect 

of CO2 on LMW concentration was also dependent on endophyte infection (CO2 x endophyte 

interaction: F2,142 = 8.15, p < 0.01; Fig. 4-1b) and the magnitude of the CO2-induced increase in 

LMWs was higher in endophyte-infected plants. The concentration of HMW-WSCs also 

increased under elevated CO2 (F2,4 = 43.23, p < 0.0001) and decreased under high N (F1,142 = 

80.05, p < 0.0001). Again the effects of elevated CO2 were dependent on a CO2 x N interaction 

(F2,142 = 7.63, p < 0.001; Fig. 4-1c) but unlike LMW response, the CO2-induced increase in 

HMWs was observed only in the low N condition.  

 

4.3.2 Nitrogen metabolites 

Total soluble protein increased under high N fertilization (F1,142 = 59.45, p < 0.0001; Fig. 4-2a). 

Total amino acids also increased under high N fertilization (F1,142 = 441.93, p < 0.0001). 

However, there was a significant interaction between CO2 and N fertilization (F2,142 = 6.52, p < 

0.01; Fig. 4-2b) whereby amino acids decreased under elevated CO2, but only in the low N 

condition. There was also a significant N x endophyte interaction (F2,142 = 12.78, p < 0.01; Fig. 

4-2c). There was an increase in amino acid concentration in endophyte-infected plants; however, 

this effect was apparent only in high N treated plants. 

 

4.3.3 Endophyte and alkaloid concentration 

Total lolines (F1,70 = 78.56, p < 0.001; Fig. 4-3a), ergovaline (F1,70 = 188.60, p < 0.0001; Fig. 4-

3c) and peramine (F1,70 = 200.10, p < 0.0001; Fig. 4-3e) all increased with high N fertilization. 

Total lolines decreased significantly under elevated CO2 (F2,4 = 14.67, p = 0.001; Fig. 4-3b) and 

there was a weakly significant (p < 0.1) decrease in ergovaline under elevated CO2 (F2,4 = 3.41, p 

< 0.1; Fig. 4-3d). The concentration of endophyte (expressed as the number of copies of an 

endophyte-specific gene per ng of total genomic DNA) increased under elevated CO2 relative to 
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ambient (F2,4 = 5.72, p , 0.05; Fig. 4-4a), but this difference was seen only in the 800 ppm 

condition and not in the 1000 ppm condition. Endophyte concentration increased in the high N 

fertilization (F1,70 = 37.37, p < 0.01; Fig. 4-4b).  

In order to examine differences in the production of alkaloids by endophyte under our 

treatment conditions, we expressed alkaloid concentration (µg/gDM) per unit endophyte 

(copies/ng gDNA) and subjected the per unit endophyte production of all alkaloids individually 

to the ANOVA model above. We found that the production of alkaloids per unit endophyte 

decreased for all three alkaloids under elevated CO2 (Lolines: F1,70 = 9.22, p < 0.01; Peramine: 

F1,70 = 5.23, p < 0.05; Ergovaline: F1,70 = 6.44, p < 0.05). The reduction in loline production per 

unit endophyte is shown in Figure 4-5a. This CO2-induced reduction was similar for both 

peramine (390 ppm: 0.21 ± 0.01; 800 ppm: 0.09 ± 0.01; 1000 ppm: 0.10 ± 0.01) and ergovaline 

(390 ppm: 0.027 ± 0.003; 800 ppm: 0.018 ± 0.002; 1000 ppm: 0.023 ± 0.003). In order to 

examine whether endophyte concentration was a good predictor of alkaloid concentration in 

general, we examined the relationship between endophyte concentration and alkaloid production. 

There was a significant positive linear correlation between endophyte and alkaloid concentration, 

but only under ambient conditions (R
2
 = 0.38, F1,32 = 19.58, P < 0.0001; Fig. 4-5b). However, 

this linear relationship was largely lost under elevated CO2. While there was a weak linear 

correlation in the 800ppm treatment (R
2
 = 0.11, F1,32 = 4.13, P < 0.1; 1000 ppm: R

2
 = 0.001, F1,32 

= 0.032, P > 0.1) the relationship between endophyte and alkaloid concentration was best 

described by a quadratic fit for both the 800ppm (R
2
 = 0.26, F1,32 = 5.66, P < 0.01; Fig. 4-5c) and 

1000ppm (R
2
 = 0.37, F1,32 = 9.28, P < 0.001; Fig. 4-5d) treatments. 

The linear relationship at ambient CO2 was also observed for peramine (R
2
 = 0.32, F1,32 = 

14.99, P < 0.001) and ergovaline (R
2
 = 0.23, F1,32 = 9.55, P < 0.01). Again, quadratic curves best 

described the relationship between endophyte and alkaloid concentration at elevated CO2 for 

both peramine (800ppm: R
2
 = 0.32, F1,32 = 7.42, P < 0.01; 1000ppm: R

2
 = 0.46, F1,32 = 13.08, P < 

0.0001) and ergovaline (800ppm: R
2
 = 0.29, F1,32 = 6.68, P < 0.01; 1000ppm: R

2
 = 0.36, F1,32 = 

8.88, P < 0.001). Thus, the effects seen for ergovaline and peramine were similar to that of 

lolines shown in figure 4-5. 
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4.4 DISCUSSION 

4.4.1 Plant metabolite responses to elevated CO2, nitrogen fertilization and endophyte 

infection 

Plant carbohydrate responses in the present study were similar to those seen in other studies, in 

that carbohydrates (here LMW and HMW sugars) decreased in high N (Pettersson et al., 1993; 

Skinner et al., 1999; Curtis et al., 2000; Rasmussen et al., 2007) and increased under elevated 

CO2  (Pettersson et al., 1993; Skinner et al., 1999; Curtis et al., 2000; Robinson et al., 2012). For 

nitrogen metabolites, only total amino acids changed under elevated CO2, with the concentration 

decreasing under elevated CO2 in the low nitrogen treatment (nitrogen x CO2 interaction). We 

found no CO2 x endophyte interaction for amino acids and soluble protein concentrations. This is 

inconsistent with the results of Hunt et al., (2005) and Newman et al., (2003b) who found that a 

CO2-induced reduction in protein in uninfected perennial ryegrass and tall fescue plants 

respectively, disappeared when plants were infected with endophyte. We found no evidence here 

of this buffering effect of endophyte in tall fescue.  

Increases in carbohydrates in concert with decreases in nitrogen metabolites such as those 

seen here have been shown to alter plant quality for insect herbivores, who are generally nitrogen 

limited (Mattson, 1980). Data on aphid population dynamics and phloem phytochemistry from 

the current experiment will be published in a subsequent manuscript (Ryan et al., unpublished). 

We found that the whole-plant C:N ratio in endophyte-free tissues (expressed as the ratio of total 

LMW and HMW carbohydrates to total amino acids and soluble protein) was a strong predictor 

of aphid performance with aphid abundance decreasing with increasing C:N ratio. Thus, CO2-

induced alterations in C and N allocation will likely have implications for herbivore 

performance. 

 

4.4.2 Alkaloid and endophyte response to elevated CO2 and nitrogen fertilization 

Our observation that alkaloid concentration more than doubles in a high N treatment shows that 

the production of alkaloids in tall fescue is highly dependent on the level of nitrogen fertilization. 

The importance of plant nitrogen status on the production of N-based alkaloids may explain the 

slight CO2-induced decrease in alkaloids seen here for both lolines and ergovaline. A current 

hypothesis in the CO2 literature predicts that increased carbohydrate accumulation under 
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elevated CO2 results in a dilution of nitrogen leading to a subsequent reduction in N-based 

metabolites (Cortrufo et al.,1998; Robinson et al., 2012). This study shows that this CO2-induced 

nitrogen limitation may also affect symbiont-derived metabolites and may have implications for 

nutrient exchange between symbiotic partners. Decreased alkaloid concentration under elevated 

CO2 may result in less herbivore resistance and decrease the competitive advantage of endophyte 

infection in a high CO2 atmosphere. However, this is likely dependent upon several factors such 

as the sensitivity of herbivores to small changes in alkaloid content. Aphids were unsuccessful at 

colonizing endophyte-infected plants in the present study (data not shown) and alkaloid 

concentration and aphid abundance were not correlated. This is possibly due to the sensitivity of 

aphids to even small concentrations of loline alkaloids (Eichenseer et al., 1991).  

Endophyte concentration (copies/g gDNA) increased in the current study under elevated 

CO2, but only for the 800 ppm treatment. This may be due to increased carbohydrate resources 

being shunted to endophyte growth due to increased photosynthetic output. However, the 

resource economy in grass-endophyte symbioses is not well understood. Rasmussen et al., 

(2007) found that the concentration of the closely related Neotyphodium lolii endophyte in 

perennial ryegrass decreased in plants that were selectively bred to produce high levels of water 

soluble carbohydrates. More recent work suggests that such changes may be brought about in 

part by carbohydrates but are also strongly dependent on the genetic background of host plants 

(Ryan et al., unpublished). 

 

4.4.3 The grass-endophyte mutualism and elevated CO2 

We observed that alkaloid production per unit endophyte decreased in elevated CO2 (Fig. 4-5a). 

Interestingly, we also found that a linear correlation between endophyte and alkaloid 

concentration in ambient conditions disappeared in elevated CO2, which may indicate that the 

symbiotic nutrient economy may be disrupted to some degree in a high CO2 atmosphere (Fig. 4-5 

b,c,d). The relationship in elevated CO2 appears to be quadratic, with the highest endophyte 

concentrations producing the lowest alkaloid concentrations, and this was particularly apparent 

in the 1000 ppm treatment. This may suggest that plants undergoing the largest CO2-induced 

changes in resource allocation have a higher endophyte concentration due to excess 

carbohydrates, and the lowest alkaloid concentrations due to simultaneous N dilution. If this 

interpretation is correct then we would expect that plants where the C:N ratio are highest (i.e. 
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strong CO2-induced C/N allocation responses) would have the lowest alkaloid per unit endophyte 

concentrations. While there was some support for this here (Log[lolines per unit endophyte] = 

3.17 – 0.38 (Log[C:N]); R
2
 = 0.06, F1,102 = 7.03, P < 0.01), the C:N ratio explained only a small 

amount (~6%) of the variation in the response. It is unknown whether host plants can exert 

control over the degree of endophyte growth (Ryan et al., 2008). The current study suggests that 

nutrient exchange may in part be a passive process; an “overflow” mechanism whereby nutrient 

exchange between symbiotic partners is subject to availability. Our results point to the intriguing 

possibility that the degree of benefit for the host plant may decrease in a high CO2 atmosphere by 

shunting nutrients toward endophyte growth and away from alkaloid production. The idea that 

the strength and/or direction of the symbiosis might be altered in high CO2 could be more 

appropriately tested by examining the fitness responses of endophyte-infected vs. endophyte-free 

plants in elevated CO2, and the degree to which they are dependent on the presence of herbivory. 

In practice, lifetime fitness is difficult to measure and vegetative reproduction and biomass are 

often used as proxies (Cheplick and Faeth, 2009). However, it is worth noting that there was no 

CO2 x endophyte interaction in the present study for plant growth parameters, suggesting that the 

relative difference between E+ and E- plants was similar across all CO2 treatments. Endophyte-

infected plants consistently produced more tillers and above- and below-ground biomass across 

all treatments (see Chapter 3). However, endophytes may provide a range of benefits to host 

plants outside of herbivore resistance (Clay, 1990) and the importance of the changes in resource 

allocation observed here will be dependent on the response of other factors affecting this 

mutualism.  

 

4.4.4 How generalizable are endophyte responses to CO2 and N fertilization?  

Research on the nutrient dynamics of grass-endophyte interactions in response to altered 

environmental variables suggests that results may not be generalizable across all Neotyphodium 

species. In Neotyphodium coenophialum-infected tall fescue, increased nitrogen fertilization has 

been shown to result in increased alkaloid production (Lyons et al., 1986, Arechavaleta et al., 

1992) and the current study suggests that N fertilization also results in increased endophyte 

concentration. On the other hand, in Neotyphodium lolii-infected perennial ryegrass, increased 

nitrogen input appears to cause a dilution effect resulting in decreased alkaloid (Hunt et al., 

2005; Rasmussen et al., 2007) and endophyte (Rasmussen et al., 2007) concentration. While we 
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observed a decrease in alkaloid concentration under elevated CO2 in the present study, 

endophyte-derived alkaloids have been shown to increase under elevated CO2 in perennial 

ryegrass (Hunt et al., 2005). Taken together, these results suggest that treatment-induced changes 

in plant physiology (such as altered growth and resource allocation) do not induce similar 

responses in different Neotyphodium species. Continued research on how changes in plant 

physiology affects growth, physiology and nutrient dynamics in fungal endophytes may 

illuminate some of the mechanisms underlying this interaction. In particular, variables which 

alter resource allocation in plants, such as manipulation of carbon dioxide levels, nutrient 

fertilization and selective plant breeding, may be useful tools for the study of plant-fungal 

endophyte interactions. 
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Table 4-1: ANOVA model and degrees of freedom used for all analyses in this experiment with 

the exception of alkaloid and endophyte concentration responses. Since these are found only in 

endophyte-infected plants, we used a reduced model that excluded “endophyte” as a factor.  

Source df 

Block 2 

CO2 2 

Whole-Plot Error 4 

  

Endophyte 1 

Genotype(Endophyte) 10 

CO2 x Endophyte 2 

Genotype(Endophyte) x CO2 20 

Nitrogen 1 

Nitrogen x Endophyte 1 

Genotype(Endophyte) x Nitrogen 10 

Nitrogen x CO2 2 

Nitrogen x CO2 x Endophyte 2 

Genotype(Endophyte) x Nitrogen x CO2 20 

Sub-Plot Error 142 
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Figure 4-1: Carbohydrate responses to treatments showing the interactive effects of (a) nitrogen 

and CO2 on LMW carbohydrate, (b) endophyte and CO2 on LMW carbohydrate, and (c) nitrogen 

and CO2 on HMW carbohydrate (means per pot ± SE).  

 

 

 

Figure 4-2: Treatment effects on plant nitrogen metabolites showing (a) the effect of nitrogen 

fertilization on total protein concentration (b) the interactive effects of nitrogen and CO2 on total 

amino acid concentration, and (c) the interactive effects of endophyte status and N fertilization 

on total amino acids (means per pot ± SE).  
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Figure 4-3: Treatments effects on the concentration of endophyte-derived alkaloids showing the 

main effect of nitrogen on (a) lolines, (c) ergovaline and, (e) peramine, and the main effect of 

CO2 on (b) lolines and (d) ergovaline (means per pot ± SE).  

 

 

 

Figure 4-4: The main effects of (a) elevated CO2 and (b) nitrogen fertilization on the 

concentration of endophyte, expressed as the number of copies of an endophyte-specific gene per 

total genomic (plant + fungal ) DNA (means per pot ± SE).  
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Figure 4-5: The effects of elevated CO2 on alkaloid production by endophytes showing (a) loline 

alkaloid production per unit endophyte (means per pot ± SE), and the correlation between 

endophyte and alkaloid concentration at (b) 390 ppm (Loline concentration = 555.06925 + 

4.0332141*Endophyte concentration; R
2
 = 0.38, F1,32 = 19.57, P < 0.0001), (c) 800 ppm (Loline 

concentration = 591.93237 + 2.1535393*Endophyte concentration - 0.0085847*(Endophyte 

concentration -186.642)
2
; R

2
 = 0.26, F1,32 = 5.66, P < 0.01), and (d) 1000 ppm (Loline 

concentration = 867.63768 + 1.9432844*Endophyte concentration - 0.0294447*(Endophyte 

concentration -151.988)
2
; R

2
 = 0.37, F1,32 = 9.27, P < 0.001) 

.  
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CHAPTER 5                                                                                           

Can phloem amino acid composition explain increased performance 

of the aphid Rhopalosiphum padi feeding on barley (Hordeum 

vulgare) under elevated CO2?
 4

 

 

5.0 ABSTRACT  

Increasing atmospheric CO2 is expected to alter plant metabolism in ways that will likely be 

relevant for insect herbivores. Studies have shown that while foliage feeder performance tends to 

decrease under elevated CO2, results are much more equivocal for phloem feeding insects. Since 

phloem tissues are less accessible than whole plant tissues, much less is known about phloem 

biochemical responses to CO2 and mechanisms driving changes in aphid performance.  

In this study we examined the plant mechanisms underlying the performance of 

Rhopalosiphum padi aphids on Hordeum vulgare (barley) grown under ambient and 700 ppm 

CO2. We measured aphid population dynamics and plant biomass responses with and without 

herbivory. We used aphid stylectomy to sample pure phloem from plants in ambient and elevated 

CO2 conditions and HPLC to analyze phloem samples for amino acid concentrations. 

Plant biomass responses were dependent on the presence or absence of herbivores. Plant 

biomass decreased under elevated CO2 in trials with herbivores present, due to the increased 

herbivore load. Aphid abundance increased by 154% under elevated CO2 while density increased 

by 241% due to the combination of higher aphid abundance and lower biomass. There was a 

significant decrease in aphid development time under elevated CO2, but fecundity was 

unchanged.  

We found significant increases in essential amino acid concentration and the ratio of 

essential to non-essential amino acids under elevated CO2. Though there was a general tendency 

for most amino acids to increase under elevated CO2, increases in the total concentration, and the 

concentration of non-essential amino acids, were not significant. 

                                                
4 Manuscript in preparation for Global Change Biology, by G.D. Ryan, E. Sylvester, B. Shelp and J.A. Newman. 

G.D.R. designed the experiment, conducted tissue sampling and analysis, performed the statistical analysis and 

wrote the paper; E.S. took aphid abundance and life history measures; B.S. provided training and advice on HPLC 

and aided in manuscript edits; J.A.N. assisted in statistical analysis and paper editing. 
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We discuss the possible mechanisms underlying amino acid increases in elevated CO2. 

Our results suggest that improved aphid performance under elevated CO2 may be linked to 

phloem amino acid concentration and composition.  

 

5.1 INTRODUCTION 

The field of plant-insect interactions and climate change has sought to find generalizations in the 

ways that plants and their herbivores respond to climate variables, with a view to predicting 

broad-scale changes in crop yields and herbivore pest loads. For example, plant responses to CO2 

enrichment and the subsequent alteration of plant photosynthetic rate have been widely studied. 

Changes are likely to be complex, and plants may undergo a myriad of chemical, physiological 

and morphological alterations that may be dependent on plant functional group and interacting 

environmental variables (Robinson et al., 2012). Despite this complexity, several consistent 

patterns have emerged from this literature, such as increases in many carbohydrate metabolites, 

decreases in nitrogen metabolites and subsequent increases in plant C:N ratio (Robinson et al., 

2012). This alteration in plant nutrient status under elevated CO2 is likely to alter the nutritional 

quality of host plants for insect herbivores (Bezemer and Jones, 1998; Coviella and Trumble, 

1999; Stiling and Cornelissen, 2007; Robinson et al., 2012). From the perspective of the host 

plant, changes in nutrient allocation may alter plant resistance or susceptibility to insect 

herbivores (Weibull, 1987, 1988; Berenbaum, 1995). 

A general hypothesis has been proposed according to which insect performance, on 

average, decreases under elevated CO2, due to a dilution of limiting nutrients such as nitrogen. 

However, because of the heterogeneity of plant tissue responses, insect responses to elevated 

CO2 have been shown to depend on feeding guild (Bezemer and Jones, 1998; Coviella and 

Trumble, 1999; Stiling and Cornelissen, 2007; Robinson et al., 2012). A recent meta-analysis of 

the effects of elevated CO2 on insect life history traits found that although the abundance of 

foliage feeders tends to decrease, phloem feeders on average tend to perform better under 

elevated CO2 (Robinson et al., 2012). Indeed, predicting the response of phloem feeders, such as 

aphids, to elevated CO2 has generally proven difficult. Several studies have noted an 

improvement in aphid performance under elevated CO2 (Awmack et al., 1997; Bezemer et al., 

1999; Hughes and Bazazz, 2001), while others have observed decreases (Docherty et al., 1997; 

Newman et al., 1999; Awmack et al., 2004, Bezemer et al., 1999) and others still have found no 
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change (Salt et al., 1996; Bezemer et al., 1999; Hughes and Bazazz, 2001). This has led to the 

suggestion that, unlike other guilds, aphid responses to CO2 are idiosyncratic and may not be 

generalizable beyond individual insect and host species combinations (Bezemer et al., 1999; 

Hughes and Bazazz, 2001; Pritchard et al., 2007). Others have suggested that a general 

mechanism controlling aphid responses cannot be ruled out, since responses can be modeled by 

parameters such as density dependence, aphid nitrogen requirements and nitrogen soil fertility 

(Newman et al., 2003a).  

Despite much speculation on the generality of aphid responses to elevated CO2, few 

studies have examined CO2-induced changes in nutritionally relevant metabolites. Metabolite 

analyses of aphid diets in the CO2 literature have not been undertaken to the same extent as 

whole tissue analyses and we know much less about the mechanisms driving CO2-induced 

changes in aphid performance than we do for other insect guilds. This is likely because of the 

inherent difficulty in sampling pure phloem due to the relative inaccessibility of phloem tissues 

(Pritchard et al., 2007). Robinson et al. (2012) report that of 15 papers used in a meta-analysis of 

elevated CO2 and plant-insect interactions, only a single study measured altered phloem 

composition when considering aphid responses, whereas the remainder related performance to 

whole-tissue chemistry. The paucity of research linking altered phloem composition under 

elevated CO2 to changes in aphid performance further hinders the search for general responses.  

Aphids tend to be limited by nitrogen rather than carbohydrates. Phloem solutes are 

dominated by carbohydrates, mostly sucrose, excess quantities of which are often excreted in 

aphid honeydew. Early studies of aphids feeding on artificial diets showed that overall 

concentration and relative composition of amino acids, especially those classified as essential, 

are important determinants of performance (Mittler, 1967). Studies on the nutritional quality of 

plant phloem for aphids have confirmed a link between aphid performance and amino acids 

(Weibull, 1987; Dixon et al., 1993; Ponder et al., 2000; Karley et al., 2002). Furthermore, the 

migration of aphids from primary winter hosts has been shown to correlate with decreasing 

nitrogen levels during summertime, though other factors such as extreme weather events and 

increased natural enemy pressure also contribute to this phenomemnon (Karley et al., 2004). 

Evidence for the importance of nitrogen metabolism is also apparent from both empirical and 

theoretical studies showing that the effects of CO2 on aphid population dynamics are closely 
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linked to soil fertility and subsequent plant nitrogen nutrition (Thompson et al., 1993; Newman 

et al., 2003a; Sudderth et al., 2005).  

In this study we perform a series of experiments involving Rhopalosiphum padi 

(Linnaeus) aphids feeding on barley (Hordeum vulgare; Linnaeus) in order to examine changes 

in (a) aphid abundance and density, (b) aphid life history traits and (c) amino acid composition of 

phloem under elevated CO2. We used aphid stylectomy to collect pure phloem sap in an 

apparatus designed to allow sampling under controlled CO2 conditions. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Chambers and CO2 

Experiments were conducted in six plexiglass CO2-controlled closed growth chambers housed in 

a greenhouse in a 2 x 3 pattern. CO2 concentrations, relative humidity and temperature were 

controlled by an Argus Greenhouse Control System. We used two CO2 concentrations (ambient 

(390 ppm) and 700 ppm) with three replicates of each, which were blocked according to a light 

gradient within the greenhouse (one of each treatment level per block). These elevated CO2 

concentrations are within the range of the projected increase by the year 2100. Chambers were 

constructed and operated according to Grodzinski et al. (1999). Chambers were maintained 

under high relative humidity (~80%) and 23ºC. The light regime was set to an 18:6 L/D cycle.  

 

5.2.2 Conduct of experiments 

We performed three separate trials to examine the effects of elevated CO2 on plant mass, aphid 

abundance and aphid life history traits. In the first trial, the abundance of aphids (number of 

individuals per pot) feeding on barley plants was measured, at the end of which plant material 

was dried and weighed. In the second trial, aphid life history traits (fecundity and development 

time) were measured. Aphid abundance was also measured in trial 2 and plant material was again 

harvested, dried and weighed. In order to examine the effects of elevated CO2 on barley biomass 

responses in the absence of herbivory, we conducted a third trial, in which herbivores were 

absent and harvested plant material was again dried and weighed. In addition to these trials, we 

performed phloem sap sampling in a separate group of uninfested barley plants grown under the 

same CO2 conditions. For all experiments H. vulgare (cultivar: AC Parkhill) was obtained from 

Agriculture and Agri-foods Canada and R. padi aphids were obtained from a small population 
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maintained on pots of H. vulgare kept at room temperature and ambient CO2. All experimental 

plants were watered three times weekly with alternating de-ionized and fertilizer (1.25 g/L N-P-

K, 20-8-20) water. 

Trial 1: Aphid abundance  

Five pots of H. vulgare were placed in each CO2 chamber, side by side. Barley was planted with 

15 evenly distributed seeds per pot (8.5 cm x 8.5 cm x 10 cm) in a total of thirty pots. Two 3
rd

 to 

4
th
 instar R. padi aphids were placed in each pot 1 week after planting. Population counts were 

conducted every week for four weeks, after which plants were harvested, oven-dried and 

weighed. We express aphid abundance here as the sum of aphids counted over the four week 

period. As “chamber” was the unit of replication in this experiment, a pot average for insect 

abundance and plant biomass was determined for each chamber. 

Trial 2: Aphid abundance and life history 

Abundance measurements were conducted for a second time in the same fashion as trial 1. In 

addition, life history measurements (fecundity and development time) were conducted on the 

same plants. Aphid clip cages were made from Petri dishes (30 mm x 10 mm, Fisher Scientific) 

with two holes approximately 1 cm long cauterized on opposite sides. One week after planting, 

three Petri dishes were attached to three randomly selected seedling leaves in each pot by 

stringing a single leaf through each cage. The leaf was secured, and the holes were sealed using 

sticky tak. A single piece of paper towel was cut into 2 cm x 2 cm pieces and placed in the dishes 

to absorb excess moisture. A single 3
rd

 or 4
th
 instar R. padi aphid was placed in each Petri dish, 

and the lid was secured with a strip (approximately 1.25 cm x 10 cm) of Parafilm (PM-996, 

Pechiney Plastic Packaging; Menasha, Wisconsin). Starting two days after this initial set-up, 

dishes were checked every day for offspring until the adult was dead or until the termination of 

the experiment. When present on a given day, offspring were counted and removed. If an adult 

was lost, it was replaced. If an adult was lost a second time, this was considered a missing data 

point. In only 6 out of 60 measures, reproducing adults had not yet died when the experiment 

was terminated and in these 6 cases reproduction had greatly slowed or ceased. Thus, data should 

be reasonable measure of lifetime fecundity. 

 One offspring from each reproducing adult was placed into a separate Petri dish clip cage 

and the number of days for development was monitored. Aphids were classified as mature once 

the individual had either successfully reproduced or, in some cases, fully developed wings. The 
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number of days for complete development to occur was recorded, and the aphid was removed. 

Five weeks following initial planting, plants were harvested, oven-dried and later weighed. 

Again, as “chamber” was the unit of replication, responses were averaged over “cage” and “pot”. 

Trial 3: Plant biomass 

In order to examine the effects of elevated CO2 on plant biomass response in the absence of 

herbivory, we conducted a third trial. Again, five pots of H. vulgare were placed in each CO2 

chamber with 15 evenly distributed seeds per pot. After four weeks plant material was harvested, 

oven-dried and later weighed. 

 

5.2.3 Phloem sap sampling and analysis 

We used the aphid stylectomy method for phloem sampling (Unwin, 1978; Fisher and Frame, 

1984) using a commercially available microcautery unit (Aphid Zapper; Michael Thorpe: 

thorpe.jm@gmail.com). A specially constructed sampling chamber was designed so that phloem 

sampling could take place under controlled CO2 conditions. This chamber was constructed from 

plexiglass (109 x 62 x 54 cm) with holes for air/CO2 inflow and outflow tubes, wiring associated 

with the microcautery unit and hand-holes for sampling, along with a door for plant positioning. 

The chamber housed the apparatus needed for stylectomy sampling: a dissecting microscope 

(x50 magnification; Opti-tech Scientific Inc., Scarborough, Canada) on a vibration proof table 

and a micromanipulator (World Precision Instruments, Sarasota, Florida) for movement of the 

cauterizing tungsten needle. During sampling events, the sampling chamber was maintained at 

23.5ºC, 65% humidity, ambient laboratory light and either 390 ppm or 700 ppm CO2 

concentration controlled by an infrared gas analyzer (LICOR LI-820, Lincoln, Nebraska). 

Prior to phloem sampling, pots of H. vulgare were placed in each CO2 growth chamber 

(see Chambers and CO2 above) with 15 evenly distributed seeds per pot. Plants were grown in 

experimental chambers until they were ready to be sampled. Sampling took place between 10 

and 21 days after planting and plants were discarded following sampling. Barley was re-planted 

as needed. On the evening prior to sampling, a pot was taken from the growth chamber and 

placed in the sampling chamber at the appropriate CO2 level. Six aphid sampling clip cages 

(Physics Workshop, University of Guelph) were placed on six randomly chosen leaves and fixed 

to the microscope stage using sticky tak. Approximately 40 to 50 R. padi aphids (mixed instars) 

were placed in each cage and left overnight. This number was necessary due to relatively high 
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overnight mortality and the low success rate of cauterizing individual aphid mouthparts during 

sampling. Placement of aphids overnight was found to be necessary to guarantee settling and 

feeding during sampling. This is consistent with research that suggests that some aphid species 

may take several hours to reach sustained sieve element puncture and feeding (Tjallingi, 1994). 

In order to reduce diurnal variation, sampling took place at the same time every day; 

sampling commenced at approximately 10am each day and was terminated at approximately 

4pm. Following cauterization of aphid mouthparts, aphid cages were flooded with mineral oil in 

order to prevent evaporation of the exuding phloem. Due to low exudate volumes, all phloem 

collected in a single day was pooled. Phloem samples were collected using glass microcapillary 

tubes (25 µl volume, 6.5 cm length; Drummond Scientific, Broomall, Pennsylvania) pulled with 

a horizontal pipette puller so that tips were initially closed. Phloem exudates from several leaves 

on a single sampling day were pooled in a single collection micropipette. To increase the ease of 

phloem entering into collection pipettes, the surface of pulled microcapillary tubes were made 

hydrophobic by silanization. The sealed tips were dipped into a 10% solution of 

dimethyldichlorosilane (diluted in hexane) for 5 minutes, followed by five minutes in methanol. 

Tips were then thoroughly rinsed with deionized water and placed in acetone for 5 minutes 

before being left to dry. The pulled ends of the silanized microcapillary tubes were then broken 

off such that the tip diameter was approximately 1µm. After phloem sampling ceased, collection 

tubes were placed in a -20ºC freezer until further analysis.  

We sampled 6 plants per CO2 chamber in this way. Due to the impracticality of sampling 

plants all of the same age, we divided plants into three age categories (10-13, 14-17, 18-21 days 

after planting) and sampled two plants per age category per chamber. The sequence of sampling 

was such that CO2 concentration, block and chamber were randomized over time.  

The volume of phloem sap collected was calculated by measuring the length of phloem in 

the microcapillary tube and converting to a volume using the capillary tube dimensions. The 

average volume of phloem collected in this experiment was 260 nl. In order to test for unwanted 

effects related to precision of volume estimates, we regressed total phloem volume against total 

amino acid concentration and found no correlation between the two. 

Phloem samples were prepared for HPLC by mixing phloem sap with 10µl of 0.1 M 

HCl/95% ethanol (1:1) and 40 µl of ddH20. The concentration of amino acids in phloem samples 

was determined by reverse-phase high performance liquid chromatography (HPLC) using the 
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method of Allan and Shelp (2006) with a sample injection volume of 4 µl. The injection volume 

of standards was 0.5 µl using a standard solution containing 250 pmol/µl of each amino acid 

measured. Pre-column derivitization with o-phthalaldehyde (OPA) and fluorenylmethyl 

chloroformate (FMOC) was used to detect primary and secondary amino acids, respectively. All 

protein amino acids, with the exception of proline were detected using this method. All peaks 

were manually integrated using ChemStation software.  

 

5.2.4 Statistics 

Data were analyzed using an ANOVA model with CO2 as a fixed effect. We also included a 

block term but as we had no a priori hypothesis about block x treatment interactions, we 

excluded these interactions from our model and collapsed these terms into the residuals 

(Newman et al., 1997). The three trials and phloem sampling analysis were analyzed according 

to the ANOVA models shown in Table 5-1. For those variables that were subjected to more than 

one trial we added “trial” as a factor in our ANOVA. In the case of the phloem analysis, we 

added “plant age” as a factor. We analyzed univariate plant biomass and insect population 

responses using the model outlined in Table 5-1. However, we used a multivariate approach for 

the analysis of phloem responses. A multivariate approach is more appropriate in cases where a 

high number of related response variables (in this case 20 amino acid responses) increases the 

likelihood of committing a Type I error (detecting false treatment effects; Rasmussen et al., 

2008a). Multivariate techniques reveal how groups of response variables, rather than individual 

variables, respond to treatments. We used a principal components analysis (PCA) with factor 

rotation to examine phloem responses. Rotated factors were then analyzed using the ANOVA 

model in Table 5-1. 

All analyses were conducted using JMP statistical software version 9. For univariate 

responses, we used a Box-Cox transformation to homogenize the residual variance and an 

examination of the residuals following transformations suggested that the assumptions of the 

ANOVA were met. We report here the untransformed means, and standard error of the means, as 

a measure of data dispersion. 
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5.3 RESULTS 

5.3.1 Plant biomass 

There was a main effect of CO2 on above-ground shoot biomass (F1,2 = 6.45, P < 0.05) and 

root:shoot ratio  (F1,2 = 12.70, P < 0.001). Shoot biomass decreased slightly under elevated CO2 

while root:shoot ratio increased in elevated CO2. However, both of these responses were 

dependent on a Trial x CO2 interaction. The CO2-induced decrease in shoot biomass was 

reversed in Trial 3 (where herbivores were absent) where shoot mass increased in elevated CO2 

(F2,9  = 11.27, P < 0.0001; Fig. 5-1a). Similarly, for the root:shoot ratio the effects of elevated 

CO2 differed in Trial 3, and the CO2-induced increase in root:shoot ratio seen in Trials 1 and 2, 

disappeared when herbivores were absent (F2,9  = 5.64, P < 0.01; Fig. 5-1b). There was no effect 

of elevated CO2 on root mass (gDM). 

 

5.3.2 Aphid population and life history responses 

Aphid abundance (cumulative number of individuals over 4 weeks) was 154% higher (F1,2 = 

52.43, P < 0.0001; Fig. 5-2a) while aphid density was 241% higher (F1,2 = 34.60, P < 0.0001; 

Fig. 5-2b) under elevated CO2. There was also an effect of trial number on aphid abundance (F1,5  

= 17.75, P < 0.0001) whereby aphid abundance was lower in Trial 2. This was likely due to 

interference from simultaneous life history measurements which required much more plant 

handling than in Trial 1. However, the proportional increase in abundance under elevated CO2 

was similar in both trials (no CO2 x Trial interaction). Aphid fecundity (number of offspring) 

was unchanged under elevated CO2 (Fig. 5-2c). However development time (days) was 23.4% 

lower under elevated CO2 conditions (F1,2 = 9.85, P < 0.01; Fig. 5-2d). 

 

5.3.3 Phloem amino acids – individual responses 

We analyzed both the absolute (nmol/µl) and relative (%mol) concentration of amino acids 

separately. We used a principal components analysis (PCA) to reduce the number of phloem 

amino acid response variables to a new set of composite variables for both measures. In order to 

facilitate interpretation of principal components, we subjected the first three components to 

varimax factor rotation. A more detailed explanation of the rationale behind factor rotation can 

be found in Rasmussen et al. (2008a). The first three components explained 95% of the variation 
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where amino acids were expressed as absolute concentrations, and 66% where they were 

expressed in relative terms. 

For both data sets, the three rotated factors (herein: RF1-A, RF2-A and RF3-A for 

absolute concentrations; RF1-B, RF2-B and RF3-B for relative composition) were analyzed 

using the ANOVA outlined in Table 5-1. However, in both cases only the first rotated factor was 

significant for treatment effects. Figure 5-3 shows the variable loadings for RF1-A and RF1-B. 

As the values of the rotated factor increase, those variables that load heavily and positively 

(loading ≥ +0.5) also increase, while those variables that load heavily but negatively (loading ≤ -

0.5) decrease. There was a weakly significant CO2 effect on RF1-A (F1,2 = 3.53, P < 0.1; Fig. 5-

4a) and a significant effect of CO2 on RF1-B (F1,2 = 7.27, P < 0.05; Fig. 5-4c). Thus, variables 

that load heavily and positively on RF1-A and RF1-B (Fig. 5-3), tend to increase when CO2 

concentration is highest (Fig. 5-4a.c). For further ease of interpretation, figure 5-4 (b and d) 

shows the standardized univariate responses for all amino acids and captures individual changes 

in amino acid concentration and composition under elevated CO2. 

Since multivariate responses can sometimes be difficult to interpret and may not always 

capture those effects seen in a univariate analysis, we have included all phloem amino acid 

univariate analyses in Appendix 9. Appendix 9a contains F values, associated degrees of 

freedom and significance levels, while Appendix 9b contains all means and standard errors 

across CO2 and plant age treatments. However, because of the problems of Type I error inflation 

outlined above, we suggest that caution be exercised in interpreting the statistical results of 

univariate responses. 

 

5.3.4 Phloem amino acids – pooled responses 

We analyzed total amino acid concentration, total essential amino acid concentration and total 

non-essential amino acid concentration as individual univariate responses using the ANOVA 

model outlined in Table 5-1. A list of essential vs. non-essential amino acids can be found in 

Appendix 9. There were no statistically significant treatment effects for total amino acid 

concentration (Fig. 5-5a) and non-essential amino acid concentration (Fig. 5-5b); however Fig. 

5-5 shows that both concentrations had a tendency to increase under elevated CO2. There was a 

significant main effect of CO2 on both the concentration of essential amino acids (F1,2 = 4.38, P < 
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0.05; Fig. 5-5d) and the ratio of essential to non-essential amino acids (F1,2 = 7.89, P < 0.05; Fig. 

5-5c) both of which increased under elevated CO2. 

 

5.4 DISCUSSION 

5.4.1 Plant biomass responses to CO2 and herbivory 

In the current study, we found that increased pest load under elevated CO2 appeared to have a 

negative impact on plant yield in barley (Fig. 5-1a). In trials 1 and 2, the negative effect of 

elevated CO2 on plant dry mass was surprising, given the numerous studies that have found CO2-

induced increases in plant dry mass. However, in the trial conducted without aphids, the 

hypothesized CO2-induced increase in dry mass was observed. This suggests that the increase in 

herbivore abundance and density observed here under elevated CO2 had a negative effect on 

above-ground yield, as was also implied by the CO2 x Trial interaction for root to shoot ratio 

(Fig. 5-1b). Thus, in addition to direct CO2-induced physiological changes, plants may also 

undergo indirect herbivore-mediated changes in response to elevated CO2. This is consistent with 

previous work which found that the presence of aphid herbivory altered plant biomass responses 

to elevated CO2 (Salt et al., 1996). 

 

5.4.2 Aphid life history responses to CO2 

We found that aphid populations were larger (both abundance and density) on plants grown 

under elevated CO2 (Fig. 5-2). Our results on life history traits suggest that population increases 

may have been the result of decreases in development time. This may result in shorter generation 

times and increased overlapping generations, however as life span measurements were not made 

in the present study, this cannot be directly inferred. The study is consistent with the average 

responses for abundance and development time found in the meta-analysis by Robinson et al. 

(2012). However, we found no significant CO2 effect on aphid lifetime fecundity. These results 

are similar to those obtained for Aulacorthum solani aphids feeding on beans (Vicia faba) 

whereby increased population size under elevated CO2 was found to be related to changes in 

development rate rather than fecundity (Awmack et al., 1997). A CO2-induced increase in the 

number of aphid generations in future atmospheres is likely to be exacerbated by other climate 

variables such as temperature. Increased temperatures are likely to increase the length of host 
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plant growing season which may affect aphids and other multivoltine insects by increasing 

development rate and the subsequent number of generations in a given year (Bale et al., 2002). 

As shown in Fig. 5-1, this increased developmental rate may lead to herbivore loads that can 

impact plant yield in a CO2-enriched atmosphere.  

 

5.4.3 Phloem amino acid response to elevated CO2 

We observed a general increase in amino acids under elevated CO2 which was somewhat 

surprising as it has been hypothesized that CO2 causes a dilution of nitrogen metabolites 

(Robinson et al., 2012). Several studies have found decreases in plant free amino acid 

concentration under elevated CO2, however, these were measured in whole plant tissue 

(Demmers-Derks et al., 1998; Docherty et al., 1997; Geiger et al., 1999). In one study of phloem 

constituents, Wang and Nobel (1995) found a 17% decrease in phloem amino acid concentration 

under elevated CO2 in the CAM plant Opuntia ficus-indica. We found that the total concentration 

of amino acids in barley phloem increased by 84.7%, under elevated CO2, however this increase 

was not statistically significant. Similarly, non-essential amino acid concentration increased by 

73.5%, which was also not statistically significant. However, factor loadings in our multivariate 

analysis (Fig. 5-3a) would suggest that individual amino acids in general had a tendency to 

increase under elevated CO2, with only a few exceptions. However, the magnitude of this 

response was far greater for minor amino acids. We found a significant increase in essential 

amino acids and the ratio of essential to non-essential amino acids under elevated CO2. Geiger et 

al. (1998) found large increases in the concentration of minor amino acids under elevated CO2 in 

tobacco seedlings. This was attributed to a feed-forward mechanism that stimulated nitrogen 

metabolism in response to an improved supply of carbohydrate. The authors suggest that the 

production of minor amino acids (non-GOGAT pathway amino acids) is stimulated in a CO2 

enriched atmosphere possibly due to the increased availability of carbon skeletons because of 

CO2-induced carbohydrate synthesis. The observation that sugars supplied to detached leaves via 

the transpiration stream stimulate a general increase in minor amino acids, whereas major amino 

acids remain largely unaltered (Geiger, 1998), provides further evidence for the role of 

carbohydrates in minor amino acid biosynthesis comes from. 

Another possible mechanism underlying the observed CO2-induced increase in amino 

acids may be related to differences in plant age. Looking at the univariate responses of individual 
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amino acids we found some significant or weakly significant CO2 x plant age interactions 

(glycine, alanine, cysteine, GABA; Appendix 9) where elevated CO2 increased these amino acids 

but only in the oldest plants. This was similar to the trend seen in total amino acids where the 

majority of the CO2-induced increase was due to increases in the oldest plants. While this 

interaction was not significant, it may explain the higher variance in amino acid concentration 

under elevated CO2 (see figures 5-3 and 5-4). The importance of plant age on the composition of 

amino acids in barley has been previously demonstrated (Weibull et al., 1987). The presence of a 

CO2 x plant age interaction might suggest CO2-induced changes in plant phenology. It has 

previously been demonstrated that CO2 may induce accelerated development or early senescence 

in barley (Sicher and Bunce, 1997; Fangmeier et al., 2000) and wheat (Sicher and Bunce, 1997) 

and these events tend to be associated with increases in free amino acid concentration due to 

protein breakdown. Since our plant measures were taken during the tillering stage of barley 

development it is unlikely that senescence per se is responsible for amino acid increases. 

However, the concept of CO2-induced development acceleration and subsequent changes in 

nitrogen metabolism is worth exploring. 

 

5.4.4 Mechanisms underlying aphid response to elevated CO2 

One limitation of the present study is that aphid population dynamics and amino acid profiles 

were measured in separate trials which preclude the examination of direct correlations between 

these data. However, altered amino acid composition and concentration in developmentally 

similar barley plants would suggest a role for nitrogen metabolites in the observed increase in 

aphid performance under elevated CO2. In a previous study on tall fescue (Chapter 3) we found 

that R. padi abundance and density decreased under elevated CO2; the opposite of the response 

seen here. In that study we measured the relative composition of amino acids using the EDTA 

exudation method and found no significant effect of CO2 on the ratio of essential to non-essential 

amino acids. However, the relative composition of several individual essential amino acids 

(valine, phenylalanine, tryptophan, threonine, histidine) were found to decrease, while non-

essential amino acids remained largely unchanged. It is interesting that a similar profile of 

essential amino acids changed in the opposite direction in the current study. The factor loadings 

shown in Fig. 5-3b in the current study, demonstrate that responses to CO2 measured in terms of 

the relative composition of amino acids tended to be confined to essential amino acids. This 
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suggests that essential amino acid composition may be a factor in determining aphid response to 

elevated CO2. However, aphid performance on tall fescue (Chapter 5) did not correlate with 

essential amino acids in a way that might explain the observed CO2-induced decrease in 

abundance.  The same species of aphid has been shown to have differential responses to different 

plant hosts under elevated CO2 in other cases (Awmack et al., 1997). This highlights the 

importance of plant metabolic response to CO2 and strongly argues for a more mechanistic 

approach to examining plant and aphid responses. Plant metabolic studies could also be 

complemented by artificial diet experiments which may shed some light on whether changes in 

metabolite composition such as those described here represent the casual agents of the changes in 

herbivore performance seen under elevated CO2. 
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Table 5-1: ANOVA model and degrees of freedom used in this experiment for biomass, aphid 

numbers (abundance and density), aphid life history traits and phloem amino acids. As reflected 

in the degrees of freedom, there were 3 x trials for biomass measures, 2 x trials for aphid 

abundance measures, and a single trial for aphid life history traits. Numbers in brackets represent 

error terms used to test all the terms above. 

 

Source Degrees of freedom 

 Biomass Aphid numbers Life-history traits 

Block 2 2 2 

CO2 1 1 1 

Whole-Plot Error (2) (2) (2) 

    

Trial 2 1  

Trial x CO2 2 1  

Residual Error (9) (5)  

    

 Phloem amino acids 

Block 2 

CO2 1 

Whole-Plot Error (2) 

  

Plant age 2 

Plant age x CO2 2 

Residual Error (9) 
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Figure 5-1: The interaction between trial number and CO2 for (a) shoot dry mass and (b) 

root:shoot ratio (means ± SE). Herbivores were present in trials 1 and 2 and absent in trial 3. 
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Figure 5-2: The effect of elevated CO2 on (a) aphid abundance (trials 1 and 2), (b) aphid density 

(trials 1 and 2), (c) aphid fecundity and (d) development time (means ± SE). Note there was no 

significant CO2 effect on fecundity. 
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Figure 5-3: Variable loadings onto (a) RF1-A (absolute concentration of individual amino 

acids), and (b) RF1-B (relative composition of individual amino acids). Variables that loaded 

heavily either positively (loading ≥ +0.5) or negatively (loading ≥ -0.5) are highlighted in black. 

These multivariate responses can be interpreted as increasing as the positively loading variables 

increase and decreasing as the negatively loading variables increase. 
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Figure 5-4: The mean response of (a) RF1-A and (b) associated standardized univariate 

responses to CO2, and the mean response of (c) RF1-B and (d) associated univariate responses to 

CO2 concentration.  
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Figure 5-5: The effect of elevated CO2 on (a) total amino acid concentration, (b) essential amino 

acid concentration, (c) the ratio of essential to non-essential amino acids, and (d) non-essential 

amino acid concentration (means ± SE). Note there was no significant CO2 effect on (a) or (d). 
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CHAPTER 6                                                                                     

General discussion and conclusion 

 

6.1 DISCUSSION 

6.1.1 Aphid responses to elevated CO2: host specificity 

In this work it was found that R. padi aphid population response to feeding on CO2 enriched 

plants was in the opposite direction for two different host species. R. padi abundance and density 

decreased in response to elevated CO2 in S. arundinaceus (tall fescue) and increased in H. 

vulgare (barley). This is not the first case in which the same aphid species has performed 

differently on different host plants. Bezemer et al. (1999) found that Myzus persicae raised on 

Brassica oleracea plants had higher fecundity under elevated CO2, whereas fecundity of the 

same aphid species was unaffected by CO2 levels on Senecio vulgaris. In other cases, aphid 

species population responses have been in the same direction on different host plants, but the 

underlying life history mechanisms contributing to changes in abundance have been different. 

For example, the same Aulacorthum solani aphid clone feeding on Vicia faba and Tanacetum 

vulgare host plants increased in abundance under elevated CO2 (Awmack et al., 1997). For 

aphids grown on V. faba, fecundity increased under elevated CO2, but there was no increase in 

development time. The opposite was true for aphids feeding on T.  vulgare in which case 

development time decreased but there was no change in fecundity. This argues for the idea that 

even when aphid abundance responses to CO2 are in the same direction, they are not necessarily 

responding to the same plant factors in different hosts. As pointed out by Awmack et al. (1997), 

this differential response to different host species suggests that aphid feeding strategy may 

influence responses to elevated CO2, though this line of inquiry has not generally been pursued 

in the body of literature on aphid responses to CO2. It is possible that changes in the feeding 

strategy of generalist aphid herbivores may occur in response to CO2 when presented with one or 

more alternate hosts, especially when host plants are known to have different physiological 

responses (e.g. barley and fescue). 

These studies, along with the work presented here, highlight the importance of plant 

physiological and metabolic responses to elevated CO2 in determining herbivore response. They 

also demonstrate how little we know about those plant factors which contribute to aphid 



112 

responses. Interestingly, the meta-analysis of plant responses to CO2 conducted as part of this 

work suggests that plants respond to enrichment in consistent and predictable ways. It was found 

that total carbohydrates, and many individual carbohydrates (e.g. starch, soluble sugars, TNC, 

tannins) are generally increased under elevated CO2. It was also found that many nitrogen 

metabolites (including amino acids and protein) tend to decrease, with concomitant increases in 

the C:N ratio. In some cases the magnitude of these changes was relatively large and the variance 

small, suggesting some generalities about plant responses can be made. It is interesting that 

despite some general plant responses to CO2, general aphid responses have thus far remained 

elusive and the average phloem-feeder response in the meta-analysis was in the opposite 

direction than might be hypothesized from combined carbohydrate accumulation and nitrogen 

dilution responses. This suggests that whole tissue responses do not accurately capture individual 

tissue responses and that more work examining CO2-induced phloem metabolic changes would 

greatly advance our understanding of changes in aphid performance. In the exhaustive search for 

studies on plant tissue response to CO2 enrichment that was conducted for the purposes of the 

meta-analysis performed here, it was found that of the 15 papers that related phloem feeder 

performance to plant chemistry, only a single paper actually measured altered phloem 

composition in response to elevated CO2 (Sun et al., 2009).  

 

6.1.2 Phloem responses to elevated CO2 and aphid performance 

In contrast to the generally hypothesized N dilution effects of CO2, it was found that amino acid 

concentration increased in barley plants in this work. This was accompanied by a marked 

increase in R. padi performance, suggesting that phloem nitrogen response is a promising 

candidate for explaining aphid responses to CO2. It would have been interesting to measure 

whole-tissue nitrogen response in barley plants in order to examine the heterogeneity of tissue 

responses to CO2 but this analysis was not performed. If tissue responses are different, this may 

confirm the futility of attempting to relate whole tissue changes to aphid performance in elevated 

CO2. Very few studies have examined the effects of elevated CO2 on phloem constituents. Wang 

and Nobel (1995) found that phloem amino acid concentration in the CAM plant Opuntia ficus-

indica decreased by 17% in elevated CO2, while carbohydrates, including sucrose, tended to 

increase. A study by Geiger et al. (1998) found that minor amino acids in the phloem of tobacco 
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seedlings tended to increase under elevated CO2. However, neither of these studies were 

designed to link such changes to herbivory. Only a single study has attempted to link aphid 

performance under elevated CO2 to phloem response (Sun et al, 2009) and found a decrease in 

amino acid concentration, a subsequent increase in consumption rate and no change in the 

growth rate of aphids under elevated CO2.  However, this study used the EDTA technique to 

evaluate absolute concentrations, which may be problematic since exudate volume is unknown in 

this technique. Any assumption about the consistency of exudate volume may be erroneous due 

to possible treatment-induced changes in phloem flow rate (e.g. increased sucrose concentration, 

and hence viscosity, in elevated CO2). Thus, the paucity of research on phloem responses to CO2 

is clear.  

Several promising lines of evidence have emerged from this work which might guide 

future work on aphid response to CO2. Although only the relative composition of phloem amino 

acids was measured in tall fescue, taken together the two phloem datasets provide some 

indication of what might be driving R. padi response: 

 

1. Absolute concentration of amino acids: Though not significant, it does appear from the 

barley data set that total amino acid concentration increases in CO2 and the multivariate 

analysis suggests a general tendency for all amino acids (with only a few exceptions: Fig. 

5-3a) to increase. R. padi populations were found to increase in barley at the same 

developmental age from which phloem samples were taken, suggesting that total amino 

acid concentration may be important. This is consistent with a study by Ponder et al. 

(2000) which found that aphid performance was diminished by a low concentration of 

total phloem amino acids in nitrogen deficient barley. In contrast to its performance on 

barley, R. padi abundance decreased on tall fescue grown in elevated CO2 in this work. 

Absolute concentrations of amino acids were not measured in tall fescue, though the 

potential for nitrogen metabolism to mediate aphid responses could be inferred from the 

nitrogen treatment. Aphid abundance decreased dramatically in the low N treatment (Fig. 

3-3b). Furthermore, in some cases where aphid abundance correlated with amino acid 

composition (aspartate and valine; Fig. 3-7), these relationships were lost in the low N 

treatment. One possible interpretation of this is that the composition of the amino acid 

profile may be an important determinant of aphid performance, but only after a threshold 
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concentration has been reached. It may be that if the overall concentration of amino acids 

is low, then the relative composition is less relevant to performance. Of course, this rests 

on the assumption that phloem amino acid concentration decreased in the low N 

treatment, which was not directly measured. 

2. Composition of essential amino acids: In the barley experiment, there was a significant 

increase in the ratio of essential to non-essential amino acids (Fig. 5-5c). The 

concomitant increase in aphid abundance implies that essential amino acids may be 

important determinants of aphid response to CO2. This result is consistent with early 

aphid nutritional studies using artificial diets (e.g. Mittler, 1967). While there was no 

significant effect of elevated CO2 on the ratio of essential to non-essential amino acids in 

the tall fescue study, it was found that the relative abundance of several essential amino 

acids decreased under elevated CO2 (Figs. 3-4b and 3-5c,d) with a concomitant decrease 

in aphid performance. It appears that there are some commonalities between the two 

datasets. In the fescue experiment, the relative concentration of valine, phenylalanine, 

threonine, tryptophan and to a lesser extent histidine and leucine tended to decrease under 

elevated CO2. For barley, there were significant increases in the relative concentration of 

histidine, valine, isoleucine, phenylalanine, leucine, tryptophan and methionine. The ten 

essential amino acids are generally scarce in the phloem diet and are supplied by the 

obligate endosymbiont Buchnera. However, sequencing of the bacterial genome has 

revealed that Buchnera lacks some genes involved in the complete synthesis of leucine, 

isoleucine, valine, methionine, and phenylalanine (Hansen and Moran, 2011). In the case 

of the pea aphid Acyrthosiphon pisum, it has been found that complementary genes in the 

aphid genome can fill the gaps in enzymatic pathways encoded in the Buchnera genome 

(Hansen and Moran, 2011). However, the interplay of aphid and endosymbiont amino 

acid biosynthesis has not been as widely studied in R. padi.  

6.1.3 Generalizing aphid responses to CO2  

Two clear pieces of evidence have emerged from the aphid/CO2 literature to date: (1) the 

magnitude and/or direction of individual aphid species or clonal responses to elevated CO2 may 

be different on different host plants (the present work; Awmack et al., 1997; Bezemer et al. 

1999), and (2) different aphid species may respond differently to the same host plant in elevated 
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CO2 (Bezemer et al., 1999, Sun et al., 2009). The corollary of this is that aphid responses to CO2 

will likely depend critically upon (1) changes in host physiology and (2) the intrinsic nutritional 

needs of individual aphid species or groups of species. It is now apparent from the heterogeneity 

of these responses that generalizations about all plant-aphid interactions and elevated CO2 per se 

cannot be made. However, this does not necessarily mean that generalizations cannot be made at 

all, but may instead prompt us to consider the levels at which generalizations can realistically be 

considered. This issue is addressed by Newman et al. (2003a):  

Before we reach the conclusion that aphid–plant interactions are idiosyncratic, we 

need to reconsider what sort of generality we might seek in the results of such 

studies. At one end of the continuum would be the generality that all aphid species 

have similar, e.g. all larger (or smaller), populations under [CO2]e. At the other end 

of this spectrum would be the conclusion that every single aphid species by plant 

species interaction will be different, i.e. there are no generalities. Somewhere in 

between, however, is the conclusion that aphid responses to [CO2]e might be widely 

different, but understandable in terms of a single general mechanism of response. We 

would have simply to find the mechanism(s) by which to recognize the generality. 

Future work on aphid responses to CO2 should focus on identifying phloem physiological 

responses or plant cues that contribute to altered aphid performance. Generalizations might be 

possible if such responses can be predicted for sets of plants (i.e. functional groups). In the meta-

analysis conducted here, it was found that plant responses may be dependent on functional 

groupings such as growth rate, photosynthetic mechanism, growth form and reproductive 

physiology. Again, how phloem responses differ between functional groups is as yet unknown. It 

is possible that responses may be different for functional groupings associated with phloem 

functioning. For example, carbohydrate accumulation in the tissues of plants grown under 

elevated CO2 was found to depend on whether the phloem loading mechanism was symplastic or 

apoplastic (Körner et al. 1995). The responses of aphids may be similar for aphid species with 

similar nutritional needs or sensitivities to plant changes. For example some aphids have the 

ability to manipulate host plant quality in their favour. Schizaphis graminum and Diuraphis 

noxia have been shown to increase the concentration of amino acids and proportion of essential 

amino acids in phloem (Sandström et al., 2000). On the other hand, species such as R. padi are 

more susceptible to changes in plant quality and do not appear to possess the ability to alter 
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phloem amino acids (Sandström et al., 2000). Such aphid-induced changes in plant physiology 

have also been associated with macroscopic plant changes. S. graminum and D. noxia have been 

shown to produce visible chlorotic lesions when feeding on host plants, whereas R. padi do not. 

Though it is highly speculative at this point, it is possible that such aphid groupings or other 

groupings associated with aphid nutritional needs and susceptibilities may respond in a similar 

manner to CO2. Thus, future work should aim toward an understanding of plant physiological 

responses and herbivore requirements. It is unlikely that more studies on individual aphid/host 

species responses to CO2 will bring us closer to making generalizations. 

The seemingly idiosyncratic response of aphids to elevated CO2 may be generalizable in 

terms of one or a few general mechanisms pertaining to plant response and aphid susceptibility 

as outlined above.  However, some of the differences in responses in the literature may come 

about because of inherent variabilites in experimental conditions: 

1. Aphid clones: Many studies of aphid responses to elevated CO2 do not report whether 

responses are those of individual clones or groups of clones. This is likely due to the fact 

that this is often unknown by experimenters. In the case of the work here, the aphids used 

were from small populations maintained on barley plants which were originally obtained 

from a commercial supplier of biocontrol products (Plant Products Ltd.) and the clonal 

diversity of this population was unknown. It is conceivable that even in populations that 

begin as clonal mixes, individual clones may outcompete others. As such, some of the 

variability in responses seen in the CO2 literature may come from clonal differences 

between experiments where clonal diversity is not well represented (i.e. limiting the 

inferences that could be made about a given species). Evidence of differences in clonal 

response comes from Mondor et al. (2005) who found that the response of aphids to 

elevated CO2 was dependent on the genotype used. 

2. Plant age: In this work, tall fescue plant tillers were taken from long standing nursery 

plants whereas barley was grown from seeds and aphid responses measured on the 

seedling/early tillering stage. Studies have shown that phloem composition and 

subsequent aphid response is dependent on plant age (Weibull, 1987; Dixon et al., 1993) 

which suggests that some variability between experiments may arise because of 

differences in growth stage. Some plants have also been shown to undergo longer term 

acclimation to elevated CO2 (Bazazz, 1990). Acclimation will presumably have 
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physiological consequences that may be relevant to herbivores, which may make 

responses dependent on the duration of exposure. 

3. Number of generations: In the meta-analysis described here, generation number was also 

recorded for studies examining aphid response. It was found that experiments measured 

the responses of aphids feeding on plants grown in enriched CO2 for anywhere from 1 

generation to 13 generations. It has been found that CO2-induced alterations in aphid life-

history traits relative to ambient may disappear in longer term experiments (Bazzaz et al., 

1999). Though the mechanism in unknown (changes in plant quality vs. aphid 

susceptibility) this suggests that results may be dependent on the number of aphid 

generations observed. 

4. CO2 level: CO2 concentrations were also recorded during the collection of meta-

analytical data and it was found that aphid responses were measured in CO2 from 550 to 

1050 ppm, which encompass the range of IPCC projections for the year 2100. However, 

in the study on tall fescue here, it was found that the aphid abundance response to 

elevated CO2 was non-linear and tended to return to ambient levels at the highest 

concentration (1000 ppm; Fig. 3-3). This non-linear response of aphid abundance to the 

two concentrations of elevated CO2, is similar to that seen in a previous experiment 

conducted in the same chambers using both R. padi and tall fescue in the same 

experimental set-up (data not shown). The chamber CO2 concentrations were re-

randomized between the two experiments suggesting that this effect is real and not due to 

chamber effects. Non-linear responses would again imply that some of the variability 

seen in the CO2 literature might arise from differences in the magnitude of the 

experimental treatments. 

These potential sources of variability call for (1) a multi-species approach within individual 

experiments which may control for many of the possible confounds described above, and/or (2) 

further insight into the mechanisms underlying the variability in these responses which will 

likely be important components in making predictions/generalizations about aphid responses.  
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6.1.4 Aphid responses to CO2: interacting factors 

Biological: It was earlier hypothesized that the presence of symbiotic fungal endophytes of 

grasses might alter aphid response to CO2 due to alterations in primary plant metabolism, and 

perhaps more importantly, due to endophyte-derived secondary metabolites. It was found in this 

work that the concentration of alkaloids in endophyte-infected grasses decreased in response to 

elevated CO2. A reasonable prediction might be that CO2-induced declines in alkaloid 

concentration might ultimately benefit aphids, however this was not the case. Aphids generally 

failed to colonize endophyte-infected plants to any significant degree and other treatment effects 

(i.e. CO2 and N) were swamped by the strong negative effects of endophyte. There was also no 

correlation between aphid performance and alkaloid concentration. Rather than implying the 

absence of an alkaloid effect, this may suggest that aphid colonization is inhibited to a similar 

degree in all loline-producing plants regardless of concentration. This is consistent with other 

studies which show that even very low concentrations of lolines can result in high aphid 

mortality (Eichenseer et al., 1991).  

However, two possible predictions follow from the observed effect of elevated CO2 on 

alkaloid concentration: (1) the CO2-induced decrease in alkaloids may have implications for 

other non-aphid herbivores that are less sensitive to the effects of loline alkaloids, and (2) CO2-

induced decreases in endophyte-derived alkaloids may benefit aphids in novel grass-endophyte 

associations where aphid colonization is still possible. Grasses used in this study were infected 

with the common strain of Neotyphodium coenophialum endophyte which is known to produce 

the full profile of alkaloids (i.e. N-formyl loline, N-acetyl loline, N-acetyl norloline, ergovaline, 

peramine). However, less toxic strains of endophyte (e.g. AR542) have been developed for 

agronomic purposes where livestock toxicity may be of concern. Hunt and Newman (2005) 

demonstrated that aphid colonization on grasses infected with AR542 (which produces only 

peramine and N-acetyl norloline) was intermediary between that on endophyte-free and common 

strain-infected plants. Thus, for lower toxicity endophyte infections, elevated CO2 may affect 

nitrogen metabolism in a way that decreases alkaloids concentration, which will likely have 

implications for aphids. 

 

Environmental: Nitrogen fertilization has been hypothesized to alter the effects of CO2 on plants 

and herbivores. This is because increased fertilization may alleviate some of the limitations on 
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plant and herbivore growth caused by CO2-induced nitrogen declines. Poor soil fertility is 

sometimes cited as a reason why CO2-induced changes may be more profound in natural 

ecosystems compared to agroecosystems. In the tall fescue experiment, plants were watered with 

a low or high nitrogen treatment (0.004gN/week vs. 0.2gN/week respectively). There was a CO2 

by nitrogen interaction for above-ground plant growth, whereby the magnitude of the CO2 effect 

on biomass production was highest at the high nitrogen level. There was also a CO2 x N 

interaction for root to shoot ratio. However, while plant responses to CO2 were dependent on 

nitrogen inputs, this was not the case for aphid responses. Aphid performance in general was 

much lower on low N plants; however, the magnitude of the response to CO2 was similar in both 

nitrogen levels. This suggests that the plant mechanisms underlying aphid responses to CO2 

respond similarly in both fertilization scenarios. 

 

6.1.5 Phloem sap changes under elevated CO2: a note on methodological limitations 

 

Phloem sampling 

Pritchard et al. (2007) cite phloem sampling difficulties as one possible reason for the lack of 

studies on plant mechanisms underlying aphid responses to CO2. EDTA is a relatively 

straightforward technique where a high number of individuals can be sampled in a short period 

of time and sampling can also take place in the field. However, there are some possible 

limitations to this technique, the biggest being that it can only be used to quantify the relative 

composition of phloem, and not absolute concentrations as mentioned above. However, if the 

ratio of essential to non-essential amino acid composition is valuable for predicting responses to 

CO2, as implied by some of this work, then this technique might be useful. However some other 

possible limitations to this method exist. Because the method is invasive, the cutting of plant 

tissue may induce a wounding response which may alter the properties of the exudate. Known 

artefacts of EDTA exudation are a sometimes large increase in GABA and a possible decrease in 

asparagine (Dinant et al., 2010). Additionally, non-sieve element cellular constituents may 

contaminate samples. However, several studies suggest that the comparative composition of 

amino acids is relatively similar between ETDA and stylectomy exudates (Weibull et al., 1990) 

as long as the duration of exudation is minimized (Douglas, 1993; Dinant et al., 2010).  
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The aphid stylectomy technique is the most effective way of obtaining pure phloem sap 

samples but has been appropriately described by some as a “time consuming and exasperating 

technique” (Dinant et al., 2010). In this work the original intention was to sample both tall fescue 

and barley using this technique. In barley plants the technique was used with some success 

though volumes collected were extremely low, averaging about 260nl per day of sampling (often 

pooled across several exuding droplets). Though not formally quantified, the success rate of 

exudation following stylet severing was low, with a large proportion of stylets producing no 

droplet and many producing quantities too small to be collected. In tall fescue, the technique was 

unsuccessful with the majority of severed stylets failing to exude. For this reason, the technique 

was abandoned in favour of EDTA exudation in fescue. It is unknown why exudation might 

occur in some plants but not others. It is possible that plants differ in the occlusion mechanisms 

used to deal with aphid penetration and blockage of stylets may occur in some plants when 

salivary secretions are no longer active. Some have suggested that phloem sealing mechanisms 

may be more developed in older plants (Girousse and Bournoville, 1994; Caillaud and Niemeyer, 

1996) which may in turn reduce aphid ingestion rates. It may be possible that the older tall fescue 

plants used here had more developed occlusion mechanisms than the younger barley plants, 

though this is purely speculative. 

 

Correlation vs. causation 

The distinction between correlation and causation is an issue that arises when considering the 

idea of “host plant quality”. The complexity of biosynthetic pathways within plants makes it 

plausible that any measure of a given plant metabolite may correlate with a host of other 

biochemical components.  This speaks to the need for artificial diet experiments when attributing 

causality to phloem constituents that are thought to alter aphid performance. Karley et al. (2002) 

addressed this issue and suggest that purely correlative studies add little to our understanding of 

the mechanisms driving plant-aphid interactions. Studies such as those undertaken in this work 

would benefit greatly from complementary artificial diet studies in order to investigate whether 

changes in phloem constituents form the causal basis for changes in aphid performance. 

Artificial diets could be used to measure precisely whether the direction and magnitude of CO2-

induced changes in amino acids are likely to cause the observed effects on aphid performance. 

The effect of whole-plant C:N ratio on aphid performance in the tall fescue study (Fig. 3-8) 
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speaks to the need to distinguish between correlation and causation. Since aphids do not 

consume whole plant tissue, it is unlikely that they are directly affected by whole tissue C:N. It is 

more likely that this measurement is itself correlated with plant factors that directly impact the 

quality of the aphid diet. However, studies such as those performed here are useful in that they 

may point to candidate plant factors for explaining changes in aphid response.  

 

6.2 CONCLUSION 

6.2.1 Summary of main points 

1. A meta-analysis of plant and insect responses to elevated CO2 and interacting biological 

and environmental variables revealed that: 

a. Insect responses to CO2 enrichment were dependent on insect guild; while 

performance decreased or was unchanged on average for most feeding guilds, 

performance (abundance, fecundity and development rate) increased on average 

for phloem feeders. 

b. Plant average responses to CO2 were significant for an array of metabolites and 

growth parameters. These included increases in biomass, C:N ratio, non-structural 

carbohydrates, C-based secondary metabolites and general leaf toughness, and 

decreases in nitrogen concentration, amino acids, protein concentration and N-

based secondary metabolites. 

c. Plant responses were in many cases dependent on plant functional group (e.g. 

photosynthetic mechanism, reproductive mechanism, growth rate, N-fixation 

capacity) and interacting environmental variables (e.g. temperature, nitrogen and 

drought). 

d. The study highlighted the paucity of research relating insect performance to 

alterations in plant chemistry under elevated CO2. It was found that studies 

linking the two are almost non-existent in the case of phloem feeders. 

2. Rhopalosiphum padi aphid abundance decreased under elevated CO2 on tall fescue, but 

increased on barley. In barley plants, this was related to a reduction in developmental 

time, while fecundity was unchanged. 
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3. In response to elevated CO2, amino acid concentration increased in barley plants, as did 

the relative proportion of many individual essential amino acids and the ratio of essential 

to non-essential amino acids. This ratio was not significant in tall fescue but the 

proportion of several individual essential amino acids was found to decrease. This 

difference in the direction of amino acid response in the two host plants may help to 

explain why aphids increased under elevated CO2 when grown on barley, but decreased 

when grown on fescue. 

4. The increase in aphid abundance on barley under elevated CO2 caused a reduction in 

plant biomass as a result of the increased herbivore load. Biomass increased in response 

to elevated CO2 for plants where herbivores were absent in barley and always increased 

in tall fescue, regardless of herbivore load. 

5. The concentration of alkaloids (lolines and ergovaline) in endophyte-infected tall fescue, 

decreased in response to elevated CO2. However, the concentration of endophyte 

(measured as the number of copies of an endophyte-specific gene) increased. This may 

have implications for nutrient exchange dynamics in plant-fungal symbiont interactions 

in future atmospheres. 

6. The abundance of aphids feeding on tall fescue was dependent on plant nitrogen content 

and endophyte infection. Abundance decreased substantially on low N relative to high N 

plants and aphids were generally unsuccessful at colonizing endophyte-infected plants. 

6.2.2. Future directions 

The work presented here provides the foundation for future work in the area of plant-aphid 

interactions and elevated CO2. The following are some questions which I would like to pursue in 

the near future: 

 

1. The effects of elevated CO2 on phloem constituents and aphid performance for plant/aphid 

species mixes 

The observation here that Rhopalosiphum padi aphids increase under elevated CO2 on barley and 

decrease on tall fescue makes this an extremely promising model for investigating the underlying 

plant factors involved in aphid response. Sampling the phloem constitutuents of these two 

species simultaneously (controlling for some of the variables outlined above) and conducting a 
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more thorough profiling of phloem constituents may help us to understand some of the plant 

mechanisms/generalities underlying R. padi response. This would further allow us to test 

whether similar plant mechanisms induce similar responses in other aphid species.  

 

2. Artificial diet experiments 

Some promising relationships between plant phloem composition and aphid performance under 

elevated CO2 were found in the current work. However, artificial diet experiments would allow 

for an examination of the causal basis of some of the plant changes found here (for example, 

changes in the relative composition of those essential amino acids found to change in the 

opposite direction in barley vs. tall fescue under elevated CO2). 

 

3. The role of carbohydrates in aphid response to CO2 

In this work, the performance of aphids decreased with increasing whole-tissue C:N ratio in tall 

fescue. Changes in whole-tissue C:N ratio may be reflected in phloem nitrogen metabolism, 

phloem carbohydrate metabolism or some mix of both. Since CO2 has consistently been shown 

to alter carbohydrate concentration, it is worth investigating whether carbohydrates have some 

effect on aphid nutrition, behaviour or other aspects of feeding under elevated CO2. Sucrose is a 

known phagostimulant of aphids and aphids will not feed on diets in which sucrose is absent 

(Douglas and van Emden, 2007). However, sucrose concentration is negatively correlated with 

the ingestion rates of aphids and represents the single biggest predictor of aphid feeding rate 

(Douglas and van Emden, 2007). Thus, it is worth exploring whether CO2-induced increases in 

phloem carbohydrates may affect aphid responses or whether the correlation with C:N is the 

result of changes in phloem amino acids. Alternatively, aphids may be responding to a similar 

change in the C:N ratio in phloem, rather than changes in either carbohydrates or nitrogen alone. 

 

4. The effect of elevated CO2 on alkaloid concentration and aphid performance in novel grass-

endophyte associations 

Endophyte infection in this work was found to have very dramatic consequences for aphids, 

which were unable to colonize endophyte-infected plants. However, it was found that alkaloid 

concentration was decreased under elevated CO2, presumably due to a nitrogen dilution effect. 

Since aphids have been found to more readily colonize grasses infected with other endophyte 
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strains (or perennial ryegrass infected with the less toxic Neotyphodium lolii species), a CO2-

induced decrease in alkaloids for other strains/species/associations may have consequences for 

aphid herbivory.  
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APPENDIX 1 

Plant chemical groupings and abbreviations for extracted data. 

 
Major groups are denoted, from the general to the specific, by: CAPITAL letters, numbers, lower 

case letters, and then Roman numerals.  So for example, Total Carbohydrates (denoted TC) 

comprises: A.1 Starch (denoted Sta), A.2 Total non-structural carbohydrates (denoted TNC), A.2 

Total Soluble Sugars (denoted SS), A.3 the Sugar Alcohols (denoted SA; sorbitol was the only 

sugar alcohol that we could find any data on), A.4 Total soluble sugars (denoted SS), and A.5 

Total structural carbohydrates (denoted TSC).  Within A.4, the Total soluble sugars, are: A.4.a 

Glucose (denoted Glu), A.4.b Sucrose (denoted Suc), A.4.c Fructose (denoted Fru), A.4.d 

Raffinose (denoted Raf), and A.4.e Hexose (denoted Hex).  These soluble sugar results would be 

counted both in an analysis of total soluble sugars, and in an analysis of total carbohydrate. 

 

Primary carbohydrate metabolites: 

 A.  Total carbohydrate (TC) 

  A.1 – Starch (Sta) 

  A.2 – Total non-structural carbohydrates (TNC) 

  A.3 – Sugar alcohols (sorbitol) (SA) 

  A.4 – Total soluble sugars (SS) 

   A.4.a – Glucose (Glu) 

   A.4.b – Sucrose (Suc) 

   A.4.c – Fructose (Fru) 

   A.4.d – Raffinose (Raf) 

   A.4.e – Hexose (Hex) 

  A.5 – Total structural  carbohydrates (TSC) 

   A.5.a – Lignin (Lig) 

   A.5.b – Lignin derivatives (e.g. Lignothioglycolic acid) (LigD) 

   A.5.c – Cellulose (Cel) 

   A.5.d – Fiber (Fib) 

   A.5.e – Non-cellulose structural carbohydrates (NCSC) 

 

Primary nitrogen metabolites: 

 B.  Amino acids (AA) 

 C.  Protein (Pro) 

 

Physical properties:
5
 

 D.  Leaf mass per unit area (LMA)
 6

 

E.  Specific leaf weight (SLW) 

 F.  Thickness (Thick) 

 G.  Toughness (Tough) 
7
 

                                                
5 Increases in the first four parameters here indicates increased toughness, while an increase in SLA represents a decrease in toughness 
6 LMA and SLW are essentially the same thing, while SLA is the inverse of these 
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 H.  Specific leaf area (SLA) 

 

 

Growth/allocation: 

 I.  Total biomass (TM) 

  I.1 – Above-ground biomass (AM) 

  I.2 – Below-ground biomass (BM) 

 J.  Total carbon concentration (C) 

 K.  Total nitrogen concentration (N) 

 L.  C:N ratio (C:N) 

 M.  Water (Wat) 

 N.  Root: shoot ratio (R:S) 

 O.  Shoot: root ratio (S:R) 

 

Secondary metabolites: 

 P.  Total Terpenes (concentration in plant) (Ter) 

  P.1 – Camphene (Cam) 

  P.2 – Myrcene (Myr) 

  P.3 – Limonene (Lim) 

  P.4 – α-pinene (α-Pin) 

  P.5 – β-pinene (β-Pin) 

  P.6 – Δ-3-carene (Δ-car) 

  P.7 – Papyriferic acid (triterpene) (Tri) 

 Q.  Total Volatile emission rate (Rate) 

  Q.1 – α-pinene (α-Pin) 

  Q.2 – β-pinene (β-Pin) 

  Q.3 – Δ-3-carene (Δ-car) 

 R.  Total Phenolics (shikimate pathway) (Phe) 

  R.1 – Non-condensed tannin phenolics (NCTP) 

  R.2 – Total Hydrolysable tannins (HT) 

   R.2.a – Ellagitannins (Ell) 

   R.2.b – Gallotannins (Gal) 

  R.3 – Phenylpropanoids (PP) 

   R.3.a – Total Phenylpropanoid acid intermediates (PAI) 

    R.3.a.i – Cinnamic acid (also PAL activity) (Cin, PAL) 

    R.3.a.ii – Caffeoylquinic acids (also CGA, chlorogenic acid) (Caf, 

CGA) 

   R.3.b – Condensed tannins (proanthocyanidins) (CT) 

   R.3.c – Total Flavonoids (Flav) 

    R.3.c.i – Quercetin (Que) 

    R.3.c.ii – Myricetin (Myr) 

    R.3.c.iii – Catechin (Cat) 

    R.3.c.iv – Condensed tannins (proanthocyanidins) (CT) 

                                                                                                                                                       
7 In the analysis we distinguish between ‘toughness’ and ‘general toughness’.  ‘Toughness’ is a combination of estimates of fracture strength and 

puncture strength, both direct measures of leaf toughness.  ‘General toughness’ is a combination of estimates of Specific Lea f Weight (SLW), 

puncture strength, fracture strength, and leaf thickness.  
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    R.3.c.v – Isoflavones (Iso) 

    R.3.c.vi – Flavonol aglycones (FA) 

   R.3.d – Coumarins (Cou) 

    R.3.d.i – Scopolin (Sco) 

 S.  Total Glycosides (TG) 

  S.1 – Iridoid glycosides (IG) 

  S.2 – Phenylpropanoid glycosides (PPG) 

  S.3 – Flavonol glycosides (FG) 

  S.4 – Total Phenolic glycosides (PG) 

   S.4.a – Tremulacin (Tre) 

   S.4.b – Salicortin (Salic) 

   S.4.c – Salidroside  (Salid) 

   S.4.d – Dehydrosalidroside (DeSal) 

   S.4.e – Betuloside (Bet) 

 T.  N-based secondary metabolites (NSM) 

  T.1 – Total Alkaloids (Alk) 

   T.1.a – Nicotine (Nic) 

   T.1.b – Scopolamine (Sca) 

   T.1.c – Atropine (Atr) 

  T.2 – Cyanide (Cyn) 

  T.3 – Protein  

   T.3.a – Bt toxin (cry proteins) (Bt) 

 U.  Other 

  U.1 – 3,4’-dihydroxypropiophenone 3-glucoside (DHPPG) 

  U.2 – 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) 

  U.3 – Salicin (Sal) 
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APPENDIX 2 

 

List of sources of data on the effects of interactions of CO2 with nitrogen, light, 

temperature, and water on plants, with the plant species studied and the 

variables measured indicated for each study. 

 

Nitrogen interaction   

Source Plant species Effect(s) measured 

Arp et al. (1998) Rumex obtusifolius AM, BM 

Arp et al. (1998) Arrhenatherum elatius AM, BM 

Arp et al. (1998) Molinia caerulea AM, BM 

Arp et al. (1998) Calluna vulgaris AM, BM 

Arp et al. (1998) Erica tetralix AM, BM 

Arp et al. (1998) Vaccinium myrtillus AM, BM 

Arnone and Gordon (1990) Alnus rubra AM, BM, N 

Bassirirad et al. (1997) Pinus taeda N, TNC 

Bazzaz and Miao (1993) Betula populifolia BM, R:S 

Bazzaz and Miao (1993) Fraxinus americana BM, R:S 

Bazzaz and Miao (1993) Acer rubrum BM, R:S 

Bazzaz and Miao (1993) Quercus rubra BM, R:S 

Bazzaz and Miao (1993) Betula alleghaniensis BM, R:S 

Bazzaz and Miao (1993) Acer pensylvanicum BM, R:S 

Bezemer et al. (2000) Poa annua N, AM, Phe 

Booker (2000) Gossypium hirsutum N, LMA, Sta, SS, LigD, CT 

Booker and Maier (2001) Pinus taeda N, Phe, CT, Cat 

Bowler and Press (1996) Agrostis capillaris N, AM, SLA, TC 

Bowler and Press (1996) Nardus stricta N, AM, TC 

Bowler and Press (1993) Agrostis capillaris AM 

Bowler and Press (1993) Nardus stricta AM 

Causin et al. (2006) Prosopis flexuosa Phe, Sta, Suc 

Causin et al. (2006) Prosopis glandulosa Phe, Sta, Suc 

Coleman et al. (1991) Abutilon theophrasti N, AM 

Coleman et al. (1991) Amaranthus retroflexus N, AM 

Coleman et al. (1991) Sinapis alba N, 

Coley et al. (2002) Virola surinamensis AM, Phe, Sta, TNC, C:N 

Coley et al. (2002) Ficus insipida  AM, Phe, Sta, TNC, C:N 

Constable et al. (1999) Pinus ponderosa N, Sta, C:N, á-Pin, â-Pin, Ä-car 

Coviella et al. (2000) Gossypium hirsutum N, C:N,  

Coviella et al. (2002) Gossypium hirsutum N, Phe, C:N, CT, Bt 

Curtis et al. (2000) Populus tremuloides N, AM, Sta, SS, SLA, TNC, C:N 

Daepp et al. (2001) Lolium perenne N, AM, BM 

Delgado et al. (1994) Triticum aestivum N 

Demmers-Derks et al. (1998) Beta vulgaris AM, BM, Suc, AA 

Diaz et al. (1998) Urtica dioica AM 

Diaz et al. (1998) Chamerion angustifolium AM 

Diaz et al. (1998) Arrhenatherum elatius AM 

Diaz et al. (1998) Poa trivialis AM 

Diaz et al. (1998) Lathyrus pratensis AM 
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Diaz et al. (1998) Lotus corniculatus AM 

Diaz et al. (1998) Brachypodium pinnatum AM 

Diaz et al. (1998) Helictotrichon pratense AM 

Diaz et al. (1998) Helianthemum nummularium AM 

Diaz et al. (1998) Carex caryophyllea AM 

Diaz et al. (1998) Carex flacca AM 

Diaz et al. (1998) Festuca ovina AM 

El Kohen and Mousseau (1994) Castanea sativa AM, BM 

Fajer et al. (1992) Plantago lanceolata AM, BM, IG, PPG 

Fangmeier et al. (1997) Triticum aestivum N, C:N 

Farage et al. (1998) Triticum aestivum N, AM, SLA, C:N 

Franck et al. (1997) Avena fatua C:N, R:S 

Franck et al. (1997) Bromus hordeaceus C:N, R:S 

Franck et al. (1997) Lolium multiflorum C:N, R:S 

Franck et al. (1997) Vulpia microstachys C:N, R:S 

Gebauer et al. (1998) Pinus taeda Phe, CT 

Geiger et al. (1999) Nicotiana tabacum AM, BM, Sta, Suc, AA, R:S, Glu, Fru, Pro 

Gebauer et al. (1996) Pinus taeda N, AM 

Gleadow et al. (1998) Eucalyptus cladocalyx N, C:N, Cyn 

Gloser et al. (2000) Lolium perenne N, AM 

Griffin et al. (1993) Pinus taeda AM 

Haring and Korner (2004) Euphorbia lathyris AM, SLA, TNC 

Hattenschwiler and Korner (1996) Oxalis acetosella AM 

Hattenschwiler and Korner (1996) Rubus hirtus AM 

Hattenschwiler and Korner (1996) Homogyne alpina AM 

Hattenschwiler and Schafellner (1999) Picea abies N, Phe, Sta, SS, SLA, CT, Wat 

Heywoth et al. (1998) Pinus sylvestris CT, á-Pin, â-Pin, Ä-car, Cam, Myr, Lim 

Hocking and Meyer (1991) Triticum aestivum N, AM, BM, S:R 

Hocking and Meyer (1991) Zea mays N, AM, BM,  

Hungate et al. (1996) Avena fatua N, C:N 

Hungate et al. (1996) Bromus hordeaceus N, C:N 

Hungate et al. (1996) Lolium multiflorum N, C:N 

Hungate et al. (1996) Vulpia microstachys N, C:N 

Hungate et al. (1996) Lasthenia californica N, C:N 

Hungate et al. (1996) Plantago erecta N, C:N 

Hunt et al. (2005) Lolium perenne AM, Alk 

Huttunen et al. (2008) Betula pendula N, AM, BM, Phe, CT, Caf, Cin, FG, FA 

Jackson and Reynolds (1996) Avena fatua N, BM, C:N, C 

Jackson and Reynolds (1996) Bromus hordeaceus N, BM, C:N, C 

Jackson and Reynolds (1996) Lasthenia californica N, BM, C:N, C 

Jackson and Reynolds (1996) Lolium multiflorum N, BM, C:N, C 

Jackson and Reynolds (1996) Plantago erecta N, BM, C:N, C 

Jackson and Reynolds (1996) Vulpia microstachys N, BM, C:N, C 

Johnson et al. (1995) Pinus ponderosa N, AM 

Johnson and Lincoln (1991) Artemisia tridentata 
N, AM, BM, Sta, SS, R:S, Wat, Ter, Fib 

Jongen et al. (1995) Lolium perenne 
N 

Jongen et al. (1995) Trifolium repens 
N 

Julkunen-Titto et al. (1993) 
Salix myrsinifolia 

N, AM, CT, Cat, TC, Sal, Salic 

Kerslake et al. (1998) Calluna vulgaris 
Phe, C:N 

King et al. (1997) Pinus taeda 
N, AM, Sta, SS,   
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King et al. (1997) Pinus ponderosa 
N, AM, Sta, SS,   

King et al. (2001) Acer saccharum  
N, Sta, SS, C:N, CT 

Kinney et al. (1997) Populus tremuloides 
N, Sta, SS, C:N, CT, Tough, Pro, Wat, Salic, Hex, Tre 

Kinney et al. (1997) Quercus rubra 
N, Sta, SS, C:N, CT, Tough, Pro, Wat, Hex, Ell, Gal 

Kinney et al. (1997) Acer saccharum  
N, Sta, SS, C:N, CT, Tough, Pro, Wat, Hex, Ell, Gal 

Kohen and Mousseau (1994) Castanea sativa AM, BM 

Kohen et al. (1992) Castanea sativa N, AM, BM 

Koike et al. (2006) Alnus hirsuta Phe, Tough, C:N, CT 

Koike et al. (2006) Betula platyphylla  Phe, Tough, C:N, CT 

Koike et al. (2006) Quercus mongolica  Phe, Tough, C:N, CT 

Koike et al. (2006) Acer mono Phe, Tough, C:N, CT 

Korner et al. (1997) Carex curvula AM 

Korner et al. (1997) Leontodon helveticus AM 

Korner et al. (1997) Whole alpine grassland AM, BM 

Laitinen et al. (2000) 
Pinus sylvestris 

N, SLA, C:N, Sta, Pro 

Larigauderie et al. (1988) 
Bromus mollis 

N, SLA, TM 

Larigauderie et al. (1994) 
Pinus taeda 

N, BM, TM 

Lavola and Julkunen-Tiitto (1994) Betula pendula Cat, Salid, Glu, Fru, Suc, Raf, DeSal, Bet, Pap, CT, Myr, Que 

Lawler et al. (1997) Eucalyptus tereticornis N, Phe, C:N, CT, Wat, C, SLW, TNC, Cel, NCSC, Lig, Ter 

Lee et al. (2001) Agropyron repens N, SLA 

Lee et al. (2001) Bromus inermis N, SLA 

Lee et al. (2001) Koeleria cristata N, SLA 

Lee et al. (2001) Andropogon gerardii N, SLA 

Lee et al. (2001) Schizachyrium scoparium N, SLA 

Lee et al. (2001) Sorghastrum nutans N, SLA 

Lee et al. (2001) Achillea millefolium N, SLA 

Lee et al. (2001) Anemone cylindrica N, SLA 

Lee et al. (2001) Solidago rigida N, SLA 

Lee et al. (2001) Lupinus perennis N, SLA 

Lee et al. (2001) Lespedeza capitata N, SLA 

Lee et al. (2001) Petalostemum villosum N, SLA 

Maillard et al. (2001) Quercus robur AM, BM, SLA, R:S 

Mansfield et al. (1999) Populus tremuloides N, C:N, CT, C 

Maroco et al. (2002) Quercus suber 
N, AM, BM, SS, R:S, Pro 

Martin-Olmedo et al. (2002) Hordeum vulgare N, AM, BM, TM, R:S 

Matros et al. (2006) Nicotiana tabacum N, C:N, C, Lig, Nic, Sco, CGA, PAL 

Mevi-Schutz et al. (2003) Festuca rubra N, C:N, Wat 

Murray et al. (2000) Picea sitchensis N 

Nakano et al. (1997) Oryza sativa N, Sta, Suc 

Newman et al. (2003) Festuca arundinacea TM 

Norby and O'Neill (1991) Liriodendron tulipifera  N, AM, BM, SLA, TM, R:S 

Osbrink et al. (1987) Phaseolus lunatus N, AM, BM, TM 

Perez et al. (2005) Triticum aestivum Sta, Glu, Fru, Suc, SS 

Peters et al. (2007) Avena barbata N 

Peters et al. (2007) Bromus hordeaceus N 

Peters et al. (2007) Hemizonia congesta N 

Peters et al. (2007) Epilobium brachycarpum N 

Peters et al. (2007) Lotus wrangelianus N 

Peters et al. (2007) Vicia sativa N 

Peters et al. (2007) Annual grasses N 
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Peters et al. (2007) Annual/biennial non-legume forbs N 

Peters et al. (2007) Legumes N 

Pettersson et al. (1993) Betula pendula N, AM, BM, Sta, TNC 

Pregitzer et al. (1995) Populus x euramericana N, AM, BM, C:N, C, R:S 

Pritchard et al. (1997) Pinus palustris Phe, CT 

Reich et al. (2001) Grassland species TM 

Roberntz and Stockfors (1998) Picea abies N 

Rogers et al. (1993) Triticum aestivum AM 

Rogers et al. (1993) Gossypium hirsutum AM 

Rogers et al. (1996) Triticum aestivum N, AM, SLA 

Schadler et al. (2007) Conium maculatum SLW 

Schadler et al. (2007) Lupinus angustifolius SLW 

Schadler et al. (2007) Nicotiana tabacum SLW 

Schadler et al. (2007) Sinapis alba SLW 

Schadler et al. (2007) Senecio jacobaea SLW 

Schadler et al. (2007) Trifolium pratense SLW 

Schadler et al. (2007) Agrostemma githago SLW 

Schadler et al. (2007) Chenopodium bonus-henricus SLW 

Schadler et al. (2007) Digitalis purpurea SLW 

Schadler et al. (2007) Lupinus luteus SLW 

Schadler et al. (2007) Lolium perenne SLW 

Schadler et al. (2007) Rumex acetosella SLW 

Silvola and Ahlholm (1992) Salix x dasyclados N, TM 

Sims et al. (1998) Glycine max N, TNC, Pro 

Sinclair et al. (2000) Triticum aestivum N 

Skinner et al. (1999) Medicago sativa TNC 

Skinner et al. (1999) Bouteloua gracilis TNC 

Skinner et al. (1999) Pascopyrum smithii TNC 

Soussana et al. (1996) Lolium perenne N 

Sudderth and Bazzaz (2008) Polygonum persicaria C:N , SLW 

Sudderth and Bazzaz (2008) Amaranthus viridis C:N , SLW 

Sudderth et al. (2005) Solanum dulcamara N, AM, C:N, SLW 

Sudderth et al. (2005) Amaranthus viridis N, AM, C:N, SLW 

Thomas et al. (1991) Gliricidia sepium N, AM, BM, SLW 

Tissue et al. (1993) Pinus taeda N, Sta, Pro 

Vessey et al. (1990) Glycine max TM, N 

Volin and Reich (1996) Agropyron smithii N, SLA, TM 

Volin and Reich (1996) Bouteloua curtipendula N, SLA, TM 

Volin and Reich (1996) Populus tremuloides N, SLA, TM 

Walker et al. (1997) Pinus ponderosa AM, BM, S:R 

Wong (1979) Gossypium hirsutum N, AM,  

Wong (1979) Zea mays N, AM 

Wong (1990) Gossypium hirsutum N, SLW, TNC, S:R 

Yong et al. (2000) Gossypium hirsutum N, AM, BM, TM, SLW, TNC, S:R 

Zak et al. (2000) Populus tremuloides N, AM, BM 

Zanetti et al. (1996) Trifolium repens N 

Zanetti et al. (1997) Lolium perenne N 

Ziska et al. (1996) Oryza sativa N, AM, BM 
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APPENDIX 3 

 

Definitions of abbreviations, and list of sources and variables extracted for 

arthropod responses 
 

List of abbreviations used to denote the herbivore response variables extracted from each paper. 

 

Variable Abbreviation Units 

Relative growth rate RGR g
-1

 g
-1

 day
-1

 

Mean relative growth rate MRGR g
-1

 day
-1

 

Growth rate GR g
-1

 day
-1

 

Relative consumption rate RCR g
-1

 g
-1

 day
-1

 

Absolute consumption rate ACR g
-1

 day
-1

 

Relative consumption RC g
-1

 g
-1

 

Total consumption TC g 

Conversion efficiency – ingested ECI % 

Conversion efficiency – digested ECD % 

Approximate digestibility AD % 

Larval/nymphal weight LW g 

Pupal weight PW g 

Adult weight AW g 

Development time DT days 

Life span LS days 

Fecundity Fec # eggs or g 

Rate of parasitism/predation Enemy % 

Survival Sur % 

Abundance Abun # 

Relative damage RD % 

 

List of herbivore response variables extracted from each paper.  Full citations are given in 

Appendix 4. 

 

Source Host plant species Herbivore species Effect(s) measured 

Agrell et al. (2000) Populus tremuloides Orgyia leucostigma 

RGR, RCR, ACR, ECI, PW, DT, 

Sur, AD, TC 

Agrell et al. (2000) Betula papyrifera Orgyia leucostigma 

RGR, RCR, ACR, ECI, PW, DT, 

Sur, AD, TC 

Agrell et al. (2000) Acer saccharum Orgyia leucostigma 

RGR, RCR, ACR, ECI, PW, DT, 

Sur, AD, TC 

Agrell et al. (2005) Populus tremuloides Malacosoma disstria RCR 

Agrell et al. (2006) Medicago sativa Spodoptera littoralis PW, DT 

Agrell et al. (2006) Gossypium hirsutum Spodoptera littoralis PW, DT 

Akey et al. (1988) Gossypium hirsutum Pectinophora gossypiella PW, DT, RD 

Arnone et al. (1995) Ficus benjamina Spodoptera eridania RCR 

Arnone et al. (1995) Heliconia humilis Spodoptera eridania RCR 
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Arnone et al. (1995) Ctenanthe lubbersiana Spodoptera eridania RCR 

Arnone et al. (1995) Epipremnum pinnatum Spodoptera eridania RCR 

Arnone et al. (1995) Cecropia peltata Spodoptera eridania RCR 

Arnone et al. (1995) Elettaria cardamomum, Spodoptera eridania RCR 

Asshoff and 

Hattenschwiler (2005) Vaccinium myrtillus Miramella alpina RGR, DT, TC 

Asshoff and 

Hattenschwiler (2005) Vaccinium uliginosum Miramella alpina RGR, DT, TC 

Asshoff and 

Hattenschwiler (2005) Gentiana punctata Miramella alpina TC 

Asshoff and 

Hattenschwiler (2005) Various Miramella alpina Fec 

Asshoff and 

Hattenschwiler (2006) Alpine species (various) Zeiraphera diniana RGR 

Awmack and Harrington 

(2000) Vicia faba Acyrthosiphon pisum Abun 

Awmack and Harrington 

(2000) Vicia faba Aulacorthum solani Abun 

Awmack et al. (1997) Vicia faba Aulacorthum solani DT, Fec 

Awmack et al. (1997) Tanacetum vulgare Aulacorthum solani DT, Fec 

Awmack et al. (2004) Betula papyrifera Cepegillettea betulaefoliae RGR, LW, AW, DT, Abun, Fec 

Barbehenn et al. (2004a) Lolium multiflorum Melanoplus sanguinipes ACR, AD, ECI, ECD, GR 

Barbehenn et al. (2004a) Bouteloua curtipendula Melanoplus sanguinipes ACR, AD, ECI, ECD, GR 

Barbehenn et al. (2004b) Lolium multiflorum Pseudaletia unipuncta RGR, RCR, ECI, ECD, LW, AD 

Barbehenn et al. (2004b) Bouteloua curtipendula Pseudaletia unipuncta RGR, RCR, ECI, ECD, LW, AD 

Barbehenn et al. (2004b) Lolium multiflorum Spodoptera frugiperda RGR, RCR, ECI, ECD, LW, AD 

Barbehenn et al. (2004b) Bouteloua curtipendula Spodoptera frugiperda RGR, RCR, ECI, ECD, LW, AD 

Bazin et al. (2002) Lotus corniculatus Polyommatus icarus PW, DT 

Bezemer and Knight 

(2001) Mixed Helix aspersa Fec 

Bezemer et al. (1998) Mixed Myzus persicae Enemy 

Bezemer et al. (1999) Brassica oleracea Brevicoryne brassicae AW, DT, Abun, Fec 

Bezemer et al. (1999) Brassica oleracea Myzus persicae AW, DT, Abun, Fec 

Bezemer et al. (1999) Senecio vulgaris Myzus persicae AW, DT, Fec 

Bezemer et al. (1999) Cardamine hirsuta Brevicoryne brassicae Abun 

Bezemer et al. (1999) Cardamine hirsuta Myzus persicae Abun 

Bezemer et al. (1999) Brassica pekinensis Brevicoryne brassicae Abun 

Bezemer et al. (1999) Brassica pekinensis Myzus persicae Abun 

Bezemer et al. (1999) Poa annua Myzus persicae Abun 

Bidart-Bouzat et al. (2005) Arabidopsis thaliana Plutella xylostella AW 

Brooks and Whittaker 

(1998) Rumex obtusifolius Gastrophysa viridula 

RGR, RCR, ECI, LW, DT, Sur, 

TC, Fec 

Chen et al. (2004) Triticum aestivum Sitobion avenae Abun 

Chen et al. (2005a) Gossypium hirsutum Helicoverpa armigera 

RGR, RCR, ECI, ECD, LW, PW, 

AW, DT, LS, MRGR, AD 

Chen et al. (2005b) Gossypium hirsutum Aphis gossypii AW, DT, LS, Abun, Fec 

Chen et al. (2007) Gossypium hirsutum Helicoverpa armigera 

RGR, RCR, ECI, ECD, PW, DT, 

MRGR, AD, TC, Fec 

Cleland et al. (2006) Avena barbata 

Primarily Deroceras 

reticulatum and Arion 

intermedius RD 

Cleland et al. (2006) Bromus hordeaceus 

Primarily Deroceras 

reticulatum and Arion 

intermedius RD 
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Cleland et al. (2006) Epilobium brachycarpum 

Primarily Deroceras 

reticulatum and Arion 

intermedius RD 

Cleland et al. (2006) Hemizonia congesta 

Primarily Deroceras 

reticulatum and Arion 

intermedius RD 

Cleland et al. (2006) Lotus purshianus 

Primarily Deroceras 

reticulatum and Arion 

intermedius RD 

Cleland et al. (2006) Vicia sativa 

Primarily Deroceras 

reticulatum and Arion 

intermedius RD 

Coll & Hughes (2008) Pisum sativum Helicoverpa armigera LW 

David et al. (2001) Medicago minima Armadillidium vulgare RCR 

David et al. (2001) Tyrimnus leucographus Armadillidium vulgare RCR 

David et al. (2001) Galactites tomentosa Armadillidium vulgare RCR 

David et al. (2001) Trifolium angustifolium Armadillidium vulgare RCR 

David et al. (2001) Lolium rigidum Armadillidium vulgare RCR 

Docherty  et al. (1996) Fagus sylvatica Rhynchaenus fagi DT, TC 

Docherty  et al. (1997) Fagus sylvatica Phyllaphis fagi RGR, LW, Fec 

Fajer (1989) Plantago lanceolata Junonia coenia RGR, RCR, LW 

Fajer et al. (1989) Plantago lanceolata Junonia coenia PW, DT 

Fajer et al. (1991) Plantago lanceolata Junonia coenia PW, DT 

Flynn et al. (2006) Solanum dulcamara Macrosiphum euphorbiae AW, Abun 

Gao et al. (2008) Gossypium hirsutum Aphis gossypii DT, LS, Sur, Fec 

Goverde and Erhardt 

(2003) Agrostis stolonifera Coenonympha pamphilus PW, DT 

Goverde and Erhardt 

(2003) Anthoxanthum odoratum Coenonympha pamphilus PW, DT 

Goverde and Erhardt 

(2003) Festuca rubra Coenonympha pamphilus PW, DT 

Goverde and Erhardt 

(2003) Poa pratensis Coenonympha pamphilus PW, DT 

Goverde et al. (1999) Lotus corniculatus Polyommatus icarus ECD, DT, AD, TC 

Goverde et al. (2002) Calcareous grasslands Coenonympha pamphilus LW, AW, DT 

Goverde et al. (2004) Lotus corniculatus Polyommatus icarus LW, DT 

Hamilton et al. (2005) Glycine max Various Abun 

Hamilton et al. (2005) Glycine max Popillia japonica TC 

Hamilton et al. (2005) Glycine max Epilachna varivestis TC 

Hattenschwiler and 

Bretscher (2001) Acer pseudoplatanus Oniscus asellus RGR, RCR, RC 

Hattenschwiler and 

Bretscher (2001) Fagus sylvatica Oniscus asellus RGR, RCR, RC 

Hattenschwiler and 

Bretscher (2001) Quercus robur Oniscus asellus RGR, RCR, RC 

Hattenschwiler and 

Schafellener (1999) Picea abies (plus understory species) Lymantria monacha RGR, RCR, ECI, LW, TC 

Hattenschwiler and 

Schafellener (2004) Quercus petraea Lymantria monacha RGR 

Hattenschwiler and 

Schafellener (2004) Fagus sylvatica Lymantria monacha RGR 

Hattenschwiler and 

Schafellener (2004) Carpinus betulus Lymantria monacha RGR 

Hattenschwiler et al. 

(1999) Fagus sylvatica Porcellio scaber RCR 

Hattenschwiler et al. 

(1999) Picea abies Porcellio scaber RCR 
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Hattenschwiler et al. 

(1999) Fagus sylvatica Oniscus asellus RCR 

Heagle (2003) Trifolium repens Frankliniella occidentalis Abun 

Heagle et al. (2002) Trifolium repens Tetranychus urticae Abun, Fec 

Himanen et al. (2008) Brassica napus Myzus persicae AW, DT, MRGR, Fec 

Himanen et al. (2008) Brassica napus Brevicoryne brassicae AW, DT, MRGR, Fec 

Holton et al. (2003) Populus tremuloides Malacosoma disstria LW, PW, DT 

Hughes and Bazazz (2001) Vicia faba Acyrthosiphon pisum Abun 

Hughes and Bazazz (2001) Nicotiana sylvestris Aulacorthum solani Abun 

Hughes and Bazazz (2001) Asclepias syriaca Aphis nerii Abun 

Hughes and Bazazz (2001) Solanum dulcamara Myzus persicae Abun 

Hughes and Bazazz (2001) Oenothera biennis Aphis oenotherae Abun 

Hughes and Bazzaz (1997) Asclepias syriaca Frankliniella occidentalis Abun 

Huttunen et al. (2008) Betula pendula Agelastica alni TC 

Johns and Hughes (2002) Echium plantagineum Dialectica scalariella AW, DT 

Johns et al. (2003) Lantana camara Octotoma championi AW, TC 

Johns et al. (2003) Lantana camara Octotoma scabripennis AW, TC 

Johnson and Lincoln 

(1990) Artemisia tridentata Melanoplus differentialis RGR, RCR 

Johnson and Lincoln 

(1990) Artemisia tridentata Melanoplus sanguinipes RGR, RCR 

Joutei et al. (2000) Phaseolus vulgaris Tetranychus urticae Abun, Fec 

Karban and Thaler (1999) Gossypium hirsutum Tetranychus urticae Abun 

Karowe (2007) Trifolium pratense Colias philodice 

RGR, RCR, ECD, PW, DT, AD, 

TC 

Karowe (2007) Melilotus alba Colias philodice 

RGR, RCR, ECD, PW, DT, AD, 

TC 

Kasurinen et al. (2007) Betula pendula Porcellio scaber RGR, RCR 

Kerslake et al. (1998) Calluna vulgaris Operophtera brumata GR, PW, DT, Sur 

Kinney et al. (1997) Populus tremuloides Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Kinney et al. (1997) Acer saccharum Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Knepp et al. (2005) Acer rubrum Various RD 

Knepp et al. (2005) Cercis canadensis Various RD 

Knepp et al. (2005) Liquidambar styraciflua Various RD 

Knepp et al. (2005) Prunus serotina Various RD 

Knepp et al. (2005) Quercus alba Various RD 

Knepp et al. (2005) Quercus phellos Various RD 

Knepp et al. (2005) Ulmus alata Various RD 

Knepp et al. (2005) Acer barbatum Various RD 

Knepp et al. (2005) Liriodendron tulipifera Various RD 

Knepp et al. (2005) Quercus rubra Various RD 

Knepp et al. (2005) Quercus velutina Various RD 

Knepp et al. (2005) Robinia pseudoacacia Various RD 

Knepp et al. (2007) Quercus alba Antheraea polyphemus 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Knepp et al. (2007) Quercus velutina Antheraea polyphemus 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Kopper and Lindroth Populus tremuloides Phyllonorycter tremuloidiella PW, DT, Sur, TC 
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(2003a) 

Kopper and Lindroth 

(2003b) Populus tremuloides Malacosoma disstria PW, DT, TC 

Kopper et al. (2001) Betula papyrifera Orgyia leucostigma PW, DT 

Lau et al. (2008) Lespedeza capitata 

Generalists (primarily 

grasshoppers) RD 

Lau et al. (2008) Lespedeza capitata Pachyschelus laevigatus RD 

Lau et al. (2008) Lespedeza capitata Tortriedon sp. RD 

Lawler et al. (1997) Eucalyptus tereticornis Chrysophtharta flaveola ECI, ECD, PW, AD, TC 

Ledergerber et al. (1997) Calcareous grasslands Various gastropods Abun 

Ledergerber et al. (1998) Trifolium repens Helix pomatia TC 

Lincoln and Couvet (1989) Mentha piperita Spodoptera eridania ECI, DT, RC 

Lincoln et al. (1984) Glycine max Pseudoplusia includens RGR, RCR, ECI 

Lincoln et al. (1986) Glycine max Pseudoplusia includens RCR, ECI, ECD, DT, RC 

Lindroth and Kinney 

(1998) Populus tremuloides Lymantria dispar 

GR, ACR, ECD, LW, DT, AD, 

TC 

Lindroth and Kinney 

(1998) Acer saccharum Lymantria dispar 

GR, ACR, ECD, LW, DT, AD, 

TC 

Lindroth et al. (1993) Populus tremuloides Malacosoma disstria 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Lindroth et al. (1993) Acer saccharum Malacosoma disstria 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Lindroth et al. (1993) Quercus rubra Malacosoma disstria 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Lindroth et al. (1993) Populus tremuloides Lymantria dispar 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Lindroth et al. (1993) Acer saccharum Lymantria dispar 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Lindroth et al. (1993) Quercus rubra Lymantria dispar 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Lindroth et al. (1995) Betula papyrifera Hyalophora cecropia 

GR, ACR, ECI, ECD, LW, DT, 

Surv, AD, TC 

Lindroth et al. (1995) Betula papyrifera Actias luna 

GR, ACR, ECI, ECD, LW, DT, 

Surv, AD, TC 

Lindroth et al. (1995) Betula papyrifera Antheraea polyphemus 

GR, ACR, ECI, ECD, LW, DT, 

Surv, AD, TC 

Lindroth et al. (1997) Populus tremuloides Lymantria dispar 

RGR, RCR, ECI, ECD, PW, DT, 

AD, TC, Fec 

Marks and Lincoln (1996) Festuca arundinacea Spodoptera frugiperda RGR, RCR, ECI 

McDonald et al. (1999) Populus tremuloides Lymantria dispar RGR, RCR, ECI 

McDonald et al. (1999) Betula papyrifera Lymantria dispar RGR, RCR, ECI 

McDonald et al. (1999) Acer saccharum Lymantria dispar RGR, RCR, ECI 

Mevi-Schutz et al. (2003) Festuca rubra Coenonympha pamphilus PW, DT 

Mondor et al. (2005) Vicia faba Acyrthosiphon pisum Abun 

Newman et al. (1999) Festuca arundinacea Rhopalosiphum padi Abun 

O'Neill et al. (2008) Glycine max Popillia japonica Fec 

Osbrink et al. (1987) Phaseolus lunatus Trichoplusia ni PW, Sur, TC 

Pearson and Brooks (1996) Rumex obtusifolius Gastrophysa viridula RD 

Percy et al. (2002) Populus tremuloides Malacosoma disstria PW 

Percy et al. (2002) Populus tremuloides Chaitophorus stevensis Abun 

Peters et al. (2000) Legume mix Deroceras reticulatum RC 

Peters et al. (2000) Non-legume mix Deroceras reticulatum RC 

Peters et al. (2000) Legume and non-legume mix Deroceras reticulatum RC 

Peters et al. (2007) Grassland Primarily Deroceras AW, Abun 
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reticulatum and Arion 

intermedius 

Rao et al. (2009) Ricinus communis Achaea janata 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Rao et al. (2009) Ricinus communis Spodoptera litura 

RGR, RCR, ECI, ECD, LW, DT, 

AD, TC 

Reddy et al. (2004) Brassica oleracea Plutella xylostella RGR 

Reddy et al. (2004) Brassica oleracea Spodoptera littoralis RGR 

Reddy et al. (2004) Brassica rapa Plutella xylostella RGR 

Reddy et al. (2004) Brassica rapa Spodoptera littoralis RGR 

Rossi et al. (2004) Quercus myrtifolia Leaf-miners RD 

Rossi et al. (2004) Quercus myrtifolia Leaf-chewers RD 

Roth and Lindroth (1994) Betula papyrifera Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Roth and Lindroth (1994) Pinus strobus Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Roth and Lindroth (1995) Populus tremuloides Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Roth and Lindroth (1995) Betula papyrifera Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Roth and Lindroth (1995) Quercus rubra Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Roth and Lindroth (1995) Acer saccharum Lymantria dispar 

GR, ACR, ECI, ECD, LW, DT, 

AD, TC 

Roth et al. (1997) Populus tremuloides Malacosoma disstria RGR, RCR, ECI 

Roth et al. (1997) Acer saccharum Malacosoma disstria RGR, RCR, ECI 

Roth et al. (1998) Populus tremuloides Malacosoma disstria RGR, RCR, ECD, DT, AD 

Roth et al. (1998) Acer saccharum Malacosoma disstria RGR, RCR, ECD, DT, AD 

Salt et al. (1995) Rumex obtusifolius Pegomya nigritarsis PW, RC, DT 

Salt et al. (1995) Rumex crispus Pegomya nigritarsis PW, RC 

Salt et al. (1996) Cardamine pratensis Aphis fabae fabae Abun 

Salt et al. (1996) Cardamine pratensis Pemphigus populitransversus Abun 

Schadler et al. (2007) Conium maculatum Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Lupinus angustifolius Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Nicotiana tabacum Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Sinapis alba Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Senecio jacobaea Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Trifolium pratense Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Agrostemma githago Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Chenopodium bonus-henricus Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Digitalis purpurea Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Lupinus luteus Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Lolium perenne Spodoptera littoralis RGR, TC 

Schadler et al. (2007) Rumex acetosella Spodoptera littoralis RGR, TC 

Schroeder et al. (2006) Glycine max Diabrotica virgifera virgifera Abun 

Smith and Jones (1998) Sonchus oleraceus Chromatomyia syngenesiae PW, DT, TC 

Srivastava et al. (2002) Vigna radiata Spodoptera litura LW, TC 

Stacey et al. (2002) Brassica oleracea Myzus persicae AW, Abun, Fec, Enemy 

Stacey et al. (2002) Brassica oleracea Brevicoryne brassicae AW, Abun, Fec, Enemy 

Stiling and Cornelissen. Quercus myrtifolia Stigmella Abun 
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(2007) 

Stiling and Cornelissen. 

(2007) Quercus myrtifolia Cameraria Abun 

Stiling and Cornelissen. 

(2007) Quercus myrtifolia Bucculatrix Abun 

Stiling and Cornelissen. 

(2007) Quercus geminata Cameraria Abun 

Stiling and Cornelissen. 

(2007) Quercus geminata Bucculatrix Abun 

Stiling and Cornelissen. 

(2007) Galactia elliottii Leaf-miners Abun 

Stiling and Cornelissen. 

(2007) Quercus myrtifolia Leaf-tiers Abun 

Stiling and Cornelissen. 

(2007) Quercus geminata Leaf-tiers Abun 

Stiling et al. (1999) Quercus myrtifolia Stilbosis Abun, TC 

Stiling et al. (1999) Quercus myrtifolia Cameraria Abun, TC 

Stiling et al. (1999) Quercus myrtifolia Tisheria Abun 

Stiling et al. (1999) Quercus myrtifolia Bucculatrix Abun 

Stiling et al. (1999) Quercus myrtifolia Stigmella Abun, TC 

Stiling et al. (1999) Quercus myrtifolia Acrocercops Abun 

Stiling et al. (1999) Quercus myrtifolia Leaf-miners Abun 

Stiling et al. (1999) Quercus geminata Leaf-miners Enemy 

Stiling et al. (2002) Quercus myrtifolia Leaf-miners RD 

Stiling et al. (2002) Quercus myrtifolia Leaf-chewers RD 

Stiling et al. (2002) Quercus myrtifolia Stigmella TC 

Stiling et al. (2003) Quercus myrtifolia Leaf-miners RD, Abun, TC 

Stiling et al. (2003) Quercus myrtifolia Leaf-chewers RD 

Stiling et al. (2003) Quercus geminata Leaf-miners RD, Abun 

Stiling et al. (2003) Quercus geminata Leaf-chewers RD 

Stiling et al. (2003) Quercus chapmanii Leaf-miners RD, Abun, TC 

Stiling et al. (2003) Quercus chapmanii Leaf-chewers RD 

Stiling et al. (2003) Galactia elliottii Leaf-miners RD, Abun, TC 

Stiling et al. (2003) Galactia elliottii Leaf-chewers RD 

Stiling et al. (2003) Vaccinium myrsinites Leaf-chewers RD 

Stiling et al. (2009) Quercus myrtifolia Leaf-miners Abun 

Stiling et al. (2009) Quercus myrtifolia Leaf-tiers Abun 

Stiling et al. (2009) Quercus geminata Leaf-miners Abun 

Stiling et al. (2009) Quercus geminata Leaf-tiers Abun 

Stiling et al. (2009) Quercus chapmanii Leaf-miners Abun 

Stiling et al. (2009) Quercus chapmanii Leaf-tiers Abun 

Strand et al. (1999) Quercus rubra Aedes triseriatus RGR, AW, DT, Sur, Fec 

Strand et al. (1999) Betula papyrifera Aedes triseriatus RGR, AW, DT, Sur, Fec 

Sudderth and Bazzaz 

(2008) Amaranthus viridis Trichoplusia ni LW 

Sudderth and Bazzaz 

(2008) Polygonum persicaria Trichoplusia ni LW 

Sudderth et al (2005) Solanum dulcamara Macrosiphum euphorbiae AW, Abun 

Sudderth et al (2005) Amaranthus viridis Macrosiphum euphorbiae AW, Abun 

Sun et al (2009a) Triticum hybernum Sitobion avenae Abun 
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Sun et al (2009a) Triticum hybernum Rhopalosiphum padi Abun 

Sun et al (2009a) Triticum hybernum Schizaphis graminum Abun 

Sun et al. (2009b) Gossypium hirsutum (Bt) Aphis gossypii RGR, RCR 

Thompson and Drake 

(1994) Scirpus olneyi Unknown leaf-miner Abun, RD 

Traw et al. (1996) Betula populifolia Lymantria dispar RGR, LW, PW, DT 

Traw et al. (1996) Betula alleghaniensis Lymantria dispar RGR, LW, PW, DT 

Veteli et al. (2002) Salix myrsinifolia Phratora vitellinae RGR, TC 

Wang et al. (2009) 

Populus pseudo-simonii, Betula 

platyphylla, Quercus mongolica Lymantria dispar RGR, RCR, ECI, ECD, AD 

Williams et al. (1994) Pinus taeda Neodiprion lecontei RGR, RCR, ECI 

Williams et al. (1997) Pinus taeda Neodiprion lecontei GR, ACR, ECI 

Williams et al. (1998) Quercus mongolica Lymantria dispar RGR, RCR, ECI, ECD, AD 

Williams et al. (1998) Quercus mongolica Malacosoma disstria RGR, RCR, ECI, ECD, AD 

Williams et al. (2000) Acer saccharum Lymantria dispar RC 

Williams et al. (2000) Acer rubrum Lymantria dispar RC 

Williams et al. (2003) Acer rubrum Lymantria dispar PW, DT 

Wu et al. (2006) Triticum aestivum Helicoverpa armigera 

RGR, RCR, ECI, PW, DT, Sur, 

Fec 

Wu et al. (2007) Gossypium hirsutum Helicoverpa armigera 

RGR, RCR, ECI, ECD, PW, DT, 

Sur, AD, Fec 

Yin et al. (2009) Triticum aestivum Helicoverpa armigera DT, TC, Fec, Enemy 

Zavala et al. (2009) Glycine max Popillia japonica RD 

Zhang et al. (2003) Triticum aestivum Rhopalosiphum padi Abun 
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Sources of data for meta-analyses. 
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APPENDIX 8 

 
(a) Summary of ANOVA results for all univariate phloem amino acid responses. Since phloem 

constituents are expressed as the relative proportion rather than the absolute concentration of 

amino acids, we arcsine square root transformed all variables prior to analysis. Only significant 

(P < 0.05) and marginally significant (P < 0.10) main effects and interactions are shown. †P < 

0.10; *P < 0.05; ** P < 0.01; *** P < 0.001; blank fields: P ≥ 0.05.  

 

 SOURCE 

Amino acids CO2 Nitrogen Nitrogen x CO2 

Ala   † 
F2,72 = 2.78 

Arg º   * 
F2,72 = 3.46 

Asn    

Asp    

GABA    

Glu  ** 
F1,72 = 16.96  

Gln † 
F2,4 = 2.97   

Gly  ** 
F1,72 = 27.90  

His º  † 
F1,72 = 5.43  

Ile º    

Leu º  * 
F1,72 = 8.39  

Met º * 
F2,4 = 7.15   

Phe º * 
F2,4 = 4.94   

Ser  ** 
F1,72 = 21.52  

Thr º † 
F2,4 = 3.08   

Trp º 
* 

F2,4 = 4.25 
* 

F1,72 = 9.40  

Tyr    

Val º ** 
F2,4 = 8.98   

 
º denotes essential amino acids (Karley et al., 2002) 
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(b) Means and standard error for all phloem amino acid responses expressed as the relative 

concentration (%).  

 

 
Low N High N 

Amino acids 390ppm 800ppm 1000ppm 390ppm 800ppm 1000ppm 

Ala 10.60 (0.61) 10.78 (0.43) 12.30 (0.97) 11.05 (0.47) 11.57 (0.88) 10.12 (0.60) 

Arg º 0.90 (0.15) 0.97 (0.15) 1.46 (0.19) 1.47 (0.17) 1.06 (0.11) 1.05 (0.13) 

Asn 5.66 (1.13) 5.46 (0.82) 4.00 (0.75) 5.08 (1.88) 3.98 (0.93) 6.51 (2.28) 

Asp 13.36 (0.94) 13.72 (1.08) 12.10 (0.96) 13.55 (0.89) 15.04 (1.43) 15.77 (1.12) 

GABA 2.40 (0.19) 2.89 (0.43) 2.37 (0.33) 3.21 (0.33) 2.82 (0.31) 2.44 (0.23) 

Glu 16.68 (1.65) 18.40 (1.54) 18.29 (1.41) 20.94 (1.46) 26.72 (1.78) 25.63 (1.90) 

Gln 8.15 (1.00) 8.38 (1.25) 6.38 (0.87) 8.74 (1.23) 7.50 (1.28) 7.17 (0.87) 

Gly 7.43 (0.87) 6.67 (0.91) 8.57 (0.97) 6.31 (0.99) 5.33 (0.66) 5.53 (0.56) 

His º 1.59 (0.34) 1.09 (0.30) 1.04 (0.25) 0.84 (0.21) 0.54 (0.16) 0.73 (0.15) 

Ile º 1.40 (0.20) 1.45 (0.21) 1.91 (0.22) 1.40 (0.15) 1.24 (0.18) 1.09 (0.17) 

Leu º 2.05 (0.25) 1.93 (0.16) 2.31 (0.28) 1.93 (0.23) 1.32 (0.16) 1.38 (0.18) 

Met º 0.46 (0.16) 0.41 (0.13) 0.21 (0.07) 0.11 (0.04) 0.54 (0.19) 0.04 (0.02) 

Phe º 1.37 (0.24) 0.75 (0.15) 1.02 (0.18) 1.03 (0.12) 0.77 (0.13) 0.86 (0.13) 

Ser 15.09 (1.10) 15.25 (1.32) 17.15 (1.40) 13.17 (1.39) 12.29 (1.07) 12.93 (0.98) 

Thr º 6.09 (0.72) 5.47 (0.38) 4.90 (0.29) 5.02 (0.30) 4.42 (0.34) 4.26 (0.30) 

Trp º 0.80 (0.11) 0.49 (0.18) 0.66 (0.19) 0.53 (0.13) 0.31 (0.08) 0.24 (0.07) 

Tyr 1.50 (0.18) 1.96 (0.30) 1.74 (0.29) 1.62 (0.26) 1.64 (0.18) 1.24 (0.22) 

Val º 4.47 (0.29) 3.92 (0.44) 3.58 (0.20) 4.00 (0.32) 2.91 (0.51) 3.02 (0.23) 

 
º denotes essential amino acids (Karley et al., 2002) 
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APPENDIX 9 

(a) Summary of ANOVA results for all univariate phloem amino acid responses expressed as 

both an absolute concentration (nmol/µl) and as the relative composition (%). For relative 

composition we arcsine square root transformed all variables prior to analysis. Only significant 

(P < 0.05) and marginally significant (P < 0.10) main effects and interactions are shown. †P < 

0.10; *P < 0.05; ** P < 0.01; *** P < 0.001; blank fields: P ≥ 0.05.  

 SOURCE 

Amino acids CO2 Plant age Plant age x CO2 

 nmol/µl % nmol/µl % nmol/µl % 

Ala   
*** 

F2,9 = 10.32 
* 

F2,9 = 8.70 
† 

F2,9 = 2.65  

Arg º       

Asn   † 
F2,9 = 3.12 

† 
F2,9 = 2.67   

Asp   † 
F2,9 = 3.20    

Cys    
* 

F2,9 = 3.90 
† 

F2,9 = 3.15 
† 

F2,9 = 3.01 

GABA      
† 

F2,9 = 3.33  

Glu  † 
F1,2 = 3.18      

Gln   * 
F2,9 = 4.87    

Gly    * 
F2,9 = 4.87 

† 
F2,9 = 3.21 

† 
F2,9 = 3.08 

His º * 
F1,2 = 6.52 

** 
F1,2 = 11.83     

Ile º * 
F1,2 = 5.28 

** 
F1,2 = 11.58     

Leu º * 
F1,2 = 4.88 

* 
F1,2 = 7.14     

Lys º       

Met º * 
F1,2 = 6.44 

† 
F1,2 = 3.91 

** 
F2,9 = x    

Phe º * 
F1,2 = 5.01 

** 
F1,2 = 8.65     

Ser       

Thr º       * 
F2,9 = 4.48 

Trp º † 
F1,2 = 3.54      

Tyr * 
F1,2 = 5.00 

† 
F1,2 = 3.89     

Val º * 
F1,2 = 4.77 

** 
F1,2 = 10.89     

 

º denotes essential amino acids (Karley et al., 2002) 
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(b) Means (nmol/µl) and standard errors for all phloem amino acids across plant age and CO2 

concentration. 

 

 
10 – 13 days 14 – 17 days 18 – 21 days 

Amino acids 390ppm 700ppm 390ppm 700ppm 390ppm 700ppm 

Ala 2.20 (0.20) 3.22 (0.72) 2.97 (0.80) 2.36 (0.62) 4.36 (0.84) 12.98 (3.84) 

Arg º 3.60 (0.72) 6.42 (0.56) 6.74 (2.17) 5.95 (1.62) 4.24 (0.31) 17.74 (6.31) 

Asn 7.86 (1.32) 8.95 (1.23) 13.60 (7.19) 6.34 (1.86) 9.62 (2.42) 32.48 (11.15) 

Asp 6.36 (1.35) 7.80 (0.95) 7.05 (2.02) 6.74 (2.13) 7.70 (1.59) 28.03 (10.80) 

Cys 1.41 (0.41) 4.54 (0.73) 6.41 (3.98) 2.99 (0.80) 2.16 (0.39) 5.33 (1.96) 

GABA 0.24 (0.06) 0.35 (0.09) 0.36 (0.17) 0.22 (0.08) 0.23 (0.11) 0.74 (0.21) 

Glu 22.05 (3.67) 26.84 (6.99) 30.60 (10.48) 24.46 (7.83) 21.11 (3.45) 60.01 (21.20) 

Gln 6.68 (0.90) 9.13 (2.18) 9.50 (3.87) 6.44 (1.56) 13.28 (4.68) 75.92 (47.72) 

Gly 2.93 (0.92) 9.18 (1.64) 15.10 (9.32) 6.46 (1.74) 4.57 (1.19) 10.91 (3.68) 

His º 1.06 (0.26) 2.31 (0.18) 2.06 (0.65) 2.06 (0.64) 1.44 (0.53) 7.18 (2.29) 

Ile º 5.41 (1.32) 10.59 (0.39) 9.27 (3.05) 8.75 (2.14) 5.47 (0.82) 24.80 (8.36) 

Leu º 6.17 (1.33) 11.80 (0.50) 10.79 (3.39) 10.01 (2.56) 6.13 (1.03) 27.94 (9.24) 

Lys º 4.04 (0.72) 5.46 (0.78) 8.03 (2.76) 6.41 (1.79) 5.17 (1.10) 15.39 (5.97) 

Met º 0.16 (0.02) 0.38 (0.04) 0.28 (0.09) 0.29 (0.09) 0.27 (0.08) 1.05 (0.31) 

Phe º 3.89 (0.75) 7.74 (0.29) 7.68 (2.46) 7.13 (1.86) 4.08 (0.77) 22.17 (7.83) 

Ser 10.98 (1.20) 16.27 (0.79) 23.28 (9.52) 15.40 (4.55) 12.83 (0.97) 43.38 (12.98) 

Thr º 6.33 (0.68) 10.27 (1.11) 10.79 (3.77) 8.79 (2.27) 9.22 (1.29) 24.87 (8.46) 

Trp º 1.89 (0.42) 3.32 (0.12) 3.24 (0.83) 3.44 (0.98) 1.84 (0.29) 8.16 (3.36) 

Tyr 1.72 (0.29) 3.61 (0.37) 3.20 (1.12) 2.81 (0.92) 2.04 (0.56) 10.40 (3.86) 

Val º 6.98 (1.32) 14.09 (0.69) 12.53 (4.40) 11.40 (2.90) 7.85 (1.40) 35.48 (12.23) 

 

º denotes essential amino acids (Karley et al., 2002) 

 

 


