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ABSTRACT

INSECT COMMUNITY RESPONSES TO SIMULTANEOUS C02, TEMPERATURE,

AND WATER MANIPULATION WITHIN AN OLD-FIELD ECOSYSTEM  (May 2007)

Shawn  Nathan Villalpando, A.S., Central Piedmont Community College

B.S.,  University of North Carolina at Charlotte

M.S., Appalachian State University

Thesis Chairperson:  Ray S. Williams

Climate change researchers have recently recognized a need to shift toward

experiments that examine community-level responses to simultaneous exposure of

multiple climate change factors (e.g. [C02], temperature, and/or water). Previous

studies have shown effects of temperature and [C02] (especially) individually or in

combination on plants and insects, however, little is known about how multiple

climate drivers may affect plant-insect community associations. The old-Field

Climate and Atmospheric Manipulation (OCCAM) experiment at Oak Ridge National

Laboratory is examining an old-field plant community grown under simultaneous

[C02], temperature, and water manipulation. My objective was to determine if [C02],

temperature, water, and their potential interactions would affect both insect

community structure, and plant-insect community associations.

I characterized the insect community established on plants at the OCCAM

experiment during the 2005 growing season by vacuum sampling and sticky trap

collection methods.  Insects were identified to morphospecies level to calculate

community abundance, richness, evenness, and Shannon-Wiener H'. Insects were
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also assigned feeding guilds and diversity calculations were made within guilds to

examine potential trophic level effects. I also examined seasonal changes in the

insect community and key nutritional components of two dominant plant species.

A mixed model ANOVA found that elevated temperature had the greatest

effect on the insect community both among and within season. Examining all

morphospecies, I found that temperature alone significantly affected the community

by reducing richness, evenness, and H', while not changing abundance. When the

most abundant species were considered, my data showed a small number of

species increased substantially in abundance at elevated temperature, while others

declined compared to ambient temperature. This helped explain effects of

temperature on species richness and abundance in the larger data set. Within the

herbivore guild, elevated temperature reduced richness and H'. Corresponding

reductions of diversity measures at higher tropic levels (i.e. predators and

parasitoids) demonstrate trophic-level effects of temperature in my study. This is

also supported by my finding that herbivore richness was a significant predictor of

parasitoid richness. Elevated [C02] and temperature significantly decreased host

plant nutritional quality (decreased  N and increased C:N), while the potential impact

on insect community parameters was seasonally dependent.  Non-metric

multidimensional scaling and a modified S®rensen similarity index showed that only

temperature affected insect community composition. In conclusion, my results

demonstrate that an increased temperature can strongly affect insect communities,

which could lead to changes in future ecosystem level processes.
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INTRODUCTION

There is an increasing need to understand how climate change factors may

alter terrestrial ecosystem structure and functioning.  Increased carbon dioxide

concentration ([C02]) within the atmosphere due to human activities is predicted to

result in increased global mean temperatures and regional changes in rainfall

patterns. These climate change drivers may independently or interactively affect

ecosystem properties such as productivity and species diversity, though much less

clear is if the results from studies to date provide the basis to predict whole-

ecosystem level responses to multiple climate change factors.  Predicting how

climate change might affect community structure is crucial for understanding how

ecosystem functioning (e.g. carbon (C) sequestration or species assemblages)

could change in significant terrestrial systems such as old-field communities, since

they represent 10-30°/o of global C stocks and cover millions of hectares. Therefore,

effects of [C02] on this system could potentially alter large amounts of global C flux.

[C02] Effects on plants and Insects

Since the Industrial Revolution, [C02] has increased to approximately 385

parts per million (ppm) in the atmosphere and is rising by approximately 2 ppm yr-1

(National Oceanic & Atmospheric Administration, 2007). There are important

implications for plants and ecosystems as [C02] increases. Elevated [C02] can

directly increase photosynthetic rates and Above-ground Net Primary Productivity

(ANPP) of both forest (DeLucia ef a/.,1999; Norby ef a/.,1999) and grassland (e.g.
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0wensby ef a/.,1999; Reich ef a/., 2001a) ecosystems, resulting in increased plant

biomass (LaMarche ef a/„  1984). With respect to C flux within ecosystems,

changing C allocation patterns in plants may alter tissue quality for insects as the

carbon:nitrogen (C:N) ratio increases and foliar N concentration decreases (Coviella

& Trumble,  1999). An increased C:N ratio indicates the same quantity of N is now

diluted within more leaf tissue, potentially negatively affecting herbivorous insect

performance (Hattenschwiller & Schafellner, 2004).  Insects confronted with such a

decrease in tissue quality often consume more tissue (Lincoln ef a/.,1993) or

increase their nitrogen use efficiency (Williams ef a/.,1998) to compensate. Even

though patterns of increased consumption of elevated [C02]-grown foliage have

been demonstrated, Knepp ef a/. (2005) and Stiling ef a/. (2003) found reduced

herbivory in several hardwood species grown under elevated [C02]. These results

could be an example of herbivores actively switching to more nutritious host plants

(e.g. `when in doubt hop about', Bale ef a/., 2002).  In contrast, Veteli ef a/. (2002)

did not find a herbivore preference between willow foliage grown under ambient or

elevated [C02], but did find a significant reduction in growlh rate when beetles fed

on elevated [C02] foliage. Responses to phytochemical changes are not limited to

chewing insects. Phloem-feeding aphids show additive negative effects of elevated

[C02], when allowed to complete several generations, such as laying fewer eggs

and reduced larval weight (Brooks & Whittaker,  1998; Whittaker, 2001 ).

At the community or assemblage level, plant species that demonstrate a

response to [Coal enrichment when grown alone or in monoculture may not

similarly respond, perhaps owing to low densities of the responsive species



(Schappi & Korner,1996). Morgan ef a/. (2004) report that observed community

biomass increase due to [C02] was driven mainly by one of 36 species. Species-

rich communities may also show a larger magnitude of response to [C02] than

species-poor communities (Reich ef a/., 2001 b).  In this way, intact plant

communities can conceal individual species responses because either such

responses would not scale-up to community-level changes, or would be mediated

by competition between species.

Temperature and Plantllnsect Interactions

As [C02] increases, global mean temperature is estimated to increase in

concert by 1.4 -5.8°C via the greenhouse effect (lpcc 2001 ). Previous studies

suggest that temperature may be the single most important factor affecting insects

in terms of climate change, by altering developmental time, voltinism, population

density and size, and distribution (reviewed by Bale ef a/., 2002). An increase of

only a few degrees can accelerate insect development dramatically (Johns ef a/..

2003; Williams ef a/„ 2003) and cause phenological shifts in development, such as

emerging earlier in the year (Masters ef a/.,1998). Also important to consider is that

different species show different degrees of plasticity to temperature increase

(Hodkinson & Bird, 2006).  Not only are insects physiologically sensitive to

temperature, but studies examining the geographic distribution of insects show that

they could expand their range latitudinally or to higher altitudes as temperatures rise

(Hill ef a/.,1999; Parmesan ef a/.,1999; Wilson ef a/., 2005). Therefore, both
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physiological and geographic responses to a warmer climate could potentially occur

in many insect species.

Effects of increased temperature on plants are somewhat variable, although

some trends are evident. Temperature has profound effects on plant physiological

processes, such as growth and development (Rustad & Norby, 2001 ), but can also

indirectly affect plants by increasing soil respiration and net N mineralization

(Rustad ef a/., 2001 ). Elevated temperature can also affect plant chemical

composition by decreasing defensive chemicals (Kuokkanen ef a/., 2001 ; Veteli ef

a/., 2002), although the response is somewhat dependent upon the specific

compound within the same species (Kuokkanen ef a/., 2003). In previous climate

change experiments, the nutritional quality of foliage, such as N content (Williams ef

a/., 2000; Kuokkanen ef a/., 2003), water content (Kuokkanen ef a/., 2001 ) and C:N

(\/Villiams ef a/., 2000; Johns & Hughes, 2002) has shown no effect of elevated

temperature. Aside from phytochemistry, at the community level warming can also

accelerate flowering of all species (Price & Waser,  1998) or only one plant species

(Engel ef a/., unpublished data) of a plant community receiving experimental

warming treatments. Although warming has a strong direct influence on insects,

these previous studies show that temperature can still affect individual and

community-level plant characteristics, which may indirectly impact insect

communities.
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Precipitation

Precipitation patterns can strongly affect ecosystem water availability and

energy flow by influencing soil water, temperature, and evaporation, along with soil

nutrient availability and mobility (Heisler & Weltzin, 2006). Through these

mechanisms, soil water availability can affect a variety of plant physiological

processes (Vveltzin & Mcpherson, 2003). Drought can reduce foliar quality (Roth ef

a/„  1997) and soil nutrients, and water availability can also interact to affect

constituents of foliar chemistry important to insect herbivores (Lower & Orians,

2002). Within the context of climate change this is important because precipitation

patterns are expected to change as global temperatures increase (Hulme ef a/.,

2002). Soil water availability may affect plants indirectly as well.  For example,

Heisler & Weltzin (2006) suggested that nutrient limitations (due to reduced soil

water) may become more influential than the water limitation itself for plants.

Changes in plant tissue nutrient concentrations brought about by reduced soil water

can also be important for insects. In fact, herbivores were once thought to benefit on

water-stressed plants (i.e. the plant stress hypothesis (PSH) White,1969), because

of plant physiological changes, mainly increasing N concentration. However, recent

studies have found discrepancies with the PSH. For example, Scheirs & De Bruyn

(2005) found no increase in herbivore performance due to water stressed host

plants, even though they report an increase in N, while Staley ef a/. (2006) found

fewer leaf miners present on drought-stressed plants in their lowland calcareous

grassland system, which is also inconsistent with the PSH.
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Even though leaf N may increase on drought-stressed plants, herbivorous

insects require a mechanism to obtain it. In a meta-analysis examining water stress

and plant-insect interactions, Huberty & Denno (2004) found that cell turgor

pressure seems to play an important role in determining whether sucking insects

can actually benefit from increased nutrient content. Specifically, phloem-feeding

insects require positive turgor pressure to enable them to extract fluid (Holtzer ef a/.,

1988; Archer ef a/„  1995). Also playing an important role is whether plants are

intermittently or continuously drought stressed. From the phytochemical standpoint,

Huberty & Denno (2004) found that decreases in water content of leaf tissue led to

increased toughness and/or secondary metabolite concentration, both of which

decrease an insect's ability to access or digest N, respectively. Soil water

availability clearly affects plant physiological processes, which could potentially lead

to plant community or ecosystem-level changes (Weltzin & Mcpherson, 2003). To

date, studies investigating soil water and other factors have shown much variation

across plant taxa and community type (Smith ef a/., 2000; Shaw ef a/., 2002).

Inconsistent responses and much variation of plant responses to soil water

availability both make it difficult to predict how plants or entire communities may

respond to future climate (Vveltzin ef a/., 2003).

Studies with Multiple Climate Factors

Studies that incorporate multiple climate change factors likely provide for a

more realistic prediction of how plants and insects might be affected because

associations between these organisms naturally occur in a multi-factor environment.
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Because [C02] and temperature are expected to increase simultaneously (lpcc

2001 ), experiments that incorporate both drivers provide for a better assessment of

future effects on ecosystems. In addition to [C02] and temperature the importance

of precipitation in ecosystem function should be realized (Heisler & Weltzin, 2006).

Studies combining elevated [C02] and temperature have shown some

general patterns regarding plant-insect associations (Zvereva & Kozlov, 2006).

Elevated temperature in conjunction with elevated [C02] can offset decreases in

herbivore performance (e.g. prolonged development or reduced pupal weight) on

plants grown under elevated [C02] alone (Veteli ef a/., 2002), by directly

accelerating insect development (Johns & Hughes, 2002). Responses of plant

tissue components important to herbivores (such as N and C:N ratio) are somewhat

idiosyncratic under elevated [C02] and temperature. For example, Williams ef a/.

(2003) found no interactive effects of elevated [C02] and temperature on foliar N

and C:N and Kuokkanen ef a/. (2003) found no combined effects.  In a study

examining a leaf-mining lepidopteran, Johns & Hughes (2002) found a significant

interaction between [C02] and temperature on survivorship and adult weight,

demonstrating that potentially synergistic effects may occur with multiple climate

drivers.

At the plant level, adding an elevated [C02] treatment can offset water loss in

plants grown under elevated temperature alone because plants can fix C faster,

thus enabling their stomates to remain closed for longer periods (Norby ef a/.,  1999;

Volk ef a/., 2000). Similarly, adding soil water manipulation can also affect the

response of [C02] alone. For example, Huxman & Smith (2001 ) showed a positive

response of C gain to elevated [C02] in plant species only when soil water was

readily available. Sorting independent [C02] effects from the interactive effects of

[C02], temperature, or soil water can be difficult. Often, the direct [C02] effect

disappears when effective soil water is considered (Volk ef a/., 2000).
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Climate Change and plant-Insect Communities

Studying the factors that shape the connections within plant and insect

communities is critical for understanding how those associations may change under

future climate. Reich ef a/. (2001 a) conducted one of the first experiments

examining whole plant assemblages at different diversity levels grown under various

levels of [C02] and N. This study found that the response to [C02] enhancement

increased as plant community diversity increased, and that the increases in above-

ground biomass at higher diversity levels were due to the most abundant and

responsive species. It was also determined that assemblage-level responses were

highly dependent upon the number of plant species making up that assemblage. He

ef a/. (2002) conducted a complex experiment in which they investigated plant

communities related to nutrient and [C02] addition across increasing diversity levels.

They further differentiated between plant functional groups within their experimental

plant communities. Elevated [C02] caused a significant increase in plant species

evenness due to abundance shifts in plant functional groups. They observed no

community-level response to elevated [C02] at low or medium diversity levels, but a

significant increase in biomass at the high diversity level in agreement with Reich ef

a/. (2001 a). Studies such as these demonstrate that plant species diversity is
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important for determining how responsive a plant community might be to elevated

[C02], which, in turn, could also affect the productivity of that community (Mulder ef

a/., 2004).  Differences in plant species evenness and biomass accumulation could

ultimately affect an ecosystem's ability to sequester C or cycle nutrients (Reich ef

a/.,1997; Wilsey & Potvjn, 2000). If less responsive species are out-competed

within a community, as modeling has predicted (Bolker ef a/.,1995), elevated [C02]

could modify the richness and productivity of that community (demonstrated by He

et al.' 2002).

Plant community diversity can be related to the abundance and richness of

heterotrophic species at higher trophic levels (Strong ef a/.,1984; Hunter & Price,

1992). Insect community richness has been demonstrated to be positively related to

plant species richness within grassland ecosystems (Siemann,1998; Siemann ef

a/.,1998; Knops ef a/.,1999; Thomas & Marshall,1999; De Cauwer ef a/., 2006).

plant richness can also be an important factor affecting insect abundance within

grasslands (Koricheva ef a/., 2000). Mulder ef a/. (1999) reported a positive

relationship of plant biomass and herbivory with increasing plant species richness,

further suggesting a tight association between plant species richness and insect

community characteristics. Other plant community responses, such as biomass,

productivity, or functional group richness, have been shown to have weaker

correlations with insect community measures (Siemann ef a/.,1998; Symstad ef a/.,

2000).

Since plant community richness clearly can affect the associated insect

community, predicting how future climate may alter plant communities is key to
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understanding how it may indirectly affect insect communities. However, few

experiments have investigated the effects of climate change on plant community

richness in a natural setting (Lloret ef a/., 2004).  He ef a/. (2002) showed that [C02]

could affect plant community richness. This, along with changes in phytochemistry

important to insect herbivores, could be another mechanism by which [C02] impacts

insects. Increased soil water has also been shown to decrease plant community

richness in a southeastern old-field community (Engel ef a/., unpublished data).

Determining generalized conclusions is difficult, as drought increased plant species

richness in a Mediterranean-type community (Lloret ef a/., 2004), perhaps showing

responses are dependent upon the community type or species present. Although

[C02] and soil water have been shown to affect plant community richness, empirical

studies of temperature effects on plant richness are still lacking. Moser ef a/. (2005)

showed that temperature was an important predictor of plant species richness along

an altitudinal gradient, and Francis & Currie (2003) found a correlation between

temperature and species diversity on large geographic scales. Aside from altitudinal

studies, experimental manipulation of temperature has shown dramatic reductions

in species richness due to warming treatments (Klein ef a/., 2004). These studies

suggest that temperature may similarly drive changes in plant community richness,

which could in turn affect the associated insect community.

Insect herbivores remove considerable amounts of biomass fixed by plants,

and as such can affect plant community composition. Studies have estimated from

2-15°/o of net primary productivity js removed by herbivores in forest and 4-24°/o is

removed in old-field grassland (Cyr & Pace,1993; Cebrian,1999; Hartley & Jones,
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2004). Biomass removed by herbivorous insects could at least partially offset

biomass gain by plants growing under elevated [C02]. At the community level,

several studies have shown that insect suppression increased plant community

biomass (Mulder ef a/.,1999; Coupe & Cahill, 2003).  It is clear that insects can

affect total plant community biomass and biomass allocation (Mulder ef a/.,1999;

Hartley & Jones, 2004), and therefore have the potential to shape plant community

composition.

Characteristics of plant communities (e.g., host plant nutritional quality and

foliar toughness) undergo seasonal changes that are important for the associated

insect community. plant phenology represents a large source of variation

throughout the growing season that can affect phytophagous insects (Feeny, 1970;

Schroder,1986; Kearsley & Whitham,1989; Bernays & Chapman,1994). Along

with plant phenology, abiotic factors such as temperature and soil water availability,

and biotic factors such as herbivory and disease, can affect changes in the

nutritional quality of plants throughout the growing season (Bowers & Stamp,  1993;

Larcher,1995). These and other complex interactions may be altered by climate

drivers such as elevated [C02] which can accelerate (Murray,1995; Engel ef a/.,

unpublished data), delay (Dippery ef a/.,1995), or not affect (Marc & Gjfford,1984)

flowering phenology. By altering plant phenology, climate change factors could also

indirectly affect insects that depend on a close synchrony with their host plant (Bale

ef a/., 2002; Dixon, 2003).
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Effects of insects on ecosystem processes

When examining how plant or insect communities might change in response

to climate change, it is important to focus on factors that are driving trophic levels

and their characteristics and interactions. For example, abiotic factors can influence

plant and insect communities at the producer level (Price & Hunter, 2005), then

move up as nutrients and other materials are transferred to higher trophic levels

(Kagata & Ohgushi, 2006). The effects of plant community diversity on insect

community composition provide a mechanism to examine trophic level interactions

between plants and insects beginning with the plants. Conversely, insect herbivores

can affect plant community properties such as succession (Carson & Root,1999)

and plant growth (Moran & Scheidler, 2002) with the result of a higher trophic level

exerting effects on a lower trophic level producing community-level regulation (Finke

& Denno, 2005).

Understanding trophic level interactions is somewhat dependent upon the

ecosystem studied.  In old-field insect communities there are three generalized

trophic levels: terrestrial plants -insect herbivores -natural enemies (Schmitz,

2003). Several studies have explored this tri-trophic system, although most focused

on only two trophjc levels (see review by Walker & Jones, 2001 ).  In this system

trophic cascades occur if the effects of a particular trophic level are observed in a

non-adjacent trophic level, via an intermediate level. An example could be the

effects of host plant defensive chemicals reducing fitness in insect natural enemies

(Francis ef a/., 2001 ).  In this example, the trophic cascade involves three linked

trophic levels. Both cascades from parasitoids/predators down (Shurin ef a/., 2002;
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Borer ef a/., 2005) and plants to predators/parasitoids up (Price & Hunter, 2005)

have been demonstrated in terrestrial ecosystems.

Because terrestrial systems such as old-field insect communities are

represented by several trophic levels, insect species are often grouped into feeding

guilds based upon their method of feeding (Root,1967,1972). This illustrates a

particular species' functional role within the insect community and also allows

investigations of specific trophic (guild) levels.  For example, herbivore diversity has

been shown to correlate more so with predator and parasitoid diversity than with

plant diversity (Siemann ef a/.,1998; Koricheva ef a/., 2000). Assigning insects to

respective guilds also allows for diversity investigations within and among guilds of

the insect community (Meyer & Root,1996; Siemann ef a/.,1999; Lill & Marquis,

2004; Gruner ef a/., 2005).

climate change and natural insect communities

Although much is known about the effects of climate change factors on

plants and insects at the individual level, much less is known about how insect

communities are affected r.n si.fLi. In forest systems, elevated [C02] can reduce foliar

herbivory of hardwood species, perhaps due to reduced foliar quality or from

increased C-based defensive chemicals (Knepp ef a/., 2005). Stiling ef a/. (2002,

2003) found reduced herbivory by leaf miners under elevated [C02] treatments,

likely due to lower herbivore densities inhabiting all plant species within their scrub-

oak community. Reductions in herbivory seen in other studies may not translate into

changes in the insect community per se. For example, Sanders ef a/. (2004) found
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that elevated [C02] did not affect total arthropod abundance or guild richness within

a Li.qw/.dambarldominated forest growing under Free-Air Carbon dioxide Enrichment

(FACE).  Elevated atmospheric [C02] itself can also disrupt search cues in an intact

aphid-natural enemy system, perhaps by masking important chemicals used as

cues (Mondor ef a/., 2004). For sucking insects at the community level, aphid

populations sometimes show no response (Docherty ef a/.,1997), or increased

abundance under elevated [C02] (Bezemer ef a/.,1998).

Very few studies have addressed how multiple climate change factors may

affect natural insect communities. Researchers clearly acknowledge the need to

address ecosystem processes within the context of multiple factors (Norby & Luo,

2004), and development of experimental designs has improved the ability to

regulate multiple factors simultaneously. For example, open-top chambers (OTCs)

and FACE provide treatment manipulations in a more natural setting. Because most

community-level studies to date have dealt primarily with plant communities and

multiple climate change factors, predictions of how the associated insect community

may be affected are harder to make.  If plant community properties correlate with

insect community structure as demonstrated in previous studies (Siemann,1998;

Siemann ef a/.,  1999), indirect effects of climate drivers on plant productivity,

diversity, and biomass may also shape insect communities. Therefore, studies that

combine multiple factors in intact, natural plant communities can provide great

insight into how associated insect communities may be altered as climate changes.
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Objectives

This study examined how simultaneous [C02], temperature, and soil water

treatments affected an old-field insect community, both through the direct effects of

temperature on insects, and indirect effects of elevated [C02] and reduced water on

plant tissue quality.

I addressed four questions in my study:

1.   How will [C02], temperature, and soil water independently or interactively

affect insect morphospecies and guild abundance and diversity in a single

growing season?

Predictions-.

•     Elevated temperature will increase insect abundance and diversity

across all guilds.

•     Elevated [C02] will reduced foljar quality, which will affect the insect

community by negatively impacting the herbivorous guild.

2.   Will insect community structure show correlations between different trophic

levels?

Prediction:

•     Changes in abundance and diversity in lower insect trophic levels due

to treatments will correlate with abundance and diversity of insects

within  higher trophic levels.

3.   Will responses to [C02], temperature and water be consistent across

sampling dates and with the cumulative insect data?
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Prediction:

•     Changes in the insect communitywill vary by each sampling date due

to large phenological differences in plant and insect communities.

4.   Will the insect community show correlations to the plant community via

effects of [C02], temperature, and water on plant productivity and biomass?

Prediction..

•     Changes in productivity and biomass of the plant community will

positively relate to insect community abundance and structure.
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METHODS AND MATERIALS

Experimental Design

My experiment employed modified open-top chambers (Fig.  1 ) to control

[C02], temperature, and water conditions as part of the old-Field Community

Climate and Atmospheric Manipulation (OCCAM) experiment at the Oak Ridge

National Laboratory (ORNL) Environmental Park. This long-term experiment is

examining old-field plant community-level responses to simultaneous applications of

[C02], temperature, and soil water. The experimental design is a randomized

complete block split plot design with four 12.6m2 open-top chambers each arranged

into three blocks (Fig. 2). The chambers are fitted with a precipitation shelter above

each chamber to exclude natural precipitation, but remain open to the atmosphere.

At the whole-plot level (chamber), [C02] (ambient or + 300ppm) and temperature

(ambient or + 3°C) are controlled by an air conditioning unit. At the split-plot level,

soil water is controlled by applying water in amounts below (dry) and above (wet)

natural measured precipitation based on long-term measured weekly precipitation

records from nearby Oak Ridge, TN. Each of the three blocks contains one open

(unchambered) plot that was constructed in the same manner as chambered plots

(Fig. 2). Although the open plots consist of the same plant community as the

chambered plots, they do not serve as true controls, because they are exposed to

natural precipitation and have no [C02] or temperature control.

The plant community within plots consists of seven species common to

southeastern temperate old-fields: So/i'dago canadensi.s L.,  rrt.ro/i.urn pretense L.,

Lespedeza cuneata (Duim. Cours) G. Don., Plantago lanceolata L.,

Fig. 1   Modified open-top chamber at the OCCAM site, Oak
Ridge National Laboratory, Oak Ridge, TN.
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OCCAM Experimental Design

Fig. 2   Diagram showing the experimental layout and treatment
assignments of the OCCAM experiment.
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Dactylis glomerata L., Andropogon virginicus 1_., and Festuca pratense L. eyn. F.

e/af/.or L. Experimental setup and planting were initiated in summer 2002, and

experimental treatments began in mid-spring 2003.  For detailed information on the

setup of the OCCAM experiment see Engel ef a/., unpublished data.

Insect Community Characterization

I sampled the insect community using vacuum and sticky trap sampling

methods over the 2005 growing season. Three sticky traps (SureFireTM Consep®,

lnc., Bend, OR) were hung above maximum plant height in each subplot for 10 days

from 24 June -3 July and 12 August -22 August. Traps were collected from the

chambers and covered with clear polyethylene in a procedure modified from

Hoback ef a/. (1999). The traps were then refrigerated in the laboratory. For the

sticky traps alone,  I  identified insects to Order level due to poor quality of individuals

retrieved.

I removed insects using a vacuum sampler three times over the 2005

growing season. On  12 May, insects were collected with a D-VAC® (Rincon-Vitova

lnsectaries, lnc„ Ventura, CA) insect sampler fitted with an extension hose. Within a

chamber, each subplot was sampled for 2 minutes to standardize the amount of air

pulled through the sampler (following Richardson ef a/„ 2002). Care was taken to

alternate between which subplots were sampled first within chambers and blocks.

The design of this sampler made it difficult to maneuver within chambers without

damaging plants, thus a smaller, more compact sampler was used for later

samples.  For the second (23 July) and third (28 September) samples I employed a
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Toro® Rake and VacTM  (Toro, Bloomington, MN) yard vacuum fitted with an insect

net covering the intake (similar to Stewart & Wright, 1995). Subplots were again

sampled for 2 minutes each, and samples were processed in the same manner at

each sampling date. Based on my cumulative dataset from vacuum sampling, both

abundance and morphospecies richness were significantly lower (Fi,4 = 6.09, P =

0.070, and Fi,4 = 9.74, P = 0.035, respectively) within chambers compared to

unchambered plots. Only 13 (3 herbivores, 5 parasitoids,1  predator, and 4

unknown dipterans) of 163 morphospecies were unique to unchambered plots,

which represent 80/o of identified morphospecies. Richness and abundance were not

substantially different in chambered versus unchambered plots (richness mean = 28

± 3.33 vs. 39 ± 1.15; abundance mean =  116 ± 15.89 vs.163 ± 9.86, respectively).

Although open-top chambers have been suggested to restrict movement of

herbivorous insects (Richardson ef a/., 2000), the presence of 150 distinct

morphospecies within chambers suggests minimal chamber effects on insect

colonization and movement.

Upon collection, the contents of each vacuum sample were emptied into a

gallon-size freezer bag and chilled onsite. Upon returning to the laboratory, samples

were frozen at -80°C for future identification. Insects were sorted from associated

plant debris using an Olympus® SZ40 stereoscope (Olympus, Tokyo, Japan) at 10X

and stored in 950/o ethanol.  Insect specimens were initially identified to Family level

following Borror & White  1970; Slater & Baranowski  1978; White 1983; Borror ef a/.

1989.  Following Family identification, insects were further identified to

morphospecies level using external characteristics and morphology alone (following
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Sanders ef a/., 2004). Morphospecies-level identification is a technique often used

for very speciose groups (e.g. insects) as a surrogate to formal, Latin binomial

identification (Oliver & Beattie,1993,1996). Specifically,  individuals within the same

Family were arbitrarily named as each morphologically-dissimilar individual was

encountered (Appendix). Identified and named morphospecies were immediately

photographed and added to an electronic database. The photographs were also

printed, with the name attached, to assist in comparisons of subsequent individuals.

Identified morphospecies were assigned to a feeding guild (herbivore, detritivore,

predator or parasitoid) to examine functional community structure (Bassett &

Arfhington,1992; Hodkinson ef a/., 2004; Appendix).

I characterized insect community composition by quantifying abundance and

calculating diversity indices: richness, evenness, and Shannon-Wiener H'.

Specifically, morphospecies richness is the number of species collected (Whittaker,

1999). Evenness was calculated as Evenness=H'/ loge S, where S is the number of

morphospecies within each subplot (Rieske & Buss, 2001 ). Shannon-Wiener H' was

calculated as H'=Zp,. Ioge p,., where p,. is the number of individuals within each

morphospecies i., divided by the total number of individuals.  In order to account for

the effects of abundance on species richness, I used rarefaction to examine the

responses of rarefied insect richness to experimental treatments (Ecosim, Gotelli &

Entsminger, 2001 ). For abundance, richness, evenness, and H' the subplot served

as the experimental unit.  Each variable was quantified at the cumulative

morphospecies levels and within feeding guilds to investigate community-level

changes in insect community structure (Sanders ef a/., 2004; Andrew & Hughes,
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2005).  I also analyzed abundance, richness, evenness, and Shannon-Wiener H'

within and among sampling dates to investigate variation in the insect community

both between and within season.

Phytochemistry Samples

ln order to assess treatment effects on phytochemical constituents important

to insects, I sampled plant tissue two times over the 2005 growing season for two

dominant plant species. On 12 May I marked two individuals of S. canadensi.s, and

i. cuneafa, within subplots in order to follow individuals and quantify phytochemical

constituents early and late in the season. On this date I collected 2 leaves for S.

canadens/.s,12 leaves for i. cuneafa to analyze for total N, C:N, leaf water, and

carbon-based phenolics. Another set of N, C:N, and phenolic leaf samples was

collected on 28 September in the same manner. On both dates samples for N, C:N,

and water analyses were immediately weighed and leaf area measured using a

Licor Ll-3100 leaf-area meter (Li-Cor, lnc., Lincoln, NE). Leaves were transferred to

envelopes, dried in a drying oven at 40°C to constant weight, then ground in an

amalgamator (Darby Dental Co., East Lansing, Ml). This tissue was analyzed for

total C and N using an elemental analyzer (CE Elantech, lnc., Lakewood, NJ).  I

calculated water content as the difference in fresh and dry weight of leaves, and

specific leaf area and specific leaf nitrogen as weight or N content per unit area,

respectively. Previously frozen leaves for C-based phenolics analysis in S.

canadenst.s and i. cuneafa only were used due to low and inconsistent tissue

availability in the other less dominant species. Calculated total phenolics are

expressed as percent tannic acid equivalents (0/OTAE) and not absolute quantity

following the protocol of Singleton & Rossi (1965).
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Statistical Analyses

I used the Restricted Maximum Likelihood (REML) algorithm of Proc Mixed

(SAS version 8.02, SAS Institute lnc., Cary, NC) to analyze main and interactive

effects of treatments on insect abundance, diversity indices (all morphospecies and

within guilds) and plant phytochemistry. Carbon dioxide, temperature, and water

were set as fixed effects factors and block as a random effect in the model (Littell ef

a/.,1996). Data were natural-log transformed to improve homogeneity of variances

as needed. Denominator degrees of freedom were estimated using the Kenward-

Roger method (Kenward & Roger,1997; Spilke ef a/., 2004, 2005). Due to the low

replication inherent in this experimental design, P -values i 0.10 were set a pry.orJ.

as significant (Filion ef a/., 2000) to minimize the probability of making a type 11 error

(Morgan ef a/., 2005), thus increasing statistical power. Insect community

abundance and diversity measures were analyzed in two ways: cumulatively (i.e. by

combining all sampling dates) and by including date as a repeated measure, then

performing all analyses within each sampling date.

In the cumulative dataset I used a modified S®rensen index to examine

similarity of species richness within communities defined by main treatments (e.g.

comparing communities under ambient versus elevated temperature; Chao ef a/.,

2005). Regression (Proc Reg, SAS) was used to examine relationships between the

plant and insect community where insect abundance and richness are dependent
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variables and Annual Net Primary Productivity (ANPP) and total plant community

biomass are independent variables. In cases where treatment effects on

morphospecies richness were dependent on abundance (based on rare faction

results), expected richness was used in place of actual richness as a dependent

variable. For trophic level relationships expected predator and parasitoid richness

served as dependent variables and expected herbivore richness as an independent

variable.  Non-metric multidimensional scaling (NMS) (Primer, Clarke & Grant, 2001 )

was used to assess the dimensionality of community data by examining the overall

dataset compared to main treatments (Mccune & Mefford,1999).

Because temperature alone affected several measures of the insect

community, a dataset which accounted for approximately 90°/o of the total

morphospecies abundance at ambient temperature was created (hereafter

dominant morphospecies). Morphospecies were ranked by order of abundance

based on the ambient temperature treatment and presented with the corresponding

morphospecies abundance at elevated temperature. This provided an abundance

measure individually fo; each of the dominant morphospecies both at ambient and

elevated temperature. The percent change from ambient temperature for each of

the dominant morphospecies was calculated. Finally, richness, evenness, and

Shannon-Wiener H' were calculated and compared between ambient and elevated

temperature treatments in the dominant species data set using Proc Mixed (SAS) to

further elucidate the effects of temperature on the insect community.
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RESULTS

Insect Community

Sticky Traps

Sticky traps collected a total of 35,622 insects (from 10 Orders), over the two

sampling periods (Table 1 ), with the thrips, Order Thysanoptera, being numerically

dominant.

Table 1   Total insect abundance
within respective Orders collected
with sticky traps

Order           Count    % ofTotal
Thysanoptera
Hymenoptera
Diptera
Coleoptera
Homoptera
Lepidoptera
Hemiptera
Psocoptera
Orthoptera
Odonata

30,693          86.2
2,155              6.05
1,512              4.24
619                    1.73

347                 0.96
227                 0.63
61                        0.17

5                         0.01
2                        0.01
1                           <0.01

Total                    35,622

ln three of 10 Orders collected, there was a significant effect on abundance

for [C02], temperature, or water. Elevated temperature increased the abundance of

Thysanoptera by 122°/o (Fi,12 = 8.98, P = 0.095; Fig. 3a), while elevated [C02]

decreased Diptera abundance (Fi,4 = 17.84, P = 0.019; Fig. 3c). Homoptera (Fi,8 =

7.53, P = 0.025; Fig. 3b), and  Diptera (Fi,12 = 7.15, P = 0.020;  Fig. 3c) abundance

were increased by 91 °/o and 420/o, respectively in subplots with sufficient soil water.
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Cumulative Morphospecies

Over the three sampling dates, vacuum sampling collected a total of 4,094

insects, representing  163 distinct morphospecies in four distinct guilds (Table 2).

Table 2  Total insect abundance
in guilds collected with vacuum
sampling

Guild        Count    % ofTotal
Herbivore      2,092             51.1
Predator       986                24.1
Parasitoid     628                 15.3
Detritivore     373                 9.13
Unknown       15                    0.37
Total             4,094
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The effects of [C02], temperature, water, and their interactions on insect

community parameters for cumulative morphospecies and feeding guilds are

presented in Table 3 and Figs. 4-9. Cumulative morphospecies abundance was

unaffected by [C02], temperature, water, or their interactions (Table 3; Fig. 4).

Richness and evenness were unrelated to [C02], or water treatments (Table 3), but

significantly declined by 15°/o and  13°/o, respectively at elevated temperature

compared to the ambient temperature plots (Table 2; Fig. 5a-b). Shannon-Wiener H'

was significantly lower at elevated temperature but was unaffected by either [C02]

or water (Table 3; Fig. 5c).
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Table 3  P -values and df' (Proc Mixed) for main and interactive effects on
diversity measures for cumulative morphospecies and guilds. P -values in bold S
0.10;  n=12

C02X
C02         Temp         Water         =^V=:         \Y,:+`^^r        '\X|,I:i:r^      Temp xCo2X          Co2x        Temp x

Temp         Water        Water Water
Cumulative
MorohosDecies

Abundance               0.330          0.496
Richness                   0.357          0.045
Even ness                  0.324         0.044
H'

Guilds
Herbivore
Abundance
Richness
Evenness
H'

Predator
Abundance
Richness
Evenness
H,

Parasitoid
Abundance
Richness
Evenness
H'

0.595           0.030

Detritivore
Abundance                0.211
Richness                   0.827
Evenness                  0.719
H'                                     0.832

0.705
0.889
0.556
0.511

0.966           0.050
0.017            .0.962

0.211             0.049
<0.001             0.013

0.853            0.582             0.812

0.515            0.663             0.663

0.712             0.159              0.011

0.439            0.801              0.791

1 df =1,4 for cumu/af/.ve monphospec/.es: abundance, H' C02, temperature, C02 x temperature; defH.I/.vote:

abundance, H' temperature. df =1,8 for cunu/afi.ve monphospec,.es: abundance, H' water, C02 x water,
temperature x water, C02 x temperature x water; evenness all terms; defr/.f/.yore: evenness all terms. df =1,2 for
cL/mL//af/.ve moAphospec/.es: richness C02, temperature; defrjf/.vore: richness temperature. df =1,10 for
cumu/af/'ve monphospec/.es: richness C02 x temperature, water, C02 x water, temperature x water, C02 x
temperature x water. df =1,12 for def».fi.vote: abundance, richness, H' C02, C02 x temperature, water, C02 x
water, temperature x water, C02 x temperature x water. df = 1,16 for herb/.yore, predator, pares/.to/.d: abundance,
richness, evenness, H' all terms.

I    Ambient
I    Elevated
RE.

IWet

Temp Carbon Dioxide Water

Treatment
Fig. 4  Cumulative morphospecies abundance (mean + 1  SE) by treatment.
n=12.
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Fig. 5  Cumulative morphospecies
(mean + 1  SE) (a) richness, (b) evenness,
and (c) Shannon-Wiener H'.  n=12;
*= p S 0.10. P-values generated by

Proc Mixed (SAS).
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Guild Structure

Four major guilds were represented by insects removed by vacuum samples

(Table 2). The addition of [C02] had no effect on the abundance of any guild, while

the abundance within certain guilds was affected by temperature and water (Table

3; Fig. 6a-c). Herbivore abundance was higher at the elevated temperature, while

predator abundance significantly increased by 50°/o and detritivore abundance

significantly decreased by 47°/a at higher temperature (Fig. 6a).  Parasitoid

abundance decreased by 26°/o in the dry treatment (Fig. 6c), and there was a

significant temp x water and C02 x temp x water interaction for predator abundance

(Table 3).

Elevated temperature significantly reduced cumulative morphospecies

richness by 23% in herbivores, 36% in detritivores, and 22°/a in parasitoids

compared to the ambient temperature treatment (Fig. 7a). Morphospecies richness

was unaffected by [C02] or water in all guilds (Table 3; Fig. 7b-c).  Predator

richness, however, was not significantly reduced (as in the other 3 guilds) which

could be because the magnitude of the temperature effect was different for high and

low [C02], which led to a significant C02 x temp interaction. Detritivores did show a

significant C02 x temp interaction for richness because the magnitude of the

reduction depended on [C02] level (Table 3; data not shown).

Evenness was unaffected in any guild by [C02] or water, while in the

herbivores there was a 19°/o reduction in evenness at elevated temperature (Table

3; Fig. 8a-c). Within the predator guild there was a significant temp x water
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interaction on evenness owing to a slightly higher value at the ambient temperature

under wet treatments (Table 3; Fig. 8a-c).

Elevated temperature decreased Shannon-Wiener H' of herbivores,

detritivores and parasitoids (Fig. 9a), while neither [C02] nor water were related to

this measure (Table 3; Fig. 9b-c).  Predators had significant C02 x temp, C02 x

water, and temp x water interactions for Shannon-Wiener H' (Table 3).

The relative abundance-based S®rensen index for the cumulative

morphospecies showed a 91.4°/o similarity between insect communities at elevated

versus ambient temperature (Table 4). Overall, the number of species shared

between temperature treatments was less than that of either [C02] or water

treatments. Both the similarity for [C02] (94.1 °/o) and water (96.9°/o) were greater

than that of temperature (Table 4), suggesting more separation in community

composition due to temperature alone in this experiment.

Table 4  S¢rensen lndex` for cumulative morphospecies abundance

Number                    Total                   Number shared              Index
Species              Abundance                    Species                    Value

Treatment
Comparison

AT vs. ET
AC vs. EC
Wet vs.  Dry

Dominant
Morphospecies
AT vs. ET

130 vs.104         1669 vs. 2067
115vs.127          2129vs.1716

123vs.118          1915vs.  2053

38 vs. 38           1544 vs. 2084 0.988

AT -Ambient Temperature, ET - Elevated Temperature
AC -Ambient [C02], EC -Elevated [C02]
1  S®rensen index modified by Chao ef a/.  (2005).
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ln order to account of the effects of abundance on morphospecies richness, I

used rarefaction (Ecosim, Gotelli & Entsminger, 2001 ) to generate expected

richness values for each subplot. When calculated expected values were compared

between treatments (Proc Mixed, SAS), there were no significant relationships

between temperature (P = 0.110), [C02] (P = 0.558), or water (P = 0.675) and

morphospecies richness, demonstrating that the significant effect of temperature on

species richness in my experiment is due to individuals.

Non-metric multidimensional scaling showed a strong effect of temperature

on cumulative insect community composition (Global R = 0.311, P = 0.001 ; Fig.10).

Neither [C02] nor water showed any effect on cumulative insect community

composition (Global R = 0.012, P = 0.387 and Global R = -0.032, P = 0.687,

respectively;  Figs.11,12).

Dom.Inant morphospecies

The rank order of the 38 most abundant morphospecies at the ambient and

elevated temperature is found in Fig.  13. Examining the magnitude and direction of

dominant morphospecies percent change from ambient temperature reveals that 10

of the 38 morphospecies increased at an elevated temperature relative to the

ambient, with 6 by more than  100°/o (Fig.14).  Interestingly, analysis of the dominant

morphospecies based on temperature showed similar effects as that of the full

dataset. There was no effect of temperature on abundance (Fi,4 = 0.89, P = 0.399).

Richness, however, decreased by 180/o at elevated temperature compared to

ambient temperature (Fi,14 = 14.90, P = 0.002). Both evenness (Fi,6 = 9.58, P =
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A     AmbientTemp
A     Elevated Temp

Fig.10   Non-metric multidimensional scaling ordination of the cumulative
insect community composition at ambient temperature (open triangles) and
elevated temperature (solid triangles). n=12.

0     Ambientcarbon Dioxide
•     Elevated carbon Dioxide

Fig.11   Non-metric multidimensional scaling ordination of the cumulative
insect community composition at ambient [C02] (open circles) and elevated
[C02] (solid circles).  n=12.
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Fig.12   Non-metric multidimensional scaling ordination of the cumulative
insect community composition for dry (open squares) and wet (solid squares)
treatments. n=12.

I    AmbientTemp
I    ElevatedTemp
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Morphospecies

Fig.13  Rank order of individual morphospecies at the ambient temperature (from
most to least abundant) for ambient and elevated temperature. n=12; *= p S 0.10.
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Fig.14  Percent change in total abundance at elevated temperature from ambient
temperature for the dominant morphospecies.
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0.021 ) and Shannon-Wiener H' also decreased (Fi.14 = 28.30, P = 0.001 ) under

elevated temperature. Of the 38 dominant morphospecies, four significantly

increased at elevated temperature (Group/Guild; Microlepidoptera/herbivore,

Formicjdae/predator, Anthocoridae/predator, and Chalcidoidea/parasitoid; Fig.  15).

Five morphospecies were significantly lower at elevated compared to ambient

temperature (Group/Guild ; Aphididae/herbivore, Ceratoponidae/predator,

Culicidae/detritivore, Lathrididae/detritivore, and  Mordellidae/herbivore;  Fig.15).

The abundance-based S®rensen index showed a 98.8% similarity between ambient

and elevated temperature for the dominant morphospecies dataset (Table 4).

Seasonality

The number of insects collected increased throughout the growing season,

with the most collected in September, irrespective of treatment (Fig.16). With all

sample dates considered there was a significant effect of date, [Coal, and water on

morphospecies abundance (Table 5). Abundance was lower at each sample date in

the elevated [C02] treatment, but no significant within-date treatment effects were

observed (Fig.16b). Water showed a less consistent trend, with abundance

generally declining as the season progressed (Fig.16a), resulting in a significant

water x date interaction (Table 5). Abundance of morphospecies in the temperature

treatment was unaffected across or within sample dates. Morphospecies richness

significantly decreased under elevated temperature both across and within all

sampling dates (Table 5;  Fig.  17a). Although [C02] was significantly related to

richness across dates, richness decreased under elevated [C02] only within May
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Fig.15  Abundance (mean + 1  SE) for rank order of individual morphospecies at
the ambient temperature (from most to least abundant) for ambient and elevated
temperature. n=12; *= p S 0.10.
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(Table 5; Fig.  17b). The effect of temperature, [C02], and water on morphospecies

richness all depended on date, resulting in significant temperature x date, C02 x

date, and water x date interactions (Table 5). Evenness was related to water across

all dates,  but increased under the wet treatment only within July (Table 5; Fig.  17c).

Morphospecies evenness was unaffected by temperature or [C02] (Fig.  18a-b),

although there was a significant C02 x date interaction as evenness increased at

elevated [C02] in the later sampling periods (Table 5;  Fig  18b).  Morphospecies

Shannon-Wiener H' was significantly affected only by temperature across dates and

within each date, with H' lower in the elevated temperature (Table 5; Fig.19a).

Treatment interactions of temperature x water and C02 x water were also observed

(Table 5). Although Shannon-Wiener H' was unaffected by [C02] across dates, H'

significantly decreased under elevated [C02] in May (Fig.19b).

plant-Insect Community Relationships

While rarefied predator richness was unrelated to rarefied herbivore richness

(R2 = 0.017, P = 0.543; Fig. 20a),  rarefied parasitoid  richness was positively

correlated to rarefied herbivore richness (R2 = 0.158, P = 0.054; Fig. 20b). The

abundance of morphospecies was not related to key plant community parameters.

Cumulative morphospecies abundance showed no relationship to ANPP or total

plant community biomass (R2 = 0.009, P = 0.669 and R2 = 0.081, P = 0.177,

respectively; Fig. 21 a-b). Additionally, cumulative morphospecies rarefied richness

also showed no relationship to ANPP or to total plant community biomass (R2 =

0.086, P = 0.164 and R2 = 0.062, P = 0.241, respectively;  Fig. 22a-b).

Morphospecies Evenness
a        a        C'        0

a           ie          +           d>           tEi           -           ie           1
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Rarefied richness for the dominant morphospecies at ambient and elevated

temperature was unrelated to either ANPP or to total plant community biomass (R2

= 0.045, P = 0.505 and R2 = 0.110, P = 0.292, respectively;  Fig. 23a-b).

Phytochemistry

Repeated measures ANOVA phytochemjstry results are shown in Table 6 for

S. canadens/.s and Table 7 for i. cuneafa. For S. canadens/.s, all phytochemical

constituents significantly changed over the season (Table 6). Briefly, [C02]

significantly affected N content, while water significantly affected specific leaf

weight, and water concentration in S. canadenst.s (Tables 6, 7). Temperature and

water significantly interacted to affect S. canadens/.s N and C:N. In i. cuneafa, all

measures except water concentration changed over the season (Tables 8, 9). The

[C02] treatment significantly affected N, C:N, water concentration, and specific leaf

N.  In this species temperature significantly affected N, specific leaf weight, and

water concentration. Water significantly affected specific leaf weight and water

concentration. For i. cuneafa a large decline in leaf N early in the growing season

(i.e. May) compared to late in the season (i.e. September) resulted in a significant

C02 x date interaction (Table 8; Fig. 24cld). For temperature, foliar C:N was more

similar between ambient and elevated late in the season than early in the season

(significant temp x date interaction, Table 8; Fig 25d).

Treatment effects on N and C:N within date were dependent upon plant

species and collection date. For S. canadenst.s, elevated [C02] significantly

decreased N content and significantly increased C:N in September (Fi,15 = 7.29, P =
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0.017, and Fi,15 = 3.29, P = 0.090, respectively), but had no effect in May (P > 0.10;

Fig. 24a-b). Lespedeza cuneafa N content significantly decreased and C:N

significantly increased under elevated [C02] in May (Fi,16 = 4.82, P = 0.044, and

Fi,16 = 3.46, P = 0.081, respectively) and September (Fi,16 = 37.21, P = <0.001, and

Fi,16 = 4.82, P = 0.044, respectively Fig. 24c-d).

Temperature had no effect on S. canadenst.s N content or C:N in either May

or September (P > 0.10; Fig. 25a-b). For i. cuneafa, elevated temperature

significantly decreased N concentration and significantly increased C:N in May (Fi,16

= 7.69, P = 0.013, and Fi,16 = 7.56, P = 0.014, respectively), but had no effect in

September (P > 0.10; Fig. 25c-d).

Water did not affect N content or C:N in S. canadens/.s (P > 0.10), while in i.

cuneafa leaf N concentration significantly increased and C:N significantly decreased

in the wet treatment in May (Fi,16 = 7.07, P = 0.017, and Fi,16 = 8.07, P = 0.012,

respectively), but had no effect in September (P > 0.10; Fig, 26c-d). Tannic acid

equivalents were not affected by [C02], temperature or water treatments jn S.

canadens/.s (September only) or i. cuneafa (May only) leaves (P > 0.10; Fig. 27).

Specific leaf weight, specific leaf N and water concentration are shown in

Table 7 for S. canadensis and Table 9 +or L. cuneata. Solidago canadensis spec.iflc

leaf weight and water concentration were unaffected by [C02] or temperature (Table

7). Main effects of soil water increased leaf water concentration for S. canadens/.s

by 6°/o in the dry treatment in September (Fi,16 = 3.49, P = 0.0825). There was a

significant C02 x temperature interaction for specific leaf weight in May (Fi,16 = 4.13,

P = 0.059). Leaf water concentration had a significant temperature x water
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interaction (Fi,16 = 4.05, P = 0.063). So/t.dago canadens/.s specific leaf nitrogen was

unaffected by [C02], temperature or water for May or September.

Lespedeza cuneafa specific leaf weight increased by 240/o in May and leaf

water concentration decreased by 10% in May under elevated [C02] (Fi,16 = 11.23,

P = 0.004, and Fi,16 = 12.96, P = 0.002, respectively; Table 9). Carbon dioxide

concentration had no effect on either specific leaf weight or leaf water concentration

in September. Elevated temperature increased i. cuneafa specific leaf weight by

20°/o in September (Fi,16 = 7.90, P = 0.012; Table 9). Temperature did not affect i.

cL/neafa leaf water concentration for May or September. Water decreased specific

leaf weight by 12°/o in May (Fi,16 = 3.70, P = 0.073; Table 9), but had no effect on

leaf water concentration.

So//.dago canadens/.s specific leaf N was unaffected by [C02], temperature or

water for May or September (P > 0.10). In i. cuneafa, specific leaf nitrogen

decreased by 30°/o under elevated [C02] and 350/o under elevated temperature in

May (Fi,16 =  11.59, P = 0.004 and Fi,16 = 13.32, P = 0.002, respectively; Table 9),

with no effects in September.
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Fig. 20  Relationship between rarefied herbivore richness and
(a) rarefied predator richness and (b) rarefied parasitoid
richness for the dominant morphospecies dataset. n=24.
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May September

Collection Date                                                                  Collection Date

Fig. 24  Effects of [C02] (mean + 1  SE) on foliar N (a, c) and C:N (b, d) for
So//.dago canadens/.s (top panels) and Lespedeza cuneafa (bottom panels).
n=12; *= p S 0.10. P -values generated by Proc Mixed within species and date
(SAS).

May September

Collection Date

Fig. 25  Effects of temp (mean + 1  SE) on foliar N (a, c) and C:N (b, d) for
So/i.dago canadensi.s (top panels) and Lespedeza cuneafa (bottom panels).
n=12; *= p S 0.10.
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May September

Collection Date

May September

Collection Date

Fig. 26  Effects of water (mean + 1  SE) on foliar N (a, c) and C:N (b, d) for
So/t.dago canadensi.s (top panels) and Lespedeza cuneafa (bottom panels).
n=12; *= p S 0.10.

Temp          Carbon Dioxide                  Water
Treatment

Fig. 27  Tannic acid equivalents (mean + 1  SE) for (a) So//.dago
canadensi.s (September only) and (b) Lespedeza cuneafa (May only)
leaves for temperature, carbon dioxide, and water. n=12.
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DISCUSSION

The structure of plant and insect communities is important to ecosystem

function. Thus, understanding how predicted climate change may affect plant-insect

community associations is crucial for predicting how large scale terrestrial

ecosystems may change in the future. My research represents the first study on

insect community structure within a plant community exposed to simultaneous

[C02], temperature, and water manipulation. My results show that temperature,

more so than [C02] or water, is responsible for changing insect community

composition via effects on diversity and feeding guild composition. The community-

Ievel approach in my study, in concert with demonstrated changes in insect

community parameters due to a principal climate driver, addresses a need for data

allowing broader predictability of how multiple climate change factors may alter

important terrestrial ecosystems.

I set out in my study to address four questions allowing me to examine how

an old-field insect community could be changed by the simultaneous application of

three important climate drivers. First, I asked whether application of these factors

would affect insect community composition.  I predicted that within one growing

season an elevated temperature would directly affect the insect community by

increasing total morphospecies abundance, overall diversity and diversity at the

level of feeding guilds. This approach allowed me to evaluate community effects in

both the insect community as a whole and in functional groups. Sticky trap data did

reveal differences in insect abundance due to temperature, [C02], and water.
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Caution should be used in interpreting these results for water, since the wet and dry

subplots were in close proximity within chambers, potentially affecting the accuracy

of trapping actively flying insects.

Thysanoptera (thrips), whose members are important herbivores and often

economic pests, increased in abundance by 1220/o under the elevated temperature

treatment (Fig. 3). Observed treatment effects in this insect Order may be especially

relevant. Edelson & Magaro (1988) demonstrated that reproduction and

development of a common thrips were strongly related to temperature. Analysis of

climate change models and predicted changes in temperature show that the

number of generations per year in thrips is likely to increase as temperatures rise

(Bergant ef a/., 2005). In agreement with these previous studies, my study

demonstrates that temperature affects this particular Order.  In addition to

temperature, I found a positive increase in the abundance of other insect Orders

(i.e.  Homoptera and Diptera) with sufficient soil water availability. While my insect

abundance data from sticky traps suggest that insect Orders may be affected by

future climate change, caution is needed in interpreting these results. This is

because sticky traps are attractive to some insects and not others (Hoback ef a/.,

1999), therefore differentially sampling insects. Because very small insects may be

underrepresented using other sampling techniques (e.g. vacuuming), I used the

sticky trap data primarily to augment my vacuum sample data.  Despite some

limitations, the strong effect of temperature on the abundance of a significant

herbivore Order using traps provides clear evidence of the direct effect of an

important climate driver (i.e. temperature). As expected, this result was especially
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relevant because due to their small size, thrips were indeed underrepresented in the

vacuum samples.

Cumulative insect abundance in vacuum samples did not differ in response

to any treatment in this study (Table 3), in contrast to my original prediction. My

study did, however, find a significant increase in predator, and decrease in

detritivore, abundance due to elevated temperature (Table 3; Fig 6a). In a study

examining the insect community of a plant understory system grown under elevated

[C02], Sanders ef a/. (2004) also found no difference in total arthropod abundance.

Other climate change studies with one climate driver ([C02]) have shown lower

herbivore density in forest systems grown under elevated [C02] (Stiling ef a/., 2002,

2003; Hamilton ef a/., 2004), thus community-level effects of a single climate driver

are known. Comparisons between my old-field community study and forest are

difficult due to the potentially large effect that plant species composition has on

insect communities. With respect to temperature, studies have shown positive

relationships between insect abundance (\/Vhittaker & Tribe,1998) and richness

(Andrew & Hughes, 2005).  Richardson ef a/. (2002), however, found a decrease in

abundance of a dominant herbivore under elevated temperature treatments. One

possible reason for a decrease in abundance is that even though insects often

develop faster at elevated temperature, adults are shown to have lower weight and

fecundity (Bale ef a/., 2002). This means that the beneficial results of elevated

temperature in the short term would not carry over to the population level, nor would

such beneficial results persist across generations. Based on previous studies and

the temperature effects on insect community diversity measures observed in my
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study (see below), future studies in the model old-field plant-insect community I

investigated should measure temperature effects on insect fecundity.

Because of a possible link with abundance I predicted that an elevated

temperature would increase morphospecies diversity both within and across feeding

guilds. My data, however, demonstrate that richness, evenness, and Shannon-

Wiener H' actually decreased under elevated temperature, while neither elevated

[C02] nor water treatments had any effect upon diversity measures (Table 3; Fig. 5).

Also relevant is a lack of interactions between my three climate factors and insect

diversity measures. Therefore, my study strongly demonstrates that temperature

alone is the most important factor explaining variation in the cumulative insect

community diversity parameters within this model old-field community.  Further,

when I account for differences in abundance between subplots using rarefaction,

species richness is unrelated to temperature (P = 0.110), demonstrating that the

observed effect on richness at elevated temperature is due to individuals. Effects of

increasing abundance on richness are predicted from previous work (e.g.

Srivastava & Lawton,1998), and while I did not find significantly greater abundance

of insects at the elevated temperature, the data trended this way, making a

decrease in richness unexpected. Along with observed effects on morphospecies

richness, the lower evenness at elevated temperature demonstrated a potential shift

to more dominant morphospecies, since evenness is a value ranging from 0 (all

abundance in one species) to 1  (all species are in equal abundance; Schmitz, 2003;

Mulder ef a/., 2004). Similarly, lower Shannon-Wiener H' at the elevated
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temperature suggests community-level shifts due to a single driver, potentially due

to the direct effects of temperature on some species compared to others.

Using a non-metric multidimensional scaling ordination to analyze my

cumulative morphospecies data for temperature, [C02], and water shows that

temperature alone had an effect on community structure (Figs.10-13). This analysis

assesses the dimensionality of community data by examining the overall dataset

compared to a main treatment factor (i.e. [C02], temperature or water; Mccune &

Mefford,1999). Community similarity based on treatment; (calculated as an

abundance-based S®rensen index) also showed that the communities under

ambient versus elevated temperature are more dissimilar than those under ambient

versus elevated [C02], or dry versus wet treatments (Table 4). These analyses both

clearly support a shift in insect community composition (primarily based on

richness) due to temperature, but not [C02], or water.

Even though I observed no significant effect of temperature on insect

abundance within one growing season, it was relevant to focus further on this

individual factor because temperature alone affected other insect diversity

parameters (i.e. richness, evenness, and H'; Table 3). An examination of the data

found that 38 morphospecies accounted for over 90°/o of the abundance at the

ambient temperature. In this group,10 species increased in abundance under

elevated temperature, while 28 decreased (Figs.13-15). Calculating the percent

change in abundance at elevated compared to ambient temperature showed that a

few morphospecies increased dramatically in abundance. This could help explain

the increase in abundance at elevated temperature (non-significant). From this
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dominant species data set I conclude that while overall there were no treatment

effects on cumulative abundance of morphospecies in my study, clearly

temperature did have both positive and negative impacts on a number of the most

abundant morphospecies collected.

In addition to abundance, the dominant morphospecies data based on

ambient and elevated temperature provided insight into treatment effects on

diversity. Of the 38 dominant species (again, representing over goo/o of the total

abundance in my experiment), only two species were not found at elevated

temperature (Table 4; Fig.13). The high S®rensen similarity index of

morphospecies (98.8) between ambient and elevated temperature supports the

conclusion that there was little effect of temperature on reducing morphospecies

richness for the dominants, helping to explain the observed reductions in richness

with all species considered (Fig. 5a). What appears to be driving the reduction in

species richness at elevated temperature is the absence of species (total identified;

104 at elevated temperature and 130 at ambient temperature) found in very low

abundance (Table 4).

Analysis of guild data also revealed significant reductions in richness and

Shannon-Wiener H' for herbivores, detritivores, and parasitoids under elevated

temperature, while no or limited effects due to [C02] and water were observed.

Unlike the cumulative dataset (all guilds combined) treatment effects on guild

abundance were observed in certain guilds. While herbivore abundance was higher

at elevated temperature (though non-significant), predator abundance increased

and detritivores declined (Fig. 6a). The only main treatment effect other than
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temperature was an increase in parasitoids under dry soil conditions. Generally, the

guild data are consistent with the cumulative morphospecies data, in that

temperature is the driver that is most influencing guild structure within this insect

community. Climate drivers largely did not interact to affect guild responses (Table

3). Predator richness, however, was not significantly reduced (in contrast to the

other three guilds) possibly because the magnitude of the temperature effect was

different for high and low [C02] (significant C02 x temp interaction).  Detritivores did

show a significant reduction in richness at elevated temperature, but again the

magnitude of that change was dependent on [C02] level, resulting in a significant

C02 x temp interaction in this guild as well (Table 3; data not shown). Sanders ef a/.

(2004) examined trophic structure of an understory arthropod community and

similarly found no effect of elevated [C02] on herbivore, detritivore, predator or

parasitoid richness. My community-level results show strong similarities with this

previous study that focused on [C02], although I conclude that temperature is the

principal climate driver in my model old-field community system.

Since trophic levels of insect communities are often correlated (Siemann ef

a/,,1998; Koricheva ef a/., 2000),I predicted that changes in one insect trophic level

would be reflected in higher trophic levels (see Siemann ef a/.,1998; Knops ef a/.,

1999). For example, my study observed that effects on herbivores could contribute

to treatment-level responses in higher trophic levels, though the trajectory of the

response could differ within guilds if they were differentially affected by climate

drivers. Previous studies provide evidence that changes in one trophic level results

in a response within another in terrestrial ecosystems. For example, parasitoid
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richness has been shown to positively correlate with herbivore richness in relatively

simple host plant -leaf miner -parasitoid systems (Kruess, 2003) and strong

relationships between herbivores and predators/parasitoids are known (e.g.

Siemann ef a/.,1998; Knops ef a/.,1999).  In my study, predator abundance

increased at elevated temperature along with herbivore abundance, though this

response was non-significant (Fig. 6a). Similarly, diversity measures affected by

temperature corresponded between guilds (e.g. reduced herbivore, predator and

parasitoid richness and H' at elevated temperature, Figs. 7a, 9a). Finally, linear

regression demonstrated a significant (although weak) relationship between rarefied

herbivore and parasitoid richness (Fig. 20b). This particular relationship could be

sensitive to climate change because studies have found that reductions in host

plant quality, which  I  partially demonstrated in my study, indirectly reduced the

fitness of insect parasitoids (Francis ef a/., 2001 ).  I conclude that even though

specific insect species-species interactions are not yet elucidated in this old-field

community, my data demonstrate that trophic level interactions are being altered

due to an important predicted climate change driver (i.e. temperature).

I predicted at the outset of my study that [Coal-induced alterations in plant

quality would impact the insect community, especially herbivores. While I found

significant decreases in N and increases in C:N in two dominant host plants due to

[C02] (Fig. 24), no effects of [Coal on either cumulative morphospecies diversity or

diversity for herbivores or any other guild were observed. Phytochemical changes

due to elevated [C02] have been shown to increase mortality (Coviella & Trumble,

1999), increase natural enemy abundance (Percy ef a/., 2002) and decrease insect
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fecundity (Awmack &Leather, 2002), any of which can negatively affect insect

herbivore populations. However, my data are not supportive of my prediction that

reductions in foliar quality will impact the herbivore guild. The lack of a [C02] effect

on this guild strongly suggests that herbivores within this intact system were able to

overcome observed decreases in plant nutritional quality, perhaps by consuming

more tissue to satisfy N requirements or by increasing N use efficiency as many

studies have found in other systems (e.g.  Lincoln ef a/.,1993; Williams ef a/.,1998).

Previous climate change studies have found limited effects of temperature on

phytochemistry in tree species (Williams ef a/., 2000, 2003), while in this study an

elevated temperature reduced the nutritional quality (lower N and higher C:N) in one

plant species I investigated, Lespedeza cuneafa (Fig. 25c-d). My observed reduced

morphospecies richness and H' early in the growing season (Figs.17a,19a), when

temperature effects on i. cuneafa quality were observed, suggest the potential for

phytochemically-mediated effects by temperature on insect community parameters.

Because I focused on a limited number of plant species (i.e. 2 of 7 total in the

community) for a phytochemical assessment, my study was unable to fully develop

effects of leaf phytochemistry on insect community parameters. So//.dago

canadenst.s did show a significant reduction in foliar N under elevated [C02] but no

effects of temperature or water (Table 6). However, an effect of water is evident,

since the slight temperature effect on S. canadenst.s leaf N depended on water

treatment (i.e. elevated temperature reduced N under the dry treatrTlent and

increased it under the wet treatment), which led to a significant temp x water

interaction (Table 6; data not shown). The reduction in leaf nutritional quality in i.
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ct/neafa at both [C02] and temperature, with concurrent reductions in important

insect diversity measures, suggests that treatment effects on leaf nutritional

chemistry may be acting on the insect community in my study.  Finally, the lack of

data on herbivory levels does not allow me to closely link phytochemical alterations

with observed insect trophic level responses. Herbivory should be closely monitored

in future studies of this system to see if insects are indeed consuming more tissue

in cases where a reduction in nutritional quality is demonstrated.

Because both plant and insect community characteristics are known to

change over a growing season (Scheirs ef a/., 2002; Kaneko, 2005) I asked if

treatment effects in the insect community were seasonally dependent. A repeated

measures ANOVA demonstrated main effects of [C02], water, and interactions on

abundance, richness, evenness, and H' (Table 5). For all measures observed,

values increased with the season, irrespective of treatment. While the consideration

of all sample dates does demonstrate treatment effects not observed in the

cumulative analysis (e.g. [C02], water, and interactions) the within date analysis is

mostly in agreement with effects in the entire growing season. Abundance was not

significantly related to treatment on any collection date, although temperature and

water both interacted with date for abundance, i.e., the temperature effect on

abundance was opposite and differed in magnitude at different sampling dates

(Table 5). Both morphospecies richness and Shannon-Wiener H' significantly

declined at elevated temperature in every sample (Figs.17,19). A decline in

richness and H' in the elevated [C02] and temperature treatment in May (Figs.  17,

19) suggests that the observed reduction in plant nutritional quality (i.e. reduced leaf
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N and increased leaf C:N, Lespedeza cuneafa, Fig. 24) could affect diversity-level

parameters within a portion of the growing season. It is known that elevated [C02]

can affect insect communities via changes in plant nutritional quality (Stiling ef a/.,

2002, 2003; Knepp ef a/., 2005), though effects of elevated temperature on intact

insect communities via phytochemical alterations are less clear.

Because the effects of climate drivers in the overall OCCAM experiment are

directed toward the plant community responses, I asked whether the insect

community was related to plant community primary productivity and biomass.

Abundance and diversity of resources should support a diversity of species at

higher trophic levels (Whittaker,1975; Tilman,1986;  Rosenweig,1995). Therefore,

more productive or diverse plant communities should support a more abundant and

diverse insect community. For example, past studies have shown a positive

correlation between plant species richness and insect guild (herbivore and predator)

richness (Siemann ef a/.,1998; Knops ef a/.,1999).  In 2005, plant community

richness was unaffected by temperature or [C02] within the OCCAM experiment

(Engel ef a/., unpublished data). My data on the insect community demonstrated no

relationship between ANPP or biomass and cumulative morphospecies abundance,

cumulative morphospecies rarefied richness, or dominant morphospecies rarefied

richness (Figs. 21-23). Because my study did not set out to sample insect

community parameters and plant productivity simultaneously, producing reliable

relationships on a cumulative basis is challenging. Clearly, a link between the plant

and insect community and potential effects of these climate drivers on their

association is needed in future studies.
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Conclusion

This study demonstrates that an old-field insect community exposed to

simultaneous [C02], temperature, and water treatments is primarily affected by

temperature, with few interactions at the cumulative morphospecies level. An

elevated temperature altered the insect community via reductions in richness,

evenness, and Shannon-Wiener H' within a single growing season. Reductions in

richness are best explained by the absence of morphospecies found at very low

abundance, as evidenced by my dominant morphospecies data.  In addition,

decreases in richness and Shannon-Wiener H' were observed within feeding guilds

due to an elevated temperature, with evidence of herbivores affecting the richness

and diversity of higher order trophic levels (i.e. predators and parasitoids). My

conclusions on temperature effects are supported by several analyses. Non-metric

multidimensional scaling demonstrated that temperature alone is affecting

morphospecies richness and community composition and a modified S®rensen

similarity index showed communities at ambient versus elevated temperature

shared less similarity than for [C02] or water treatments. A decline in cumulative

morphospecies evenness, along with reduced evenness of the dominant

morphospecies due to temperature, suggest this climate driver is shifting the

dominance of some insect species within this old-field community. My results are

important in the context of climate change research because this system consists of

intact plant and insect communities that are receiving multiple, potentially interacting

climate change factors. Since these conditions represent a more accurate

simulation of future climate conditions (i.e. intact systems under multiple factors) my
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data give a more realistic prediction of how insect communities may change as

global climate changes, and provide a framework for future, more directed

investigations within this ecosystem.

LITERATURE CITED

80

Andrew NR, Hughes L (2005) Diversity and assemblage structure of phytophagous
Hemiptera along a latitudinal gradient: predicting the potential impacts of climate
change. Global Ecology and Biogeography,14, 249-262.

Archer TL, Bynum ED, Onken AB, Wendt CW (1995) Influence of water and
nitrogen fertilizer on biology of the Russian wheat aphid (Homoptera: Aphididae)
on wheat.  Crap Protecfi.on,14,165-169.

Awmack CS, Leather SR (2002) Host plant quality and fecundity in herbivorous•insects. Annual Review of Entomology, 4] , 817-844.

Bale JS, Masters GJ, ef a/. (2002) Herbivory in global climate change research:
direct effects of rising temperature on insect herbivores.  G/oba/ Change B/.o/ogy,
8'  1-16.

Basset Y, Arthington AH (1992) The arthropod community of an Australian
rain forest tree: Abundance of component taxa, species richness and guild
structure. Ausfra/ Eco/ogy, 17, 89-98.

Bergant K, Trdan S, Znidarcic D, Crepinsek Z, Kajfez-Bogataj L (2005) Impact of
climate change on developmental dynamics of Thr7.ps fabac/. (Thysanoptera:
Thripidae): can it be quantified? Env/.ronmenfa/ Enfomo/ogy, 34, 755-766.

Bemays E, Chapman F` (1994) Host-plant selection by phytophagous insects.
Chapman & Hall, New York.

Bezemer TM, Jones TH, Knight KJ (1998) Long-term effects of elevated C02 and
temperature on populations of the peach potato aphid Myzus pers/.cae and its
paras.ito.id Aphidius matricariae. Oecologia,116,128-135.

Bolker 8, Pacala S, Bazzaz F (1995) Species diversity and ecosystem response to
carbon dioxide fertilization: conclusions from a temperate forest model.  G/oba/
Change Biology, 1, SIS-381.

Borer E, Seabloom E, Shurin J, Anderson K, Blanchette C, Broitman 8, Cooper S,
Halpern 8 (2005) What determines the strength of a trophic cascade? Eco/ogy,
86, 528-537.

Borror DJ, Triplehorn CA, Johnson NF (1989) An i.nfroducfi.on fo the study of
/.nsects. Thomson Learning, lnc, Singapore.



81

Borror DJ, White RE (1970) /nsecfs.  Houghton Mifflin Company,  New York.

Bowers M, Stamp N (1993) Effects of plant age, genotype, and herbivory on
P/anfago performance and chemistry. Eco/ogy, 74, 1778-1791.

Brooks GL, Whittaker JB (1998) Responses of multiple generations of Gasfraphysa
viridula feediing on Rumex obtusifolius, to alevalled C02, Global Change Biology,
4, 63-75.

Carson WP, Root RB (1999) Top-down effects of insect herbivores during early
succession: influence of biomass and plant dominance. Oeco/ogi.a,121, 260-
2:J2.

Cebrian J (1999) Patterns in the fate of production in plant communities. Amer7.can
Naturalist,154, 449468.

Chao A, Chazdon RL, Colwell RK, Shen T (2005) A new statistical approach for
assessing similarity of species composition with incidence and abundance data.
Eco/ogy Le#ers, 8,148-159.

Clarke CJ, Grant CD (2001 ) PRIMER version 5:  User Manual/tutorial.  PRIMER-E
LTD, plymouth,  UK.

Coupe MD, Cahill JF (2003) Effects of insects on primary production in temperate
herbaceous communities: a meta-analysis. Eco/ogi.ca/ Entomo/ogy, 28, 511 -521.

Coviella CE, Trumble JT (1999) Effects of elevated atmospheric carbon dioxide on
insect-plant interactions.  Conservafi.or) Bi.o/ogy,13, 700-712.

Cyr H, Pace M (1993) Magnitude and patterns of herbivory in aquatic and terrestrial
ecosystems. Ivafure, 361,148-150.

De Cauwer 8, Reheul D, De Lawthauwer S, Nus I, Milbau A (2006) Effect of light
and botanical species richness on insect diversity. Agronomy for Susfat.nab/e
Development, 26, 35-43.

DeLucia E, Hamilton J, ef a/. (1999) Net primary production of a forest ecosystem
with experimental C02 enrichment.  Scr.ence, 284,  1177-1179.

Dippery JK, Tissue DT, Thomas RB, Strain BR (1995) Effects of low and elevated
C02 on C3 and C4 annuals. Oeco/ogi.a,101,13-20.

Dixon AFG (2003) Climate change and phenological asynchrony. Eco/og/.ca/
Enfomo/ogy, 28, 380-381.

82

Docherty M, Wade FA, Hurst DK, Whittaker JB, Lea PJ (1997) Responses of tree
sap-feeding herbivores to elevated C02. G/oba/ Change B/.o/ogy, 3, 51 -59.

Edelson JV, Magaro JJ (1988) Development of onion thrips,  Th/.ps fabac/. Lindeman,
as a function of temperature. Sot7thwesf Enfomo/ogi.sf, 13,  171 -176.

Feeny P (1970) Seasonal changes in oak leaf tannins and nutrients as a cause of
spring feeding by winter moth caterpillars. Eco/ogy, 51, 565-581.

Filion M,  Dutilleul P, Potvin C (2000) Optimum experimental design for Free-Air
Carbon dioxide Enrichment (FACE) studies. G/oba/ Change Bt.o/ogy, 6, 843-854.

Finke DL, Denno RF (2005) Predator diversity and the functioning of ecosystems:
the role of intraguild predation in dampening trophic cascades. Eco/ogy Le#ers,
8,1299-1306.

Francis A, Currie D (2003) A globally consistent richness-climate relationship for
angiosperms. Amerr.can IvafL/ra//.sf, 161, 523-536.

Francis F, Lognay G, Wathelet J, Haubruge E (2001 ) Effects of allelochemicals from
first (Brassicaceae) and second (Myzus persi.cae and Brev/.coryne brass/.cae)
trophiic leNals on Adalia bipunctata. Journal of Chemical Ecology, Z] , 243-256.

Gotelli NJ,  Entsminger GL (2001 ) Ecosim:  Null models software for ecology.
Version 7.0. Acquired  Intelligence lnc. & Kesey-Bear.
http://homepages.together.nev~gentsminger/ecosim.htm.

Gruner DS, Taylor AD, Forkner RE (2005) The effects of foliar pubescence and
nutrient enrichment on arfhropod communities of Metros/.deros po/ymonpha
(Myr+aceae). Ecological Entomology, 30 , 428-443.

Hartley S, Jones TH (2004) Insect herbivores, nutrient cycling and plant
productivity. In: /nsects and Ecosystem FLincfi.on (eds) Weisser W, Siemann E,
Springer-Verlag, Berlin.

Hattenschwiler S, Schafellner C (2004) Gypsy moth feeding in the canopy of a C02-
enriched mature forest.  G/oba/ Change Bt.o/ogy,10,1899-1908.

He JS, Bazzaz FA, Schmid 8 (2002) Interactive effects of diversity, nutrients and
elevated C02 on experimental plant communities.  Oi.kos, 97, 337-348.  ,

Heisler JL, Weltzin JF (2006) Variability matters: towards a perspective on the
influence of precipitation on terrestrial ecosystems. Ivew Ptryfo/ogt.sf, 172,  189-
192.



83

Hill J, Thomas C, Huntley 8 (1999) Climate and habitat availability determine 20th
century changes in a butterfly.s range margin. Proceed/.ngs of the Roya/ Soci.efy
a, 266,133-141.

Hoback WW, Svatos TM, Spomer SM, Higley LG (1999) Trap color and placement
affects estimates of insect family-level abundance and diversity in a Nebraska
sat+ marsh. Entomologia Experimentalis et Applicata, 91, 393-402.

Hodkinson lD, Bird JM (2006) Flexible responses of insects to changing
environmental temperature -early season development of Craspedo/ep fa
species on fireweed.  G/oba/ Change B/.o/ogy,12,1308-1314.

Hodkinson lD, Coulson SJ, Web NR (2004) Invertebrate community assembly along
proglacial chronosequences in the high arctic. Jouma/ of An/.rna/ Eco/ogy, 73,
556-568.

Holtzer TO, Archer TL, Norman JM (1988) Host plant suitability in relation to water
stress. In: P/ant stress -i'nsecf t.nferacf/.ons (ed) Heinrich EA, John Wiley and
Sons, New York, NY.

Huberty AF, Denno RF (2004) Plant water stress and its consequences for
herbivorous insects: a new synthesis. Eco/ogy, 85,1383-1398.

Hulme M, Turnpenny J, Jenkins GJ (2002) C//.mate change scenar/.os for the Uni.ted
Kingdom,. the UKCIP02 Briefing Report. Tyndall Cer\tre for Cl.imate Change
Research, University of East Anglia, Norvich, UK.

Hunter MD, Price PW (1992) Playing chutes and ladders: heterogeneity and the
relative roles of bottom-up and top-down forces in natural communities. Eco/ogy,
73, 724-732.

Huxman TE, Smith SD (2001 ) Photosynthesis in an invasive grass and native forb
at elevated C02 during an EI Nino year in the Mojave desert. Oeco/og/.a,128,
1 93-201 .

IPCC (2001 ) C/t.mate Change 2007.. Ttie Sot.enfi.ri.c Basi.s. Cambridge University
Press, Cambridge, UK.

Johns CV, Beaumont LJ, Hughes L (2003) Effects of elevated C02 and temperature
on development and consumption rates of Ocfoma champ/.on/. and 0.
scabripennis leediing on Lantana camara. Entomolgia Experimental.Is et
App/i.cafa,108,169-178.

84

Johns CV, Hughes L (2002) Interactive effects of elevated C02 and temperature on
the leaf-miner D/.a/ecf/-ca sea/ar7.e//a Zeller (Lepidoptera: Gracillariidae) in
Paterson's Curse, Echium plantagineum (Boragiv\acae). Global Change Biology,
8,142-152.

Kagata H, Ohgushi T (2006) Bottom-up trophic cascades and material transfer in
terrestrial food webs. Eco/ogy Research, 21, 26-34.

Kaneko S (2005) Seasonal population changes of five parasitoids attacking the
scale insect Mpponac/erda b/.wakoensi.s on the common reed, with special
reference to predation by wintering birds. Enfomo/og/.ca/ Sc/.ence, 8, 323-329.

Kearsley MJ, Whithman T (1989) Developmental changes in resistance in
herbivory: implications for individuals and populations. Eco/ogy, 70, 422-434.

Kenward MG, Roger JH (1997) Small sample inference for fixed effects from
restricted maximum likelihood. B/.omefr7.cs, 53, 983-997.

Klein JA, Harte J, Xin-Quan Z (2004) Experimental warming causes large and rapid
species loss, dampened by simulated grazing, on the Tibetan plateau. Eco/ogy
Le#ers, 7,  1170-1179.

Knepp RG, Hamilton JG, Mohan JE, Zangerl AR, Brenbaum MR, DeLucia EH
(2005) Elevated C02 reduces leaf damage by insect herbivores in a forest
commun.ity. New Phytologist,161. 207-218.

Knops JMH, Tilman D, ef a/. (1999) Effects of plant species richness on invasion
dynamics, disease outbreaks, insect abundances, and diversity. Eco/ogy Leffers,
2, 286-293.

Koricheva J, Mulder CPH, Schmid 8, Joshi J, Huss-Danell K (2000) Numerical
responses of different trophic groups of invertebrates to manipulations of plant
diversity in grasslands,  Oeco/og/.a,125, 271-282.

Kruess A (2003) Effects of landscape structure and habitat type on a plant -
herbivore -parasjtoid community. Ecograptry, 26, 283-290.

Kuokkane K, Julkunen-Tiitto R, Keinanen M, Niemela P, Tahvanainen J (2001) The
effect of elevated C02 and temperature on the secondary chemistry of Befu/a
pendu/a seedlings.  Trees,15, 378-384.

Kuokkane K, Yan S, Niemela P (2003) Effects of elevated C02 and temperature on
the leaf chemistry of birch Befu/a pendu/a (Roth) and the feeding behaviour of
the weev.il Phyllobius maculicoinis. Agricultural and Forest Entomology, 5, 209-
217.



85

LaMarch VC, Grabyll DA, ef a/. (1984) Increasing atmospheric carbon dioxide: tree
ring evidence for growth enhancement in natural vegetation. Sc/.ence, 225,
1019-1021.

Larcher W (1995) Phys/'o/og/.ca/ P/ant Eco/ogy. Springer-Verlag, Berlin.

Lill JT, Marquis RJ (2004) Leaf ties as colonization sites for forest arthropods: an
experimental study. Eco/og/.ca/ Enfomo/ogy, 29, 300-308.

Lincoln DE,  Fajer ED, Johnson RH (1993) Plant insect herbivore interactions in
elevated C02 erIV.ironmer\ts. Trends in Ecology and Evolution. 8, 64-68.

Littell RC, Milliken GA, Stroup WW, Wolfinger RD (1996) SAS System for M/.xed
Mode/s. SAS Institute, Cary, NC.

Lloret F, Penuelas J, Estiarte M (2004) Experimental evidence of reduced diversity
of seedlings due to climate modification in a Mediterranean-type community.
Global Change Biology,10, 248-258.

Lower SS, Orians CM (2002) Soil nutrients and water availability interact to
influence willow growth and chemistry but not leaf beetle performance.
Entomolgia Experimentalis et Applicata,10] , 69-79.

Marc J, Gifford RM (1984) Floral initiation in wheat, sunflower, and sorghum under
carbon dioxide enrichment. Canadi.an Joun?a/ of Bofany, 62, 9-14.

Masters GJ, Brown VK, Clarke I, Whittaker JB,  Hollier J (1998) Direct and indirect
effects of climate change on insect herbivores: Auchenorrhyncha (Homoptera).
Ecological Entomology, 23, 45-52.

Mccune 8, Mefford MJ (1999) Multivariate analysis of ecological data. MJM
Software Design, Gleneden Beach, Oregon, USA.

Meyer G, Root R (1996) Influence of feeding guild on insect response to host plant
fertilization. Eco/ogt.ca/ Enfomo/ogy, 21, 270-278.

Mondor EB, Tremblay MN, Awmack CS, Lindroth RL (2004) Divergent pheromone-
mediated insect behaviour under global atmospheric change. G/oba/ Change
B/.o/ogy,10,  1820-1824.

Moran MD, Scheidler AR (2002) Effects of nutrients and predators on an old-field
food chain: interactions of top-down and bottom-up processes. O/.has, 98,116-
124.

86

Morgan JA, Mosier AR, Milchunas DG, Lecain DR, Nelson JA, Parton WJ (2004)
C02 enhances productivity, alters species composition, and reduces forage
digestibility of shortgrass steppe vegetation. Eco/ogi.ca/ App/i.cafi.ons,14, 208-
219.

Morgan PG, Bollero GA, Nelson RL, Dohleman FG, Long SP (2005) Smaller than
predicted increase in aboveground net primary production and yield of field-
grown soybean under fully open-air [C02] elevation.  G/oba/ Change B/.o/ogy,11,
1856-1865.

Moser D, Dullinger S, ef a/. (2005) Environmental determinants of vascular plant
species richness in the Austrian Alps. Jot/rna/ of 87.ogeograptry, 32,  1117-1127.

Mulder CPH, Bazely-White E, Dimitrakopoulos PG, Hector A, Scherer-Lorenzen M,
Schmid 8 (2004) Species evenness and productivity in experimental plant
communities. O/.has,107, 50-63.

Mulder CPH, Koricheva J, Huss-Danell K, Hogberg P, Joshi J (1999) Insects affect
relationships between plant species richness and ecosystem processes.
Ecology Letters, 2, 23]-246.

Murray DR (1995) plant responses to carbon dioxide. Amer7.can Jouma/ of Bofany,
82, 690-697.

National Oceanic & Atmospheric Administration (2007) http://www.noaa.gov.

Norby RJ, Luo Y (2004) Evaluating ecosystem responses to rising atmospheric C02
and global warming in a multi-factor world. Ivew Phyfo/og/.sf,162, 281-293.

Norby RJ, Wullschleger SD, Gunderson CA, Johnson DW, Ceulemans R (1999)
Tree responses to rising C02 in field experiments: implications for the future
forest. plant Cell and Environment, 22, 683-714.

oliver I, Beattie AJ (1993) A possible method for the rapid assessment of
biodiversity.  Conservafi.on Bi.o/ogy, 7, 562-568.

Oliver I, Beattie AJ (1996) Invertebrate morphospecies as surrogates for species: a
case study. Conservaf/.on B/.o/ogy,10, 99-109.

Owensby CE, Ham JM, Knapp AK, Auen LM (1999) Biomass production and
species composition change in a tallgrass prairie ecosystem after long-term
exposure to elevated atmospheric C02. G/oba/ Change B/.o/ogy, 5, 497-506.

Parmesan C, Ryrholm N, ef a/. (1999) Poleward shifts in geographical ranges of
butterfly species associated with regional warming. Ivafure, 399, 579-583.



87

Percy KE, Awmack CS, ef a/. (2002) Altered performance of forest pests under
atmospheres enriched by C02 and 03. Ivafure, 420, 403407.

Price MV, Waser N (1998) Effects of experimental warming on plant reproductive
phenology in a subalpine meadow. Eco/ogy, 79,  1261 -1271.

Price PW, Hunter MD (2005) Long-term population dynamics of a sawily show
strong bottom-up effects. Journal of Applied Ecology,14, 917-925.

Reich PB, Grigal D, Aber J, Gower S (1997) Nitrogen mineralization and
productivity in 50 hardwood and conifer stands on diverse soils. Eco/ogy, 78,
335-347.

Reich PB, Tilman D, ef a/. (2001 a) Do species and functional groups differ in
acquisition and use of C, N and water under varying atmospheric C02 and N
availability regimes? A field test with  16 grassland species. Ivew Ptryto/ogi.sf,
150, 435-448.

Reich PB, Knops L, ef a/. (2001 b) Plant diversity enhances ecosystems responses
to elevated C02 and nitrogen deposition. Ivafure, 410, 809-812.

Richardson SJ, Hartley SE, Press MC (2000) Climate warming experiments: are
tents a potential barrier to interpretation? Eco/og/.ca/ Enfomo/ogy, 25, 367-370.

Richardson SJ, Press MC, Parsons AN, Hartley SE. (2002) How do nutrients and
warming impact on communities and their insect herbivores? A 9-year study
from a sub-Arctic heath. Jouma/ of Eco/ogy, 90, 544-556.

Rieske LK, Buss LJ (2001 ) Influence of site on diversity and abundance of ground-
and litter-dwelling coleoptera in Appalachian Oak-Hickory Forests.
Environmental Entomology, 30 , 484494.

Root R (1967) The niche exploitation pattern of the Blue-gray Gnatcatcher.
Ecological Monographs, g] , SIT-350.

Root R (1972) Organization of a plant-arthropod association in simple and diverse
habitats: the fauna of collards (Brass/.ca o/eracea). Eco/og/.ca/ Monographs, 43,
95-124.

Rosenzweig ML (1995) Spec/.es d/.versi.fy i.n space and fi.me. Cambridge University
Press, Cambridge.

Roth SK, MCDonald EP, Lindroth RL (1997) Atmospheric C02 and soil water
availability: consequences for tree-insect interactions. Canadt.an Jouna/ of
Forest Researoh, 21,1281-1290.

88

Rustad LE, Campbell JL, ef a/. (2001 ) A meta-analysis of the response of soil
respiration, net nitrogen mineralization, and aboveground plant growth to
experimental ecosystem warming. Oeco/og/.a,126, 543-562.

Rustad LE, Norby RJ (2001 ) Effects of increased temperature on terrestrial
ecosystems: theoretical considerations and experimental evidence of effects. In:
Encyclopedia of Global Env-Ironmental Change, Vol. 2: Biological and ecological
dimensions of global environmental change (eds) Mooney HA, Canaddi J, John
Wiley and Sons, New York, NY.

Sanders NJ, Belote RT, Weltzin J (2004) Multitrophic effects of elevated
atmospheric C02 on understory plant and arthropod communities.
Environmental Entomology, 33,1609-1616.

Schappi 8, Korner C (1996) Growth responses of an alpine grassland to elevated
C02.  Oeco/og/.a,105, 43-52.

Scheirs J, De Bruyn L (2005) Plant-mediated effects of drought stress on host
preference and performance of a grass miner.  Oi.fros,108, 371-385.

Scheirs J, De Bruyn L, Verhagen R (2002) Seasonal changes in leaf nutritional
quality influence grass miner performance. Eco/og/.ca/ Enfomo/ogy, 27, 84-93.

Schmitz OJ (2003) Top predator control of plant biodiversity and productivity in an
old-field ecosystem. Eco/ogy Leffers, 6,  156-163.

Schroeder L (1986) Changes in tree leaf quality and growth performance of
lepidopteran larvae. Eco/ogy, 67,1628-1636.

Shaw MR, Zavaleta ES, Chiariello NR, Cleland EE, Mooney HA,  Field CB (2002)
Grassland responses to global environmental changes suppressed by elevated
C02. Sc/.ence, 298,1987-1990.

Shurin J, Borer E, Seabloom E, Anderson K, Blanchette C, Broitman 8, Cooper S,
Halpern 8 (2002) A cross-ecosystem comparison of the strength of trophic
cascades. Ecology Letters, 5, 578-591.

Siemann E (1998) Experimental tests of effects of plant productivity and diversity on
grassland arthropod diversity. Eco/ogy, 79, 2057-2071.

Siemann E, Tilman D, Ritchie M (1998) Experimental tests of the dependence of
arthropod diversity on plant diversity.  The Amert.can Ivafura//.sf,152, 739-750.

Singleton VL,  Rossi JA (1965) Colorimetry of total phenolics with phosphomolybdic-
phosphotungstic acid reagents. Amert.can Jounta/ of Eno/ogy and V/.I/.cu/furs, 16,
144-158.



89

Slater JA, Baranowski RM (1978) How to know the frt/e bugs. Win. C. Brown
Company Publishers, Dubuque, Iowa.

Smith SD, Huxman TE, ef a/. (2000) Elevated C02 increases productivity and
invasive species success in an arid ecosystem. Ivafure, 408, 79-82.

Spilke J, Piepho HP, Hu X (2005) Analysis of unbalanced data by mixed linear
models using the MIXED procedure of the SAS system. Jouma/ ofAgronomy &
Crop Sc/.ence,191, 47-54.

Spilke J, Piepho HP, Meyer U (2004) Approximating the degrees of freedom for
contrasts of genotypes laid out as subplots in an alpha-design in a split-plot
experiment. P/ant Breed/.ng, 123,  193-197.

Srivastava DS, Lawton JH (1998) Why more productive sites have more species:
An experimental test of theory using tree-hole communities. Amer/.can Ivafura//.sf,
152, 510-529.

Staley JT, Mortimer SR, Masters GJ, Morecroft MD, Brown VK, Taylor ME (2006)
Drought stress differentially affects leaf-mining species. Eco/ogi.ca/ Enfomo/ogy,
31, 460-469.

Stewart AJA, Wright AF (1995) A new inexpensive suction apparatus for sampling
arthropods in grassland. Eco/ogi.ca/ Entomo/ogy, 20, 98-102.

Stiling P, Cattell M, Moon D, Rossu A, Hungate 8, Hymuss G (2002) Elevated
atmospheric C02 lowers relative and absolute herbivore density across all
species of a scrub-oak forest. G/oba/ Change Bi.o/ogy, 8, 658-667.

Stiling P, Moon DC, Hunter MD, Colson J, Rossi AM, Hymus GJ (2003) Elevated
C02 lowers relative and absolute herbivore density across all species of a scrub-
oak forest. Oeco/og/'a,134, 82-87.

Strong DR, Lawlon JH, Southwood TRE (1984) /nsects on P/ants.. communi.fy
paffems and mechant.sins, Blackwell Scientific Publications.

Symstad AJ, Siemann E, Haarstad J (2000) An experimental test of the effect of
plant functional group diversity on arthropod diversity.  O/.has, 89, 243-253.

Thomas C, Marshall E (1999) Arthropod abundance and diversity in differently
vegetated margins of arable fields. Agr7.cu/fure Ecosysfems and Envt.ronmenf,
72,131-144.

Tilman D (1986) A consumer-resource approach to community structure. Amer/'can
Zoologist, 26, 5-22.

90

Veteli TO, Kuokkane K, Julkunen-Tiitto R, Roininen H, Tahvanainen J (2002)
Effects of elevated C02 and temperature on plant growth and herbivore
defensive chemistry.  G/oba/ Change Bt.o/ogy, 8,  1240-1252.

Volk M, Niklaus PA, Korner C (2000) Soil moisture effects determine C02
responses of grassland species. Oeco/og/.a,125, 380-388.

Walker M, Jones TH (2001 ) Relative roles of top-down and bottom-up forces in
terrestrial tritrophic plant-insect herbivore-natural enemy systems.  O/.has, 93,
177-187.

Weltzin JF, Belote RT, Sanders NJ (2003) Biological invaders in a greenhouse
world: will elevated carbon dioxide fuel plant invasions? Front/.ere i.n Eco/ogy and
the Environment,1,146-153.

Weltzin JF, Mcpherson GR (2003) Predicting the response of terrestrial ecosystems
to potential changes in precipitation regimes. In:  Chang/.ng prec/.p/.fafi.on reg/.mes
and terrestrial ecosystems: a North American perspective (eds) Weltzjm JF ,
Mcpherson GR, University of Arizona Press, Tucson, AZ.

White RB (1983) Beef/es.  Hougton Mifflin Company,  New York.

White T (1969) An index to measure weather-induced stress of trees associated
with outbreaks of psyllids in Australia. Eco/ogy, 50, 905-909.

Whittaker JB (1999) Impacts and responses at population levels of herbivorous•insects to elevated C02. European Joumal of Entomology, 96,149-156.

Whittaker JB (2001 ) Insects and plants in a changing atmosphere. Jouma/ of
Eco/ogy, 89, 507-518.

Whittaker RH (1975) Common/.i/.es and Ecosystems. 2nd ed. Macmillan, New York.

Whittaker JB, Tribe NP (1998) Predicting the numbers of an insect (Iveaph/./aenus
//.neaft7s: Homoptera) in a changing climate. Jouma/ of An/.rna/ Eco/ogy, 67, 987-
991.

Williams RS, Lincoln DE, Norby RJ (1998) Leaf age effects of elevated C02-grown
white oak leaves on spring-feeding lepidopterans. G/oba/ Change B/.o/ogy, 4,
235-246.

Williams RS, Lincoln DE, Norby RJ (2003) Development of gypsy moth larvae
feeding on red maple saplings at elevated C02 and temperature. Oeco/og/.a,
137.114-122.



91

Williams RS, Norby RJ, Lincoln DE (2000) Effects of elevated C02 and
temperature-grown red and sugar maple on gypsy moth performance. G/oba/
Change Biology, 6, 685-695.

Wilsey BJ, Potvin C (2000) Biodiversity and ecosystem functioning: importance of
species evenness in an old field. Eco/ogy, 81, 887-892.

Wilson RJ, Gutierrez D, Gutierrez J, Martinez D, Agudo R, Monserrat VJ (2005)
Changes to the elevational limits and extent of species ranges associated with
climate change. Eco/ogy Le#ers, 8,1138-1146.

Zvereva EL, Kozlov MV (2006) Consequences of simultaneous elevation of carbon
dioxide and temperature for plant-herbivore interactions: a metaanalysis.  G/oba/
Change Biology,12, 2]41.

APPENDIX
List of Identified MorDhosDecies and CorresDondina Guilds

92



Diptera
Anthomyzidae
Asteiidae
Cecidomyiidae

Atm 1        Detritivore
astl          Detritivore
cecl         Herbivore
cec2        Herbivore
cec3        Herbivore

Ceratopogonidae     cert         Predator
ce r2        P red ator

Drosophilidae

Muscidae
Otitidae
Psycodidae
Sciaridae

Sphaeroceridae
Syrphidae

ulidae

dro 1          Detritivore
dro2         Detritivore
dro3         Detritivore
dro4         Detritivore
dro5         Detritivore
in us 1        Detritivore
oti 1             Detritivore

psyl         Detritivore
sci 1           Detritivore
sci2          Detritivore
sph 1         Detritivore
syrl          Herbivore

1            D etrit ivore

Coleoptera
Chrysomelidae

Coccinelidae

Culicidae

Curculionidae

Lathridiidae
Mordellidae

Phalacridae
Scarabaeidae

chrl          Herbivore
chr2         Herbivore
chr3         Herbivore
chr4         Herbivore
ch r5         Herbivore
cool        Predator
coc2        P red ator
coc3        Predator
cul 1           Detritivore
cul2          Detritivore
curl          Herbivore
cur2         Herbivore
cur3         Herbivore
cur4         Herbivore
cur5         Herbivore
cur6         Herbivore
cur7         Herbivore
cur8         Herbivore
cur9         Herbivore
lan 1           Detritivore
morl        Herbivore
mor2       Herbivore
pha 1         Herbivore
sea 1         Herbivore
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Homoptera
Acanaloniidae
Aphididae

Cercopidae

Cicadellidae

ana 1         Herbivore
aph 1         Herbivore
aph2        Herbivore
aph3        Herbivore
aph4        Herbivore
cep 1         Herbivore
cep2        Herbivore
cicl           Herbivore
cic2          Herbivore
cic3          Herbivore
cic4          Herbivore
cic5          Herbivore
cic6          Herbivore
cic7          Herbivore
cic8          Herbivore
cic9          Herbivore
cicl 0       Herbivore
cicl 1        Herbivore
cicl 2       Herbivore
cicl 3       Herbivore
cicl 4       Herbivore
cicl 5       Herbivore
iss 1           Herbivore
iss2          Herbivore

Collembola
Entomobryidae          entl          Detr t Vore

ent2         Detr t Vore

Pscoptera                pscl        Detr t Vore
psc2        Detr t Vore
psc3        Detr t Vore
psc4        Detr t V0re

Lepidoptera
Ctenuchidae
Lepidoptera

Lycaenidae
horidae

ctel          Herbivore
lep2         Herbivore
lep3          Herbivore
lep4         Herbivore
lep5         Herbivore
lep6          Herbivore
lep7         Herbivore
lycl           Herbivore

te 1          Herbivore

94



Hymenoptera
Brachonidae

Chalcidoidae

Colletidae

Formicidae

Halictidae

bra 1          Parasitoid
bra2         Parasitoid
bra3         Parasitoid
bra4        Parasitoid
cha 1         Parasitoid
cha2        Parasitoid
cha3        Parasitoid
cha4        Parasitoid
cha5        Parasitoid
cha6        Parasitoid
cha7        Parasitoid
cha8        Parasitoid
cha9        Parasitoid
chal0     Parasitoid
chall      Parasitoid
chal2      Parasitoid
chal3     Parasitoid
chal4      Parasitoid
chal5     Parasitoid
chal6     Parasitoid
chal7      Parasitoid
chal8      Parasitoid
chal9      Parasitoid
cha20      Parasitoid
cha21      Parasitoid
cha22     Parasitoid
cha23      Parasitoid
cha24     Parasitoid
cha25     Parasitoid
col 1           Herbivore
col2          Herbivore
fort          Predator
fo r2         P red ator
fo r3         P red ator
for4         Predator
fo r5         P red ator
for6          Predator
for7         Predator
hal 1           Herbivore
hal2          Herbivore
hal3          Herbivore
hal4          Herbivore
ves 1         Predator
ves2       P red ator

Thysanoptera
Thripidae                      thrl           Herbivore
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Hemiptera
Anthocoridae

Alydidae
Berytidae
Lygaeidae

Miridae

antl         Predator
ant2        Predator
alyl           Herbivore
berl          Herbivore
lyg 1           Herbivore
lyg2         Predator
in irl         Predator
in ir2         Herbivore
in ir3          Herbivore
in ir4         Herbivore
in ir5         Herbivore
in ir6         Herbivore
in ir7         Herbivore

Nabidae                       nab 1        Predator
nab2       Predator
nab3       Predator

Pentatom idae             pen 1        Herbivore
pen2        Herbivore

Red uviidae                  red 1         Predator
Thyreocoridae           thyl          Herbivore

idae                        tin 1            Herbivore
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