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ABSTRACT

The aboveground responses of tallgrass prairie plant communities and ecosystem

processes to fire and grazing are well characterized. However. responses of consumer

groups to these disturbances are less well known. Invertebrates are an important

component of soil ecosystems in tallgrass prairie, making up a diverse assemblage of

organisms that perform a diverse set of functions. However, factors influencing their

distribution and abundance are not well known.

We conducted studies examining the influence of different land management

practices on the distribution of soil invertebrates at the Konza Prairie Biological Station

(KPBS). We sampled the Belowground Plot Experiment at KPBS, a long-term

experimental manipulation which addresses the influence of fire, mowing, and nutrient

additions on belowground processes and organisms. Results indicated that native North

American earthworms (Dip/ocardia spp.) were favored by the occurrence of fire and/or

mowing, whereas an exotic European earthworm (Aporreclodea trapezoides) was more

abundant in unburned, unmowed plots which had received fertilizer amendments. We

suggest that changes in microclimate and/or belowground resource quality associated

with absence of fire and mowing may be responsible for differences in native and exotic

earthworm distributions. In another field study, we examined the differences between

native and exotic earthworms with respect to their activity in the soil and their influence

on plant nutrition. ative earthworms were more active during the growing season, but

appeared to decrease availability of to plants during the experiment.

We examined another group of soil invertebrates, the cicadas, at the landscape

level and in the plot level study. We examined emergence densities offour annual cicada
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species in upland grassland, lowland grassland, and lowland forest locations. Two

species (Tibicen aurifera and Cicadetta calliope) were more abundant in upland

landscape positions, and one species (Tibicen pruinosa) emerged only from forested

areas. At all landscape positions, cicada emergence resulted in significant fluxes ofN

from belowground to aboveground (-4 kg ha-1
). In the Belowground Plot Experiment,

cicadas showed dramatic, species specific, responses to fire, mowing and fertilization

treatments. T. aurifera emerged exclusively from unburned plots, whereas C. calliope

was more abundant in burned plots which were not mowed, suggesting resource

partitioning between species.
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INTRODUCTION

Tallgrass prairie research at Konza Prairie Biological Station

Tallgrass prairie, part of the grassland biome once covering vast areas of North

America, is now represented by less than 5% of its original extent (Samson and Knopf

1994). The Flint Hills region of eastern Kansas and northeastern Oklahoma, having

escaped wholesale conversion to rowcrop agriculture by virtue of its steep and stony

soils, is the largest remaining expanse of tallgrass prairie. Grazing of livestock animals is

the primary land use in the Flint Hills, and production of beef cattle is economically

important in the region. However, changing land management practices in recent

decades (such as exclusion of fire and overgrazing of rangeland), have resulted in

increased cover of woody vegetation in the region, and in many cases conversion of

grassland to forest-like vegetation is complete (Briggs et al. 1998, Hoch and Briggs

1999). For this reason (among others), an understanding of how land management

practices can influence ecosystem products and processes in tallgrass prairie is as

important as ever.

Periodic disturbances, such as fire and grazing by large ungulates are credited, in

part, with the original development and subsequent maintenance of grassland ecosystems

in vast areas of central North America (Knapp et al. 1998a, Axlerod 1985). Because

precipitation levels near the eastern edge of the grassland biome are sufficient to support

forest vegetation, a principal role of disturbances in these "tallgrass" prairie ecosystems is

the maintenance of grassland vegetation by preventing the expansion of woody plants.

Aside from this biome level influence of fire and grazing in tallgrass prairie, disturbances

(or the absence thereot) affect virtually every other level of ecological organization in
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these grasslands, ranging from the physiology of the individual grass leaf to plant

community species composition to ecosystem primary production (Knapp 1985, Collins

and Steinauer 1998, Collins et al. 1998, Knapp et aI. 1998a, Knapp et al. 1999). Fire and

grazing disturbances also affect ecosystem level processes such as nutrient retention and

cycling (Tate 1990, Blair 1997). The profound effects of fire and grazing on ecosystem

structure and function in tallgrass prairie have been a central area of study at the Konza

Prairie Biological Station (KPBS) in eastern Kansas. These studies, over the last 20

years, have resulted in an excellent understanding of the mechanisms by which fire drives

aboveground plant processes in tallgrass prairie, and provided a theoretical framework for

questions about structure and function in other components of this ecosystem.

One area of particular interest to ecologists at KPBS has been that of structure and

functioning of the belowground component of grassland ecosystems. Comparatively

little is known about belowground processes in tallgrass prairie relative to aboveground

processes. However, this situation is primarily a consequence of the difficulty of

conducting studies in soil systems, and not a function of the perceived importance of

belowground processes to overall ecosystem function (Blair et al. 1998, Rice et aI. 1998).

Indeed, a large proportion of annual primary production, and a majority of biomass, in

tallgrass prairie is in the form of roots (Hayes and Seastedt 1987), and as such, answering

questions concerned with processes belowground are critical to understanding the whole

tallgrass prairie ecosystem.

Soil microbial communities are largely responsible for processing a majority of

the primary production in tallgrass prairie either directly, as decomposers of plant

detritus, or indirectly as decomposers of herbivorous consumers and their waste products.

2
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Previous research conducted at KPBS has demonstrated that the characteristics of soil

microbial communities in taIlgrass prairie can vary with differing fire regimes. Although

Garcia and Rice (1994) found no consistent differences in the total amount of microbial

biomass in prairie that was burned compared to not burned, there are other lines of

evidence, such as enhanced CO2 flux from burned prairie (Knapp et al. 1998b), enhanced

decomposition rates (O'Lear et al. 1996), and reduced net N mineralization (Blair 1997)

in burned prairie, which suggest that microbial communities are indeed affected by fire.

Another area of interest in the belowground systems of tallgrass prairie is how

macro- and micro-invertebrates are influenced by disturbances, and how they, in turn,

through interactions with soil microbes, may affect soil ecosystem processes. Soil

invertebrates have been demonstrated to be strong regulators of certain microbial

processes (including decomposition, mineralization, etc.) in many temperate systems

(Coleman and Hendrix 2000, Coleman and Crossley 1996), but invertebrate regulation of

such processes in taIlgrass prairie is poorly documented (Blair et al. 2000, Rice et aI.

1998). The principal impediment to understanding the relationship between soil

invertebrates and soil microbial processes, and their respective responses to fire, is the

complex nature and multiplicity of fire and grazing effects on the soil system. For

example, the removal of standing dead plant tissue and litter from the soil surface (a

primary effect of fire or mowing/grazing) results in increased soil temperatures and

decreased soil moisture status (Knapp and Seastedt 1986, Hulbert 1988); and these

factors are often important determinants of soil invertebrate community composition and

activity (Coleman and Crossley 1996, O'Lear and Blair 1999, Todd et aI. 1999). In

addition to effects on soil climate, removal of detritus results in an overall increase in

3
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plant production compared to unburned prairie. This increase in primary production

occurs in spite of the volatilization of nutrients (principally N) with fire, and the resulting

low nutrient status of soils in annually burned prairie. The ultimate consequences of

higher plant production in lower fertility soils are the production of plant tissue that has

much higher C:N ratios in burned prairie, and increased dominance of plant species with

higher nutrient use efficiencies (warm-season C4 grasses). Clearly, the lower quality of

plant tissue inputs, and decreased heterogeneity of those inputs, could have significant

impacts on the composition and functioning of belowground systems. At the other

extreme, exclusion of fire or grazing from tallgrass prairie systems results in the build up

of large quantities of detritus. This detritus has the direct effect of shading and insulating

soil such that it stays cooler and wetter for longer during the growing season (Knapp and

Seastedt 1986). Another effect of fire exclusion is the increased diversity of plant

communities in the tallgrass prairie landscape (Collins and Steinauer 1998). Thus, when

examined simultaneously, the effects of fire and/or grazing (either frequent occurrence or

absence) on soil climate, soil nutrient status, plant productivity, and plant tissue quality,

make interpretation of potential interactions between soil processes and soil organisms

very difficult. Following is a brief outline of studies conducted on various components of

the soil ecosystem in tallgrass prairie at KPBS.

Soil microbial ecology in tallgrass prairie

Microbes (bacteria and fungi) are ubiquitous in soil, and are a crucial component

of most terrestrial ecosystems. The soil microbial community is highly diverse, both

taxonomically and functionally, and is composed of some organisms which are beneficial

4
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to plant growth, but there are numerous detrimental organisms represented as well.

Perhaps most importantly, soil microbes are responsible for processing and recycling of

much ofthe organic matter in soil systems, and are the primary organisms involved in the

processes of decomposition and mineralization. Additionally, these microbes form the

base of the detrital food web, providing food resources for a wide variety of other

organisms in soil, and it is often the interactions between soil microbes and organisms

which feed upon them that determine rates of microbially mediated processes in soils.

In tallgrass prairie, studies on the microbial biomass in relation to fire are limited

and have produced conflicting results. For example, Garcia and Rice (1994) found that

five years of annual burning resulted in no consistent response from the microbial

biomass, whereas Ojima et al. (1990) found that microbial biomass was slightly

decreased in plots which were annually burned. Differences between these two studies

have been attributed to the differences in the length of time annual burning had occurred,

but differences in soil type between the two sites, and differences in site histories add to

the difficulty in interpretation, and may also be responsible for equivocal results.

Nonetheless, other work has suggested indirectly that the function and activity of soil

microbes differs in soils under different burning regimes. For example, O'Lear et al.

(1996) showed that the decomposition rate of a common substrate (wooden rods) was

higher in annually burned prairie relative to unburned prairie, and Knapp et al. (1998b)

showed that total soil C02 eftlux was greater in soils under annually burned prairie.

Finally, Groffman et al. (1993) found that although they could detect no differences in the

size of microbial biomass, denitrification rates were higher in soils where fire had been

excluded for long periods, relative to annually burned prairie. All of these studies

5
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suggest that soil microbial communities behave differently under different fire regimes in

tallgrass prairie.

Unfortunately, the interactions between soil microbes, and other soil organisms

found in tallgrass prairie are not clearly understood. Although other soil organisms such

as nematodes, microarthropods, and earthworms have all been shown to influence the

size and/or turnover rates of microbial pools in other ecosystems, these relationships have

not been verified in tallgrass prairie.

Macroarthropods in tal/grass prairie

Responses of macroarthropods to disturbances in tallgrass prairie are largely

taxon specific, and have been little studied. Seastedt (1984) found that only herbivorous

beetle larvae (primarily Phyl/ophaga spp.) exhibited a consistent positive response to

burning. In that study, abundances of other groups of insect herbivores, detritivores, and

predators were not affected by fire. However, in another study, Seastedt et al. (1986)

found that densities of herbivorous cicada nymphs were higher in soils under burned

prairie. One obvious potential mechanism for the observed increases in herbivorous

macroarthropods is the increase in root production associated with annual burning (Rice

et at. 1998, Johnson and Matchett in press), but other effects of fire such as changes in

soil temperature and moisture conditions cannot be ruled out as possible contributors. In

another study aimed at identifying belowground herbivore regulation of plant production,

Todd et al. (1992) examined the influences of biocides on the density and biomass of

several soil invertebrate groups and subsequent impacts on plant performance. Although

biocide application resulted in general declines in abundance of herbivorous

6
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macroarthropods, they were unable to detect differences in plant parameters after two

years.

Earthworms in tol1grass prairie

Earthworms are the most abundant macro-invertebrate in tallgrass prairie soils, at

least in terms of biomass (Blair et al. 2000, Todd et al. 1992). Furthermore, earthworms

are recognized for their importance in several aspects of soil ecosystem function. They

have the potential to affect virtually every soil process through their feeding, burrowing,

and casting activities (Edwards and Bohlen 1996). In tallgrass prairie, fire affects both

the abundance and distribution of earthworms, and may have implications for the species

composition of earthworm communities (particularly with respect to the occurrence of

non-native species).

Previous studies ofearthworm distributions in tallgrass prairie with respect to fire

treatments have shown the abundance of the native genus Diplocardia to be greater in

annually burned prairie relative to prairie from which fire had been excluded (James

1982, James 1988). As with previously discussed taxa, the distribution and abundance of

earthworms is thought to be, at least in part, a function of litter removal by fire. However

it is difficult to separate the effects of litter accumulation on soil climate and the effects

of burning on belowground plant production and plant tissue quality. In a study aimed at

evaluating the independent effects of burning and soil moisture on earthworm

communities, James (1988) manipulated soil moisture by irrigating annually burned and

unburned prairie. He found that biomass ofDiplocardia smithii increased in burned plots

relative to those not burned, and was unaffected by irrigation, but that biomass of D.

7
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verrucosa was greater in burned plots, and was also greater in irrigated plots. Biomass of

the exotic genus Apo"ectodea was highest in unburned plots, and was not influenced by

irrigation in either burned or unburned plots. Thus, it appears that patterns observed for

both native and exotic earthworms in relation to fire are not strongly influenced by

moisture conditions, and may involve other factors such as plant tissue quality or changes

in microbial activity.

Objectives

In light of the challenges detailed above which face researchers interested in the

belowground fauna of tallgrass prairie, the objective of the present work was to

contribute to the general knowledge of invertebrates in tallgrass prairie soils by

examination ofthe density and biomass of soil invertebrates both at the landscape level

and in the context of a long-term plot level experimental manipulation of fire, mowing,

and nutrient addition. In chapter one, I examined earthworms in the Belowground Plot

Experiment at KPBS. Specific objectives for that study were to identify experimental

treatment combinations that influenced the distributions of native and exotic earthworm

taxa, and to identify possible mechanisms responsible for observed distributions. In

chapter two, I experimentally manipulated earthworm populations in field-incubated

microcosms. Specific objectives were to determine differences between native and exotic

earthworms with respect to microbial biomass and nutrient uptake by plants. In chapter

three, I examined emergence patterns ofannual cicadas at the landscape scale.

Objectives of this study were to enumerate cicada emergence density and nutrient flux (as

cicada biomass) at three different topographic positions in the landscape. Chapter four

8
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also examined cicada emergence, but in the Belowground Plot Experiment, and with the

objective ofexamining effects of fire, mowing, and nutrient addition on emergence

density. Finally, chapter five was a complete sampling of the Belowground Plot

Experiment for all soil macroinvertebrates. The specific objective in chapter five was to

examine the roles of fire, mowing, and N and P fertilization on the density and biomass

of several groups of soil invertebrates.
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SUMMARY

European earthworms have come to dominate earthworm assemblages in most

North American soils. The establishment of these invasive taxa is typically preceded by

agricultural or other perturbation of the natural soil system. Grassland soils in the

Flint Hills region of North America have escaped these perturbations because of their

steep topography and stony soils; and as a consequence, still support native

earthworms. Nevertheless, European taxa are invading these soils, and the conditions

under which these invasions occur are unknown.

In fall of 1994 and spring of 1997 we sampled earthworms from experimental

plots at Konza Prairie Research Natural Area in eastern Kansas, to assess the impacts of

different land management practices on composition of the earthworm fauna in grassland

soils. Since 1986, these plots have been subjected to all possible combinations of the

following treatments: annually burned or unburned, annually mowed or unmowed, and

annually fertilized (N and P) or unfertilized, totaling in eight treatments.

European taxa were significantly more abundant in unburned plots in samples

collected in both 1994 and 1997 (p=O.03 and p=O.07 respectively). Furthermore,

analysis of the 1997 data indicated a greater proportion of the earthworm community

was composed of native taxa plots which were mowed (p=O.08), and in plots which

were not fertilized (p=O.09). The accumulation of litter on the soil surface associated

with absence of fire and/or grazing may be partly responsible for changes observed in the

earthworm community.
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Our results suggest that land management practices may influence the suitability of

these soils for European earthworms, and potential mechanisms for the differences

observed in this study will be discussed.

Key Words: earthworms, Diplocardi~ Aporrectode~ invasive species, fire

INTRODUCTION

Understanding the ecology of invasive exotic organisms is crucial to understanding

their potential impacts on ecosystems, both in terms of interactions with native organisms,

and changes in ecosystem structure and function (e.g. Scheu & Parkinson 1994; Burtelow

et al. 1998). Many North American soils are currently inhabited by an entirely European

(and/or Asian) earthworm fauna (Reynolds et al. 1970; Reynolds 1994), and others are

currently being invaded by these exotic species.

Early studies concerning the distribution and establishment of European

earthworms (principally Lumbricidae) in North America suggested that these species were

superior to native earthworms in their ability to compete for resources, and that native

species were actively displaced by exotics in these competitive interactions (Smith 1928).

However more recent studies indicate that displacement of native earthworms is more,

likely the result of soil disturbances associated with human activities such as agriculture,

logging, or land development (Stebbings 1969; Kalisz & Dotson 1989). Thus, the

predominance of European earthworms in these soils is thought to be a function of their

ability to tolerate soil disturbances, and not the direct result of competitive interactions

with the native earthworm fauna.
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Areas of North America once covered by tallgrass prairie have been subject to

extensive soil disturbance, resulting from agricultural practices, and less than 5% of this

area remains as native prairie (Samson & Knopf 1984). Much of the remaining tallgrass

prairie exists in small fragmented patches which lack many of the factors historically

important for the structure and function of these grasslands (e.g. fire and grazing).

However, the shallow, stony soils in the Flint Hills region ofNorth America have escaped

extensive disturbance associated with agriculture or urban development, and large tracts

of native tallgrass prairie remain there. As a consequence, these soils are still inhabited by

native North American earthworm taxa, including Diplocardia spp. and Bimastos spp.

(James 1992). However, these ecosystems are not entirely undisturbed, nor are they

immune to invasion by European earthworm species. Tallgrass prairie is dependant on

some periodic disturbances such as fire or grazing (Knapp et al. 1998), and the

suppression of these natural disturbances may influence the establishment of European

earthworms.

Our objectives were 1) to assess the distribution of native and exotic earthworms

relative to several land management practices, and 2) to determine the possible

mechanisms driving the distribution patterns of native and exotic earthworms in these

grasslands.

MATERIALS AND MEmODS

Earthworms were sampled from the Belowground Experimental Plots at the Konza

Prairie Research Natural Area (KPRNA) a tallgrass prairie research site near Manhattan,
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Kansas, USA. The vegetation ofKPRNA is characteristic of native tallgrass prairie and is

dominated by the warm season tallgrasses Andropogon gerardii, Sorghastrum nutans, and

Panicum virgatum, which co-occur along with many forb and shrub species (Gibson et al.

1993). The Belowground Experimental Plots were established in 1986 as part of the

Long-Term Ecological Research program at KPRNA. A series of 64 12m x 12m plots

were established on an Irwin silty clay loam (fine, mixed mesic, Pachic argiustoll) in a split

strip-plot experimental design aimed at testing the effects of fire (annually burned vs.

unburned), aboveground biomass removal (mowed vs. unmowed), and differing nutrient

inputs (N fertilization, P fertilization, N and P fertilization, and no fertilization) on

belowground processes and organisms (see Todd 1996, for details of the experimental

design). Only plots receiving both nutrients (10.0g N m-2 and 1.0 g P m-2
) and plots

receiving no nutrient additions were used in this study.

Earthworms were sampled in October 1994 as part of the ongoing data collection

in the Belowground Experimental Plots (a 20cm x 50cm x 20cm deep soil monolith from

each plot was passed through a 4 rom sieve in the field, and earthworms were collected

and preserved in 70% ethanol). A second set of samples was collected in April 1997 to

assess treatment effects on earthworm community structure during the spring when

earthworms are more abundant (James 1992) (a 25cm x 25cm x 25cm deep soil monolith).

Soils were stored at 4°C until sorted by hand in the laboratory. Earthworms in these soils

were killed in 70% ethanol, and preserved in 5% formalin. Earthworms were identified to

genus (James 1990; Schwert 1990), and abundance data, as well as proportion of total
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community composed of native taxa, were analyzed using an ANDVA designed for the

analysis of split strip-plot experiments (Todd 1996).

In order to assess potential relationships between earthworm community changes

and vegetational changes associated with different management practices, plant data from

KPRNA data archives for the Belowground Experimental Plots were used. These data

included 1) grass biomass, 2) forb biomass, 3) previous years' surface litter, 4) current

year's surface litter, and 5) total surface litter collected from two replicate 0.1 m2 quadrats

in each plot. Four year averages (1993-1996) for each of these vegetation parameters

were regressed against the proportion of total earthworm community composed of exotic

taxa. All data were log transformed to satisfY normality assumptions.

RESULTS

Results of the 1994 sampling showed that the abundance (no. per m2
) of

Diplocardia spp. was not significantly affected by any land management treatment (Fig.

la). However, the abundance of Aporrectodea spp. in 1994 was significantly (p=O.03)

higher in unburned plots than in burned plots (Fig. la).

In 1994, there was a significant interaction (p=O.07) between burning and fertilizer

treatments on the proportion of the total earthworm community consisting of Diplocardia

spp. Inspection of the data revealed that in treatment combinations where fertilization

seems to have had an effect, that effect was to decrease the proportion of Diplocardia spp.

(Fig. 2).
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Results of the 1997 sampling showed trends among treatments which were similar

to those of the 1994 sampling (Fig. 1b), including a greater abundance of Aporrectodea

spp. in unburned plots (p=0.07).

In contrast to the 1994 sampling, the proportion of the earthworm community that

consisted of Diplocardia spp. in 1997 was significantly influenced by mowing (p=O.08) as

well as fertilizer (p=0.09), but with no significant interaction between burning and

fertilization. The effect of mowing was to increase the mean proportion of Diplocardia

spp. in the earthworm community from 0.45 in unmowed plots to 0.66 in mowed plots

(Fig. 2), while the effect of fertilizer was to decrease the mean proportion of Diplocardia

spp. from 0.67 in control plots to 0.44 in the fertilized plots (Fig. 2).

Regression analysis of relationships between proportion of earthworm community

consisting of Aporrectodea spp. and vegetation parameters revealed that only total surface

litter mass was significantly related to earthworm community composition. The four year

average (1993-1996) of total litter mass in experimental plots was significantly positively

related to the proportional abundance of Aporrectodea spp. in 1994 as well as in 1997

(p=0.07 and p=O.02, respectively)(Fig. 3).

DISCUSSION

The results of this study suggest that the distribution and abundance of invasive

European earthworms in North American tallgrass prairie soils can be attributed, in part,

to land management practices. Furthermore, in areas where exotic earthworms are most

prevalent, it appears that displacement of native species may be occurring. Particularly
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notable are the differences in earthwonn community structure between what we consider

to be the two extreme land management treatments -annually burned, mowed, without

fertilizer, and unburned, unmowed, with supplemental nutrients (BMC vs. UNF on Fig. 1).

In 1997, the earthwonn communities were most dissimilar in these two extreme

treatments, with native earthwonn species dominant in the BMC plots and exotic

earthwonns most dominant in UNF plots (Fig. 1). The plots with the most intense

"natural" disturbance regime (burned, mowed, with no added nutrients) also most closely

approximate conditions prevalent prior to European settlement (frequently burned and

grazed). These plots also most closely represent floristic and edaphic conditions of

tallgrass prairie (Collins et al. 1998; Knapp & Seastedt 1986), and our study demonstrates

that this is true of the earthwonn community in these plots as well. Previous studies of

earthwonn distributions in tallgrass prairie with respect to fire treatments have shown the

abundance of Diplocardia spp. to be greater in annually burned prairie relative to prairie

from which fire had been excluded for eight years (James 1982). Results of the current

study differ somewhat from James (1982), as we found no effect of burning on the

absolute abundance of Diplocardia spp., although the relative abundance of Diplocardia

spp. was favored by burning (Fig. 2). One potential explanation for the discrepancy

between the two studies is the virtual absence of exotic taxa in the soils sampled by James

(he reports only a single individual of Aporrectodea spp.), and therefore the absence of

any effects on distributions arising from interactions between the two taxa.

One effect of suppressing fire and grazing disturbances in tallgrass prairie is the

accumulation of plant litter on the soil surface, and the land management treatments
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utilized in the belowground plot experiment at KPRNA result in continuum of surface

litter accumulation. Indirect effects of this litter accumulation include increased soil

moisture and decreased soil temperature, particularly in the early growing season. We

suggest that microclimatic consequences of differing land management practices may

contribute to changes in earthworm communities in tallgrass prairie.

Fire also influences the amount and quality of plant inputs belowground, which

could affect the distribution of earthworms. Both the biomass and C:N ratio of live roots

is greater in annually burned plots compared to burned plots (Blair 1997; Ojima et al.

1994). The lower quality plant tissue could be a factor limiting the expansion of exotic

earthworms in tallgrass prairie. However, to date, no experiments have separated the

effects of changes in soil climate, belowground plant production, and belowground

resource quality associated with fire or mowing with regard to responses of the earthworm

community in tallgrass prairie.

In spite of the correlative nature of this study, and the difficulty in identifying the

specific mechanisms underlying invasion by exotic earthworms, our study demonstrates

that relatively short term departures from natural disturbance regimes can result in

detectable changes in the abundances of native and exotic earthworm taxa in these sOils.

An understanding of the relationship between land management and the distribution of

native and exotic earthworms may help to predict changes in biogeochemistry of soils as

changes in land cover and land use continue in the Flint Hills region.
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Figure 1. Abundances of native and exotic earthwonns relative to land management
treatments in A) October 1994 and B) April 1997. Note differences between

V-axes.

Note: B =burned annually~ U =unburned~ M =mowed annually, N = not mowecl C =
unfertiliwL F = nitrogen and phosphorus fertilizer added annually.
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ABSTRACT

The Flint Hills region of eastern Kansas is the largest contiguous area of native

tallgrass prairie in North America. A consequence of this area remaining in native

vegetation has been the maintenance ofa relatively undisturbed assemblage of soil fauna,

including native earthworms. However, this area is subject to encroachment by European

earthworm species, and differences between native and exotic earthworm species, with

respect to soil function, are largely unknown. We conducted a field study to address

questions regarding differences in behavior between Diplocardia spp. (native

earthworms), and Octolasion tyrtaeum (an exotic species), as well as their relative

influences on soil microbial biomass and plant uptake of nitrogen. The study was

performed by manipulating the earthworm fauna inside PVC-encased soil cores (20 cm

dia.) incubated under field conditions. Earthworm treatments included 1) a control with

no earthworms present 2) native earthworms only, and 3) exotic earthworms only. Prior

to the addition of native or exotic earthworms, seedlings of Andropogon gerardii (a

native, dominant tallgrass) were established in each of the experimental cores, and a

dilute solution containing 13C labeled glucose and 15N labeled ammonium sulfate was

added to the soil as a tracer to facilitate examination of earthworm / microbe / plant

interactions. Results indicated that during the study period (14 June - 27 July), native

earthworms were significantly more active than exotic worms and quickly became

labeled with 13C and 15N. Native earthworms also occurred at shallower depths than

exotics throughout the study. Surprisingly, the increased activity by native earthworms

did not result in increased plant productivity, but instead appeared to decrease the amount

of N acquired by seedlings grown with native earthworms present. There were few
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consistent effects of earthworms on microbial biomass C or N, but one significant result

occurred on the final sample date (day 45) when exotic earthworms were found to be at

shallower depths than previously, and there was a concomitant decrease in microbial

biomass C in that soil depth. Microbial C/N also was affected by presence of native

earthworms with a fairly consistent increase in this ratio in the presence of native worms.

Taken together, the results of our study indicate that the activity of native earthworms

may actually enhance competition for the limiting nutrient (N) between microbes and

plants during the growing season in tallgrass prairie.

INTRODUCTION

Earthworm assemblages across the North American continent are largely

composed of introduced European species (Reynolds 1995). The establishment of these

exotic species is usually preceded by some disturbance of the native soil ecosystem such

as agricultural, or other development (e.g. Stebbings 1969, Kalisz and Dotson 1989,

Dotson and Kalisz 1989). However, in some relatively undisturbed areas, native North

American earthworms persist, and the ecology of these native earthworms has only

recently begun to be studied (James 1990, 1995, Wood and James 1993, Callaham and

Hendrix 1998 Winsome and McColl 1998). The Flint Hills physiographic region is a,

large (5 million ha) area of relatively undisturbed soils in eastern Kansas. Soils in this

region have escaped agricultural disturbances because of their relatively steep topography

and stoniness. One consequence of this lack of extensive soil disturbance in the Flint

Hills is the persistence of native North American earthworm taxa (primarily a group of

several species in the megascolecid genus Diplocardia Garman, and a lumbricid species
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Bimastos welch;; Smith). Nevertheless, several European lumbricid earthworm taxa are

currently expanding their distribution in Flint Hills soils (e.g. Lumbricus spp.,

Aporrectodea spp. and Octo/asion spp.), but the potential impacts of these introduced

species on soil function and/or native earthworm populations is unknown.

Although there is a paucity of explicit evidence, it is unlikely that native and

exotic earthworm taxa behave similarly with respect to nutrient cycling in tallgrass prairie

soils (James and Cunningham 1989, James and Seastedt 1995). A great majority of the

research performed in North America examining earthworm effects on nutrient cycling

has been in agricultural systems (Blair et aI. 1995, Parmelee et aI. 1998, Hendrix 1998).

A necessary consequence of the agricultural focus has been a coincidental focus on

European earthworm species, and the influences of these exotic taxa on nutrient cycling

and other soil processes are relatively well characterized (e.g. Doube and Brown 1998,

Edwards and Bohlen 1996, Blair et aI. 1997). Earthworm effects on nutrient cycling are

usually manifested as changes in soil microbial pools and processes brought about by

earthworm feeding and burrowing activities (e.g. Brown 1995, Lavelle et aI. 1998, 1992).

It is therefore reasonable to predict differences between native and exotic earthworm taxa

and their respective influences on nutrient cycling processes because of observed

(empirical and anecdotal) differences in their feeding, burrowing and casting activities as

well as differences in the seasonality of their activities in tallgrass prairie soils (Callaham

and Blair 1999, James 1992, James and Cunningham 1989). Thus, our objectives for this

study were 1) to assess differences in the behavior and activity patterns of native and

exotic earthworms; 2) to examine the influences of native and exotic earthworms on soil

microbial biomass C and N; and 3) to examine the influences of native and exotic
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earthworms on plant uptake of nitrogen and C and N transformations using stable

isotopes.

MATERIALS AND METHODS

Site description

This study was conducted during early summer in 1998 at the Konza Prairie

Biological Station (KPBS) approximately 15 km south of the Manhattan campus of

Kansas State University (KSU). KPBS is a 3,487 ha taHgrass prairie preserve in the Flint

Hills region of northeastern Kansas owned by the Nature Conservancy and operated by

the Division of Biology at KSU. The climate at the site is continental with average

annual precipitation of 835 mm, and approximate mean temperatures of 27°C in July and

_3°C in January. This study was conducted on a footslope in the Kings Creek drainage

basin, and soils at the site are characterized as Tully silty clay loams (fine, mixed, mesic

Pachic ArgiustoHs) (Ransom 1998). Vegetation at the site was characteristic of lowland

taJlgrass prairie (Freeman 1998) and was dominated by the perennial warm-season

grasses, Big Bluestem (Andropogon gerardii) and Indiangrass (Sorghastrum nutans).

The study site had been burned annually or semi-annuaHy for 12 years prior to 1998.

Field Methods

Soil cores (20.3 cm in diameter and 25 cm deep) were taken from the field by

pushing 30 cm sections of PVC pipe into the soil with a backhoe. These soil cores were

removed from the site and frozen at -lOoC for 15 d to kiH any earthworms that were

present in the soil at the time of coring. After freezing, the bottoms of the cores were

covered with mesh (0.5 mm) to prevent immigration and emigration of earthworms from
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Blair 1999). All earthworms used in this study were collected during the two weeks prior

to application by digging and hand-sorting from soils nearby « 30 m) the location of

experimental cores. Important dates and climate data for the study are shown in Figure 1.

Laboratory Methods

Five cores of each treatment were randomly selected and destructively sampled

on each of four sampling dates following earthworm application. Cores were removed

after 7, 15,30, and 45 days of earthworm treatment (see Fig. 1). Soil in each core was

cut into three depths (0-5 cm, 5-10 em and 10-20 cm). Soils were passed through a 4-rnm

sieve, and coarse organic matter (including live and dead roots) was removed prior to all

other analyses. Soil microbial biomass C was determined for each depth of each core by

a chloroform fumigation/incubation method (Brookes et al. 1985), and soil microbial

biomass N was determined by chloroform fumigation-direct extraction followed by the

alkaline persulfate digestion procedure of Cabrera and Beare (1993). Microbial biomass

ol3C was determined by collection of CO2 from fumigated and non-fumigated

incubations followed by direct injection into a continuous flow isotope ratio mass

spectrometer (CFIRMS) (Europa Tracermass 20/20, Italy). The O
l3

C of microbial

biomass was calculated as follows:

(O l3CF*CF)-(0I3CNF*CNF)

CF-CNF

where Ol3CF and Ol3CNF were o13C measurements of CO2 from fumigated and non-

fumigated soils, and CF and CNF were concentrations of CO2 released from fumigated and

non-fumigated soils, respectively.
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Earthworms were removed from soils during sieving and kept refrigerated (4°C)

until they could be processed. Earthworms were killed by immersion in boiling water for

<1 s, and cut open lengthwise so that gut contents could be washed away from body

tissues (as in Hendrix et al. 1999). Following gut washing, the earthworm tissues were

freeze-dried for >72 h and ground with mortar and pestle. Tissues of all individual

earthworms from a given core were pooled and thoroughly mixed, and sub-samples were

analyzed for BC and l~ content by CFIRMS (Europa 20/20 Tracermass).

Plants were sampled on the second and fourth sampling dates. The exclusion of

the first date was due to inadequate quantities of plant tissue (i.e. the plants had not

grown enough to warrant sampling). The lack of plant analysis from date three was a

consequence of unanticipated grasshopper herbivory on experimental seedlings.

Herbivory resulted in a total loss of seedlings from several cores following the second

sample date - a situation that caused us to select plant-free cores for sampling on date

three to allow for a full complement of plant sampling on date four. Thus, on the second

and fourth sample dates, aboveground components of A. gerardii plants were collected

from each core, dried at 65°C, weighed, and ground with mortar and pestle.

Aboveground plant tissues were subsampled and analyzed for C and N content by

combustion (Carlo Erba CIN analyzer), and for BC and l~ content by CFIRMS.

Statistical Analyses

All data were subjected to three way analyses of variance (pROC GLM, SAS

Institute, Cary, NC) with date, soil depth and earthworm treatments as main effects

variables. When necessary, data were log-transformed to satisfy normality assumptions.
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The means separation procedure used to determine differences in treatment means was

the Least Squares Means (LSMEANS/pdiff option, SAS Institute, Cary, NC).

RESULTS

Earthworms

Stable isotope analysis of earthworm tissues showed that native earthworms

became rapidly enriched in l~ and BC (Fig. 2). The enrichment of native earthworms

was significantly greater (p < 0.01) than that of exotic earthworms on all sample dates.

Nevertheless, exotic worms did become enriched with the stable isotope tracers, and ol3C

and Ol~ values of exotic worms on the fourth sampling date were significantly greater

than for the first three dates (Fig. 2). Native earthworms became enriched with l3C and

l~ at similar rates. For native earthworms, mean ol3C and Ol~ values on the first two

dates did not differ significantly from one another, but by the third sample date they were

significantly more enriched than on the first date. Values for Ol3
C and Ol~ for native

earthworms on the last two dates did not differ significantly from one another (Fig. 2).

Observations of earthworm distribution also indicated differences in the behavior

of native and exotic earthworms. These data were collected by simply making note of the

soil depth at which earthworms were collected on each sample date. Native earthworms

were far more likely to be collected from the top 10 em, and significantly (p < 0.05)

larger proportions of all native worms were collected from the top two depths (Table I).

In contrast, the likelihood of collecting exotic worms from the 10-20 cm soil depth was

significantly (p < 0.001) higher (approximately 8 times higher) than the likelihood of

collecting these worms from the top two depths (Table I).
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Microbial Biomass

There were few consistent differences in the sizes of microbial pools of C and N

with respect to earthworm treatments. However, differences in microbial biomass C

(MBC) did occur on the first date in the 0-5 cm depth, with significantly greater levels of

MBC in earthworm cores than in the control cores (Table 2). On the final date, there

were again differences in MBC at the 0-5 cm depth with significantly greater MBC in

control cores than in exotic earthworm cores (Table 2). MBC values from native

earthworm cores were intermediate (Table 2). Additionally, there were differences in

MBC at the 5-10 cm depth on the fourth date. At this depth, control cores had

significantly less MBC than did either native or exotic earthworm cores (Table 2).

There were also few differences in microbial biomass N (MBN) in experimental

cores during the study. There were two exceptions to this general trend. On the second

sampling date in the 10-20 cm soil depth, control cores had significantly higher levels of

MBN than native earthworm cores, with exotic earthworm cores being intermediate

(Table 2); and on the last sample date, control cores had significantly less MBN than

exotic earthworm cores, with native earthworm cores intermediate (Table 2).

Differences in carbon to nitrogen ratios (CIN) of microbial biomass were typically

reflective of significant differences in MBC or MBN. For example, CIN was

significantly lower in control cores than in earthworm treatments for the 0-5 cm depth on

the first date, and this difference is the result of lower MBC values on that date (Table 2).

A single exception to this general relationship occurred in the 0-5 cm depth on the third

sample date when there were significant differences detected in CIN but none for MBC or
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MBN. In this instance, elN was significantly higher in native earthworm cores than in

exotic earthworm cores, and control cores were intermediate (Table 2).

Microbial biomass l)
l3e values showed very little response to earthworm

treatments during the study. The single statistically significant difference in l) l3e of the

microbial biomass occurred on the second sample date at the 5-10 cm soil depth, when

l)l3C values for the microbial biomass were significantly (p < 0.1) lower in exotic

earthworm cores than in control cores (Table 3). However, there were several instances

where the total standing stock of l3e in the microbial biomass was influenced by

experimental treatments. Specifically, on the third date in the 0-5 cm soil depth,

microbial biomass in native earthworm cores contained significantly (p < 0.07) more total

l3e than did exotic earthworm cores, and again on the fourth date (0-5 cm depth), the

total standing stock of microbial 13C was significantly (p < 0.02) lower in exotic cores

than in controls (Table 3). Furthermore, at the 5-10 cm depth on the fourth date, total

standing stock of microbial l3C was smaller (p < 0.02) in control cores than in either

native worm cores or exotic worm cores (Table 3).

Plants

Several plant parameters showed statistically significant differences with respect

to experimental treatments in this study. Perhaps most notable was the difference in total

plant growth by the final date, with significantly less total aboveground biomass in plants

grown in cores with native earthworms relative to the other two treatments (Table 4).

Nitrogen content of plant tissues was also affected by earthworm treatments early in the

study, with plants grown in cores containing exotic earthworms having significantly
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higher concentrations of N than those in control cores (p < 0.10) on the second sample

date. This difference in plant tissue N concentration was not detected on the fourth date.

However, although there were no differences in N concentration of plant tissue (%N),

there were differences in total standing stock ofN in aboveground plant tissues that were

attributable to the above-mentioned decreased plant biomass production in native

earthworm treatments on the final date (Table 4).

Results of stable isotope analysis on plant tissues revealed further effects of

earthworm treatments. On the first date, the atom percent l~ (ar'.Io) of plant tissues was

highest in control cores, lowest in native earthworm cores and intermediate in exotic

earthworm cores, with significant (p < 0.05) differences between means for native and

control cores (Table 4). On the fourth date, the trend of higher at%l~ in control plants

persisted but was no longer statistically significant. Standing stocks of l~ in

aboveground plant tissues closely paralleled patterns observed for standing stocks of total

N with significant differences only on the fourth date (Table 4). Again, these differences

were largely the result ofdifferences in total plant biomass.

DISCUSSION

Earthworm Activities

Stable isotope analyses revealed that the native earthworms assimilated more l3C

and l~ than did the exotic worms over the course of the experiment (Fig. 2). This result

suggests that the native earthworms may have been more active than exotic worms during

the summer growing period examined in this experiment. The notion that exotic worms

may have been largely dormant over the course of the experiment is corroborated by
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observations made on sampling dates when exotic earthworms were frequently found at

the very bottom of cores upon coHection. Thus, one possible explanation for lack of label

uptake by exotic worms is simply the fact that they spent most of the experiment in the

lower 10 cm of cores (see Table 1) whereas only the top 10 cm of the cores was directly

labeled. Nevertheless, it is also clear that the soil microbial biomass was labeled in the

10-20 cm depth (albeit to a lesser degree than shaHower depths), and this label should

have been incorporated into earthworm tissues over time had the exotic worms been

actively feeding. In fact, enrichment of exotic earthworm tissues with 13C and l~ was

unchanged over the first 30 d of the experiment (Fig. 2), and we considered this to be

further evidence that these earthworms were inactive at this time. At any rate, whether

exotic earthworms were dormant or simply feeding at deeper depths, these differences in

activity patterns (relative to native earthworms) may be important with respect to their

influences on plant nutrient uptake.

Earthworm Effects on Microbial Biomass

Responses of microbial biomass to earthworm activity are variable and are

thought to be related to organic matter content of the soil examined, as well as to the

species of earthworm studied (Blair et al. 1995, Wolters and Joergensen 1992). For

example, soils with relatively high organic matter content consistently exhibit decreased

amounts of microbial biomass in the fecal material of earthworms relative to bulk soil

(e.g. Scheu 1987); whereas in soils with lower organic matter content the fecal material

of earthworms typically has larger amounts of microbial biomass than bulk soil (Lavelle

et al. 1992). Thus, it is likely that the overall effect of earthworms on bulk soil microbial
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biomass is dependent upon the extent to which they feed, and the proportion of the total

soil volume they process. In our study, effects of earthworms on microbial biomass were

dependent upon the amount of time that earthworms had been in the soil and the depth at

which they were active. On the first date, earthworms appeared to have a stimulatory

effect on microbial biomass C in the 0-5 cm depth (Table 2), but this stimulation ofMBC

was transient and may have been the result of short term availability of labile carbon

sources such as mucous or other metabolic products of earthworms. However, by the

fourth date microbial biomass in the 0-5 depth was decreased in cores with exotic

earthworms relative to control cores (Table 2). This decrease in MBC may be

attributable to feeding of exotic worms at shallower soil depths on and/or near that date,

and indeed exotic worms were encountered at this depth in larger proportion than on any

other date (Table 1). We suggest that exotic earthworms broke dormancy at the end of

the experiment as a result of cooler temperatures along with two large rainfall events

(>50 mm) just before that date (Fig. 1), and associated high soil moisture at the end of the

experiment. It is also interesting to note that on the date exotic earthworms broke

dormancy, and were collected in significant numbers away from the 10-20 cm depth, they

coincidentally became enriched in 13C from the added label (Fig. 2).

Although effects of earthworms on the size of microbial C and N pools were

variable, another index of the microbial community (C/N ratio) was more consistent. On

dates when microbial biomass C/N was affected by earthworms it was usually manifested

as an increase in that ratio in the presence of native earthworms (Table 2). This may

indicate that native earthworms were assimilating N that would otherwise be available to
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microbes or plants, effectively increasing elN of total microbial biomass and possibly

decreasing total uptake ofN by plants (see below).

Earthworm Influence on Plants

Results from plant growth and plant tissue analyses were surprising in that native

earthworms appeared to have a negative influence on the total uptake of nitrogen by A.

gerardii plants, whereas exotic earthworms had no effect on N uptake compared to

controls. This difference in N uptake was primarily due to differences in total plant

growth, as plants in the native earthworm cores were significantly smaller than those in

control or exotic earthworm cores. Thus, the activity of native earthworms appeared to

result in an overall decrease in the availability of N to A. gerardii. This result is

somewhat counter to previous findings with respect to native earthworm influence on

native vegetation. In the only other study comparing native and exotic earthworms in

tallgrass prairie, James and Seastedt (1986) found, in a microcosm study, that presence of

Diplocardia spp. increased root growth of A. gerrardii relative to plants grown in the

presence of the exotic worm Aporrectodea turgida. However, that study utilized plants

started from rhizomes and not seedlings as we used in our study, and this may explain the

disparity of results. We were, in fact, unable to separate living roots from dead roots in

the soil during sampling because the amount of living root material was small, and thus

we could not evaluate the influence of native and exotic earthworms on root biomass.

The mechanism behind the decreased N availability observed in our study IS

unclear, but may be associated with immobilization of N in dead roots, as the procedure

used to establish experimental cores (freezing of cores and removal of stolons and
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rhizomes) certainly resulted in the input of unusually large amounts of dead root material.

One potential explanation for the decreased availability ofN in native earthworm cores is

that native earthworm activity stimulated the immobilization of N in dead roots- an effect

not seen in exotic earthworm cores or control cores. Nitrogen is among the most

important limiting resources to plant growth in tallgrass prairie (Knapp et a1. 1998, Blair

1997), and particularly so in annually burned prairie in years of abundant rainfall (such as

the summer of 1998). In light of recent work demonstrating the existence of competition

for N and other limiting nutrients between plants and microbes (e.g. Kaye and Hart

1997), it seems appropriate to list a potential influence on this interaction in tallgrass

prairie: certain members of the soil fauna. In our study, native earthworms were active

and assimilating N throughout the growing season, and this assimilation of N may have

been at the expense of the plants grown in native earthworm cores.

CONCLUSIONS

Earthworms had little impact on soil microbial biomass C or N, but when there were

differences earthworms increased MBC early in the study, and had variable effects late in

the study depending on soil depth (decreased MBC at shallow depths, increased MBC at

deeper depths). Native earthworms had significantly more l~ and l3C label in their

tissues than exotic worms, indicating greater feeding activity by natives during the

experiment. Plants grown in cores with native earthworms were significantly smaller,

and took up significantly less total N, than did control plants or plants grown in exotic

earthworm cores. This decreased N availability to plants may have been the result of

increased competition for N between plants and microbes that was stimulated by the

activity ofearthworms.
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Table 1. Mean proportions (± standard error) of earthworms collected from each depth during the study period.

Day 7 Day 15 Day 30 Day 45 All Dates-
Del)th Treatment Proportion Proportion Proportion Proportion Proportion

0-5 cm Native 0.23±0.15a 0.00 ± 0.00 a 0.45 ± 0.07 at 0.85 ± 0.07 a 0.43 ±0.09 a
Exotic 0.00 ± O.OOy 0.00 ± 0.00 y 0.04 ± 0.04 y 0.39±0.16y 0.08 ±0.05 y

5-lO cm Native 0.52 ± 0.13 a 0.67 ±0.26 b 0.40± 0.06 a 0.12±0.06b 0.40 ± 0.08a
Exotic 0.19±0.1l y 0.00 ± 0.00 y 0.17±0.1l y O.ll ±0.09 y O.ll ±0.05 y

10-20 cm Native 0.25 ± 0.07 a 0.33 ± 0.26 b 0.15 ± 0.12 b 0.03 ± 0.03 b 0.17±0.06b
Exotic 0.81±0.llz 1.00 ±O.OO z 0.79 ± 0.10 z 0.50 ±0.08 y 0.81 ± 0.06 z

Nole: Within a given dale and treatment, means followed by different letters are significantly different from one another
(p < 0.05 except where noled t p <0.10)
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Table 2. Microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial C/N from experimental cores with native, exotic or no
earthworms. Values for MBC and MBN are reported as j.lg C or N g SOil-I.

Day 7 Day 15 Day 30 Day 45

Depth Treatment MBC MBN C/N MBC MBN C/N MBC MBN C/N MBC MBN C/N

0-5 cm Control 978.3 a 76.0 a 13.3 a 1152.2 a 80.3 a 14.5 a 953.9 a 77.6 a 12.4 abt 899.2 at 78.0 a 11.5 a
Native 1181.8b 75.0 a 16.2 b 1063.1 a 82.3 a 13.0 a 1024.1 a 77.9 a 13.5 a 826.8 ab 80.8 a 10.4 ab
Exotic 1178.3 b 71.2 a 16.8 b 1134.3 a 84.2 a 13.5 a 849.9 a 78.49 a 1O.9b 756.9 b 81.2 a 9.4 b

5-10 cm Control 928.0 a 87.7 a 10.7 a 939.6 a 76.6 a 12.2 a 894.6 a 76.7 a 11.6 a 650.6 a 66.6 a 9.9 a
Native 946.8 a 83.2 a 11.4 a 915.4 a 75.0 a 12.4 a 867.3 a 69.1 a 12.5 a 885.8 b 75.5 ab 11.8 b
Exotic 987.5 a 85.7 a 11.6 a 970.0 a 73.2 a 13.3 a 945.0 a 77.9 a 12.0 a 949.8 b 81.8 b 11.6 ab

10-20 cm Control 790.7 a 56.2 a 14.1 a 830.2 a 63.1 a 13.2 a 701.1 a 53.8 a 13.4 a 575.6 a 50.3 a 11.5 a
Native 789.1 a 62.7 a 12.7 a 782.0 a 49.2 b 16.2 b 707.2 a 58.2 a 12.2 a 663.6 a 54.5 a 12.3 a
Exotic 794.5 a 64.9 a 12.4 a 752.5 a 55.6 ab 13.5 a 586.5 a 53.2 a 11.0 a 684.5 a 58.2 a 13.4 a

Note: Within a given date and depth, means followed by different letters are significantly different from one another (p < 0.05 except where noted t p
<0.10)
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Table 3. BI3C of microbial biomass carbon (MB13C ), total ....g 13C in microbial biomass standing stock per g soil (J3CSS),
and BI3C of CO2 respired from non- fumigated soils (J3C02) from experimental cores with native, exotic or no earthworms.

Day 15 Day 30 Day 45

De~ Treatment MBI3C IlCSS I3C~ MB13C J3CSS 13C~ MBI3C 13CSS J3C~

0-5 cm Control 365.55 a 1.738 a 54.96 298.87 a 1.368ab 86.50 385.10 a 1.374 a 69.15
Native 374.44 a 1.620 a 54.51 328.18 a 1.498 a 81.23 292.57 a 1.246 ab 59.51
Exotic 361.91 a 1.708 a 60.07 318.58 a 1.238 b 57.08 363.98 a UOO b 63.43

5-10 cm Control 256.59 a 1.302 a 52.95 215.56a 1.198 a 74.23 241.26 a 0.893 b 85.36
Native 241.34 ab 1.260 a 46.41 190.29 a U43 a 80.37 210.85 a U88 a 78.26
Exotic 211.87 b 1.302 a 48.83 203.77 a 1.253 a 71.53 225.42 a 1.250 a 74.23

10-20 cm Control 192.16a 1.070 a 49.45 173.77 a 0.908 a 68.15 175.45 a 0.838 a 91.43
Native 183.26 a 1.025 a 55.24 154.04 a 0.906 a 74.63 206.39 a 0.884 a 91.45
Exotic 168.10 a 0.974 a 47.12 185.71a 0.770 a 70.74 197.47 a 0.868 a 87.42

Note: Within a given date and depth, means followed by different letters are significantly different from one another
(p < 0.05 except where noted t p <0.10).
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Table 4. Mass, atom percent 15N (At%15N), standing stock nitrogen (SSN), and standing stock 15N (SS15N)
of aboveground tissues from plants grown in experimental cores.

Day 15 Day 45

Earthworm Mass SSN SSI5N Mass SSN SS15N
Treatment (glind.) %N t At%15N (mglind.) (mglind.) (glind.) %N At%15N (mglind.) (mglind.)t

Control 0.142 a 1.709 a 4.356 a 2.488 a 0.111 a 1.242 a 1.168 a 2.266 a 14.508 a 0.300 a
(s.c.) 0.039 0.099 0.398 0.762 0.037 0.460 0.122 0.293 5.267 0.110

Native 0.158 a 1.840 ab 3.016 b 3.224 a 0.103 a 0.356 b 1.326 a 1.925 a 4.579b 0.095 b
(s.c.) 0.051 0.208 0.701 1.335 0.049 0.137 0.164 0.259 1.721 0.041

Exotic 0.088 a 2.137 b 3.922 ab 1.922 a 0.079 a 0.954 a 1.298 a 1.646 a 11.757 a 0.194 a
(s.e.) 0.017 0.170 0.304 0.427 0.022 0.187 0.098 0.036 1.617 0.028

Note: Means in the same column followed by different letters are significantly different from one another (p < 0.05, except where noted t p < 0.10).
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ABSTRACT

The emergence phenology and feeding ecology of annual cicadas in tallgrass

prairie is poorly documented. However, these large insects are abundant, and their

annual emergence represents a potentially important flux ofenergy and nutrients from

belowground to aboveground. We conducted a study at Konza Prairie Research Natural

Area in eastern Kansas to characterize and quantify cicada emergence and associated

energy and nutrient fluxes. We established emergence trap transects in three habitat

types (upland prairie, lowland prairie, and riparian forest), and collected cicadas every

three days from May to September. A subset of trapped cicadas was used for species

and sex-specific mass, nutrient and stable isotopic analyses. Five species were trapped

during the study, ofwhich three were dominant. Cicadetta calliope and Tibicen aurifera

exhibited significantly higher emergence production in upland prairie than in lowland

prairie, and were not captured in forested sites at all. Tibicen dorsata emerged from all

three habitat types, and though not significant, showed a trend of greater abundance in

lowland grasslands. Two less abundant species, Tibicen pruinosa and Tibicen lyricen,

emerged exclusively from forested habitats. Nitrogen fluxes associated with total cicada

emergence were estimated to be -4 kg N ha-1yr-1 in both grassland habitats, and 1.01 kg

N ha-1yr-1 in forested sites. Results of stable isotope analyses showed clear patterns of

resource partitioning among dominant cicada species emerging from grassland sites. I.

aurifera and C. calliope had 0 13C and 0 l~ signatures indicative of feeding on shallowly

rooted C
4

plants such as the warm-season grasses dominant in tallgrass prairie

ecosystems, whereas 1. dorsata signatures suggested preferential feeding on more deeply

rooted C3 plants.
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INTRODUCTION

The basic ecology ofannually emerging cicada species in North American

grasslands is poorly known. This is primarily because cicadas are not considered to be

agricultural pests, with the exception ofoccasional damage to fruit trees by the

oviposition activity ofperiodical cicadas (Miller and Crowley 1998). Indeed, there is

little evidence that belowground feeding by cicadas on the roots of their host plants has

any negative effect on plant performance (e.g. White and Sedcole 1993).

Most research on cicadas in tallgrass prairie to date has focused on nymphal

stages in the life cycle. Several studies have documented nymphal responses to various

disturbances such as fire, mowing (grazing), or nutrient addition (Seastedt 1984; Seastedt

et al. 1988; Todd et al. 1992). However, these studies focused on responses of the whole

soil invertebrate community, and not on cicadas specifically, and none examined

responses at levels of taxonomic resolution below that of family. Nevertheless, several

cicada species emerge annually from tallgrass prairie soils, and emergence patterns and

feeding ecology ofdifferent species are poorly understood.

Annual cicadas are abundant in tallgrass prairie, and their emergence represents a

movement ofC-stored energy and nutrients (such as N) from belowground to

aboveground pools. In fact, the emergence of soil dwelling insects such as cicadas is one

of the few non-gaseous fluxes ofN from belowground to aboveground pools. This

movement ofN is of particular interest in tallgrass prairie ecosystems, because N
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availability is a principal determinant ofaboveground net primary production (Blair

1997; Knapp et aI. 1998).

Examination of stable isotopic signatures (specifically Ol3C and olSN) is a well

established method for studying the feeding ecology oforganisms, but has only recently

been used to study the feeding ecology ofbelowground organisms (Martin et aI. 1992;

Neilson et aI. 1998; Schmidt et aI. 1997, 1999; Hendrix et aI. 1999). This technique is

made possible by virtue of naturally occurring variation in the isotopic composition of

organic material arising from biological, chemical, and physical processes. A classic

example of isotopic discrimination is the difference in Ol3C signatures ofplants utilizing

C3 vs. C4 photosynthetic pathways. C4 plants discriminate less against l3C atoms during

photosynthesis and therefore have less depleted signatures than do C3 plants (o l3C ~-

120/00 vs. ol3C ~ -26%0, respectively). Thus, by examining the Ol3C of the consumer of

interest it is often possible to identify sources of organic C (e.g. DeNiro and Epstein

1978, Gearing 1991). In the case of Ol~, it is sometimes possible to determine the

trophic status of an organism in a given food web because of increasing l~ enrichment

of tissues with each increase in trophic level (Deniro and Epstien 1981).

Among soil invertebrates, cicadas present a unique opportunity to utilize stable isotopic

techniques because they feed exclusively on the xylem sap of their perennial host plants

(Cheung and Marshall 1973), sometimes feeding on a single root for their entire life-span

belowground (Beamer 1928). We hypothesized that xylem sap would contain C derived

only from the host plant, and N derived exclusively from soil pools (for non-legumes)

and from plant-storage pools early in the growing season. Therefore, it should be

possible to detect what types ofplants (e.g. those utilizing C3 vs. C4 photosynthetic
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pathways) different cicada species are feeding upon. Because cicadas have relatively

long life-cycles (the shortest known cicada life-cycle is four years), their tissues may be

considered a composite sample ofthe sometimes variable isotopic composition of xylem

fluid components, although rates of turnover (and fractionations/discriminations

associated with metabolism) ofC and N in body tissues are unknown for these insects.

We used emergence trapping of cicadas and analysi s of mass, nutrient content,

and stable isotopic composition ofcicada tissues to address the objectives of this study,

which were 1) to characterize and quantify emergence patterns for all species of annually

emerging cicadas in upland prairie, lowland prairie, and riparian forest habitats in a

tallgrass prairie ecosystem; 2) to quantify energy and nutrient (specifically N) fluxes

associated with the emergence of cicadas in each habitat type; and 3) to examine the

feeding ecology ofcicadas in this ecosystem.

MATERIALS AND METHODS

Site Description

This study was conducted at the Konza Prairie Research Natural Area (KPRNA),

a research site operated by the Division ofBiology at Kansas State University (KSU).

KPRNA is located in the Flint Hills physiographic region, a narrow (50-200 kIn) band of

tallgrass prairie extending from extreme southeast Nebraska to northeast Oklahoma.

Principle research foci at this Long-Term Ecological Research site include population,

community, and ecosystem responses to various disturbances such as fire and grazing

(Knapp et a1. 1998). For this study, we used a KPRNA management unit in the lower

Kings Creek drainage that was burned annually for 14 years (except 1987). Grassland
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vegetation at the site is characteristic oftallgrass prairie and is dominated by the warm

season C4 tallgrasses big bluestem (Andropogon gerardii Vitman), little bluestem (A.

scoparius Michx.), and indian grass (Sorghastrum nutans (L.) Nash). Additionally,

numerous species of sub-dominant C) grasses, sedges, and forbs occur within the matrix

of warm-season grasses (Freeman 1998). Woodland vegetation in the tallgrass prairie

landscape occurs as thin riparian strips in lowland areas, dominated by bur oak (Quercus

macrocarpa Michx.), chinkapin oak (!l muhlenbergii Engelm.), American elm Ql]mus

americana L.), and hackberry (Celtis occidentalis L.). For a full description ofvegetation

at KPRNA, see Freeman (1998).

Field Methods

Cicadas were sampled by emergence trapping throughout the growing season of

1998. Emergence traps consisted of metal mesh (3.2 mm aperture) cylinders with a

basal area of 2500 cm2. Trap transects were established in mid-May 1998 on each of

three topographic positions at the study site: upland prairie (elevation ~ 390 In, relatively

shallow soil, relatively low primary production); lowland prairie (elevation ~ 340 In,

deeper soils, higher primary production); and riparian forest (elevation ~ 330 m, deepest

soil, forest vegetation). The management unit utilized in this study consisted of three

separate watersheds, and three transects were randomly located (in upland, lowland, and

forested habitats) within each of these watersheds for a total of9 independent transects.

Transects consisted of 8 or 10 traps in a line spaced 5-10 m apart at randomly selected

locations within each topographic position. Emergent adult cicadas and nymphal exuviae

were collected from traps every 2-4 days during the entire 1998 growing season (May-
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Sept.). Voucher specimens of all cicada species collected during the study were

deposited in the KSU Museum ofEntomological and Prairie Arthropod Research.

To examine potential relationships between vegetation and cicada emergence

patterns, plant species composition was detennined inside each trap on a single date at

the end of the growing season (late Sept.). Additionally, aerial cover was estimated for

each plant species occurring in the traps using a cover class method modified from

Daubenmire (1968).

Laboratory Methods

All cicadas were identified to species and sexed. Sex-specific dry mass (DM) and

ash-free dry mass (AFDM) were detennined from a subset of male and female

individuals (n = 5-12 for each sex) of each species. Dry mass was detennined by drying

individual cicadas at 55°C for four days, and AFDM was determined byashing

individuals at 500°C for 4 hours. Sex-specific AFDM values were applied to all

emerging individuals to estimate emergence production (g AFDM m-
2

) by topographic

position. When possible, exuviae ofemerged individuals were collected from traps and

DM and AFDM were determined. Species-specific AFDM values for exuviae were

included in estimates of emergence production.

Another subset of individuals from each sex ofeach species (n = 5) was analyzed

for N and C content. Individual cicadas were freeze-dried under high vacuum for >72

hours prior to grinding with mortar and pestle. Subsamples ofground cicada tissue were

then weighed into tin capsules, and tissue N and C content were detennined by

combustion (Car)o-Erba C/N NA 1500). Average sex- and species-specific dry mass
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values were multiplied by average %N to estimate N flux (kg N ha-1
) for each species by

topographic position. As with emergence production estimates, exuviae were also

collected and analyzed for %N and %C, and these were included in total flux estimates.

Stable isotopic content of cicada tissues was determined on additional subsamples

of freeze-dried individuals (n = 5 for each sex of each species) by continuous flow

isotope ratio mass spectrometry (Finnegan delta-C), after sample gas preparation by

combustion. Reference materials for isotopic analysis were acetanelide (0 13C = -30.30 %0

relative to PeeDee belemnite (PDB) and Ol~ = -2.80 %0 relative to atmospheric N) and

bovine liver (013C =-21.55 %0 relative to PDB and Ol~ = 7.44 %0 relative to atmospheric

N).

Statistical Analyses

All emergence data were analyzed with analysis of variance (ANOVA)

procedures (SAS institute, Cary NC). For these analyses, emergence values for

individual traps were averaged over an entire trap array and that average was used in

ANOVA analyses (thus, n = 3 for each ofthe 3 landscape positions). We used Duncan's

Least Significant Difference means separation procedure to identify statistically

significant differences in mean emergence values for each species from each of the

landscape positions. Because of the low number of replications and the high variability

inherent in this type of field sampling, we tested for significance at a = 0.10.

To assess potential relationships between plant species composition and cicada

emergence, cover values for each individual plant species were regressed against cicada

emergence values for each trap. Additionally, relationships between plant community
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composition and cicada emergence patterns were examined by comparing plant

communities at different sites (both within and across landscape positions) and relating

average cicada emergence at each site to plant community at each site. We analyzed the

influence of plant community on cicada emergence by selecting the sites with the highest

cicada emergence densities for each species (i.e. upland site 2 for T. aurifera and C.

calliope, lowland site 1 for T. dorsat~ and forest site 1 for T. pruinosa), and calculating

percent similarity of vegetation at all other transect sites relative to the sites with highest

cicada density. Percent similarity was calculated as: PS = 1 - (L IPi - ~ II 2)

where Pi is the proportional average abundance (as percent cover) of species i at site 1,

and mis the proportional average abundance (as percent cover) of species i at site 2

(Brower et al. 1998). Average cicada emergence density for each site was then regressed

against the range of similarity values relating all other sites to those with the highest

cicada densities.

Tissue N data were analyzed with ANaVA (SAS Institute, Cary NC) procedures

and Duncan's least significant difference means separation procedure (a = 0.05) was

used for comparisons between species. Similarly, o13e and Ol~ data were analyzed for

differences among species with ANaVA procedures (a = 0.05) and Duncan's Least

Significant Difference means separation method.

RESULTS

Cicada Species Composition and Emergence Patterns

Five species of annual cicada were trapped in 1998 (Fig. 1). Cicadetta calliope

and Tibicen aurifera were trapped only in grassland habitats, whereas T. pruinosa (along
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with a single specimen ofT. lyricen) were trapped only in forested sites (Table 1).

Tibicen dorsata was trapped in both grassland and forested sites (Table 1). Cicadetta

calliope was first to emerge (23 June) and had significantly (p < 0.05) higher emergence

production in upland sites than in lowland sites (Table 1). The C. calliope emergence

lasted only 12 days, with -45% of individuals emerging on the first day (Fig. 2). Males

and females ofC. calliope emerged in roughly equal numbers throughout the emergence

period (Fig. 2). Tibicen pruinosa began emerging on 18 July, and T. aurifera and T.

dorsata began emerging on 2 August (Fig. 1). Tibicen aurifera had significantly higher

emergence production in upland sites than in lowland sites (p < 0.10), while T. dorsata

exhibited a trend of higher emergence production in lowland prairie than in the other two

landscape positions (Table 1). The emergence ofT. aurifera lasted for 41 days and was

slightly protandric as only males emerged (in relatively low numbers) for the first 20

days, followed by a peak of male emergence on the 30th day (Fig. 2). Females ofT.

aurifera began to emerge on the 20th day of the overall emergence with peak emergence

-10 days later than the peak of male emergence (Fig. 2). Emergence of T. dorsata

spanned 38 days with a large proportion (>60%) ofthe total number of females emerging

during the first 12 days (Fig. 2). Male emergence was more protracted for T. dorsata

with relatively high numbers (compared to female T. dorsata) emerging over the first 25

days (Fig. 2).

Influence ofPlant Community on Cicada Emergence

Regressions between cicada emergence and percent cover of individual plant

species revealed no significant relationships between the cover ofany single plant species

65

Callaham Jr., M. A. 2000.pdf Ph. D. Dissertation, Kansas State University, Manhattan. 1-145.



and emergence for any species of cicada, suggesting that within a habitat type (grassland

or forest), cicadas are generalist feeders. However, plant community analyses revealed

significant relationships between plant communities and emergence ofcicadas (Table 2).

Cicadetta calliope emergence was significantly related to similarity values comparing the

plant community at the second upland prairie site to all other sites (column UP2 in Table

2). Tibicen aurifera emergence was also significantly related to plant community at UP2

(Table 2). There were no significant relationships between plant community and T.

dorsata emergence. Tibicen pruinosa emergence patterns were related to plant

community similarity values of other sampling sites to the vegetation at the first forested

site (column RFI in Table 2).

Mass andNutrient Analyses

Mass and tissue chemistry analyses for the three dominant species are

summarized in Table 3. There were large differences in the size of cicada species

collected over the course of the study with dry mass for individuals (including exuviae)

ranging from> 1.1 g for females ofT. dorsata to < 0.03 g for males ofe. calliope (Table

3). Dry mass values for T. pruinosa and T. lyricen were intermediate to T. dorsata and T.

aurifera (data not shown). Average %N for all male and female cicadas, regardless of

species, revealed a significantly (p < 0.05) higher %N for males (Table 3). However,

total mass ofN per individual was always greater for females, because of their greater

individual mass. Between species, average %N was greatest for T. aurifera and least for

T. dorsata. Average %C was significantly higher for T. dorsata than the other two

species. Within species, females always had significantly higher %C than males (Table
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3). T. pruinosa and T. lyricen were not included in tissue chemistry analyses, because not

enough individuals were collected to perfonn both AFDM and nutrient analyses.

Estimates of landscape level fluxes ofN showed patterns closely related to

AFDM for the different landscape positions (Table 1). Total fluxes were not different

between upland and lowland prairie sites because ofapproximately equal contributions of

different species in each landscape position. Fluxes ofN from grassland sites were

significantly larger than from forested sites (Table 1).

Stable isotope analyses

Stable isotope analyses indicated that two species of cicada (k calliope and T.

aurifera) fed on C4 plants, with 013C signatures averaging -11.25%0 and -10.15%0,

respectively (Fig. 3). In contrast, individuals ofT. dorsata had average 013C signatures of

-25.17%0, indicative of feeding on C3 plants (Fig. 3). We also analyzed tissues from

individuals ofMagicicada cassini, a species of 17-year periodical cicada, which also

emerged from the forested sites in 1998 (Whiles et aI., in review). We included

periodical cicada tissues as a reference for other cicada species, because M. cassini is

known to be a tree feeding species (White and Strehl 1978) and should therefore (at our

site) invariably have a C3 type Ol3C signature. Magicicada cassini tissues did reflect C3

feeding with values averaging -25.09%0 (Fig. 3). Tibicen pruinosa and T. lyricen were

not included in this analysis because an insufficient number of specimens was collected

in emergence traps.

Nitrogen isotope analysis revealed similar patterns of separation to the 013C

analysis with respect to cicada species. The two C4 feeding species had significantly less
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enriched Ol~ signatures than did the two C3 feeding species (Fig. 3) (average Ol~ of

0.06%0 and -0.63%0 for C. calliope and 1. aurifer~ respectively and +4.07%0 and +3.75%0

for 1. dorsata and M. cassini, respectively).

DISCUSSION

Cicada Emergence Patterns

The cicada emergence patterns observed in this study provide evidence that

various factors influence the distribution and abundance ofdifferent cicada species in the

tallgrass prairie landscape. The most obvious difference between species collected

during the study were differences in timing of emergence (Fig. 1). Cicadetta calliope

emerged first, in late June, followed closely by 1. pruinog, while 1. aurifera and 1.

dorsata emerged simultaneously in early August (Fig. 1). There were differences in

emergence patterns with respect to topographic position as well. For example, two

species, C. calliope and 1. aurifer~were more likely to emerge from upland prairie than

from lowland prairie, and were not observed to emerge from forested soils at all (Table

1). In contrast, 1. pruinosa and 1. lyricen emerged exclusively from forested habitats

(Table 1). Thus, to some degree, the composition of the belowground invertebrate

community in the tallgrass prairie landscape appears to be determined by the type of

vegetation present. However, plant community composition is highly dependent upon

factors such as topographic position, water availability, and disturbance regime (Collins

and Steinauer 1998; Hartnett and Fay 1998), all ofwhich can also influence the

composition ofbelowground invertebrate assemblages (Seastedt et al. 1988; Todd 1996;

Blair et al. in press; Callaham and Blair in press). Therefore, the total makeup of the

68

Callaham Jr., M. A. 2000.pdf Ph. D. Dissertation, Kansas State University, Manhattan. 1-145.



belowground invertebrate community is likely the result of complex interactions between

biotic and abiotic forces acting simultaneously.

Various factors may be responsible for the higher emergence production observed

for C. calliope and T. aurifera in upland sites (Table 1). We originally hypothesized that

cicada abundance would be correlated with some single plant species that cicadas

preferred for a host, but found no such correlation for any individual plant species. We

then examined relationships between plant community compositions and cicada

emergence patterns, and found some relationships that were statistically significant

(Table 2), but it was difficult, with similarity index values, to identify what characteristics

of the plant community were responsible for the observed relationships. For the purposes

of this study, similarity values (Table 2) were viewed as a continuum ofdecreasing

vegetation similarity of other sites relative to the site where cicada emergence was

highest (for each species of cicada collected). This approach assumed that the plant

community at a site with high cicada densities was in some way responsible for the high

cicada densities. We interpreted decreased similarity ofvegetation at other sites to be

indicative of a departure from the floristic conditions that maximized cicada density

(table 2). However, percent similarity values of 0.50 or greater are sometimes interpreted

as indicative ofgeneral similarity between communities (e.g. Odum 1950). In this case,

five of the six grassland sites in our study could be considered floristically similar to one

another (Table 2), and as such, differences in cicada emergence between sites would be

best explained by variables other than plant community composition. Therefore, as

differences in plant community parameters may explain some of the differences in cicada

emergence, it is important to note that there are many other differences between upland
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and lowland grassland habitats that may be responsible (in whole or in part) for the

patterns (both for cicadas and plants) that we observed. For example, cenain cicada

species may have a preference for the soil type most frequently found in upland sites at

KPRNA, which has considerably lower clay content in topsoil (-28% clay in uplands vs.

- 42% clay in lowlands, for 0-20 cm depth) (Ransom et a1. 1998). Other topography

related factors that could potentially influence cicada emergence patterns include

differences in soil depth (shallower in uplands), soil moisture (dryer in uplands), and

aboveground plant productivity (lower in uplands, although differences in belowground

plant productivity and/or biomass with topographic position has not been measured at

KPRNA) (Knapp et al. 1998). Again, we suspect that given significant differences in

emergence production ofcicadas with topography, and significant relationships between

plant community and cicada emergence, the real mechanisms which dictate cicada

distributions in this landscape are likely an admixture of biotic and abiotic factors.

Nutrient fluxes

Nitrogen fluxes associated with cicada emergence represent a significant flux of

this limiting nutrient in tallgrass prairie. Annual inputs of inorganic N via bulk

precipitation for KPRNA vary between 6 and 12 kg N ha01yr-1 and total inputs ofN

(including N
2

fixation and organic N in precipitation) have been estimated to range from

11 to 25 kg N ha01yr-1 (Blair et a1. 1998). Thus, cicada emergence (-4 kg N ha-1yr-l,

Table 1) represents a redistribution ofa significant fraction of that total in grassland sites.

It is likely that N leaving soil pools by way of cicada emergence returns fairly quickly to

soil pools via decomposers or detritivores. However, an unknown portion ofcicada
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tissue N passes through at least one additional aboveground trophic level, as they are

frequently preyed upon by vertebrates (Krohne et al. 1991; Steward et al. 1988) as well as

invertebrates such as spiders, sphecid wasps, and ants (personal observations).

Estimated nutrient fluxes from forested habitats as annual cicada tissue were

about 25% ofthose estimated for grassland habitats (Table 1). However, the estimate for

N flux from forested sites is probably conservative, as observations in the field suggested

that our sampling strategy was inappropriate for tree feeding species. Our traps were

placed randomly along the forest floor, but we suspect that T. pruinosa and T. Iyricen

emergence patterns are non-random, perhaps concentrating near the bases of large trees.

Further (and more intensive) sampling may provide better estimates ofactual energy and

nutrient fluxes associated with these woodland species. Another important flux from

forested habitats in cicada tissues occurs during mass emergence of the periodical cicada

Magicicada cassini. This species also emerged from forested sites at KPRNA during the

summer of 1998, and (when projected over 17 years) flux ofN and C associated with

periodical cicadas adds -0.37 kg N ha1yr-land -0.37 g C m-
2
yr-

1
(AFDM) to our

estimates for forested sites (Whiles et al. in press).

Feeding Ecology

Stable isotopic signatures ofcicada tissues provide further evidence for resource

partitioning among cicada species in tallgrass prairie. Cicadas with 0
13

C signatures

similar to those ofC4 plants are likely feeding on the roots of the warm-season C4 grasses

dominant in this ecosystem. Interestingly, the two cicada species with C4 type o13
C

signatures (c. calliope and
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T. aurifera) emerge at different times during the growing season (Fig. I), suggesting

resource partitioning in time. One resource for which these two grass-feeding cicadas

may compete is suitable oviposition sites. This type of resource partitioning has been

observed in periodical cicadas by White (1980) as different species of 17-year cicadas

utilize different tree species for oviposition. In the case ofannual grassland cicadas, C.

calliope emerges early in the growing season (Fig. 1), and may oviposit in the flowering

stalks of early developing grasses such as side oats grama mouteloua curtipendula

(Michx.», blue grama m. gracilis (H.B.K.» or switch grass (panicum virgatum L.),

whereas T. aurifera may utilize the flowering stalks ofgrasses such as Indian grass

(Sorghastrum nutans) or big bluestem (Andropogon gerardii) which are abundant during

the time ofT. aurifera emergence. Thus, the separation of the two species in time may be

related to differences in the phenology oftheir host plants, although further research is

needed to confirm the existence of such a phenomenon. On the other hand, T. dorsata

had signatures which suggest that it feeds on deeply rooted C3 forbs or woody vegetation

(Fig. 3). Interestingly, T. dorsata maintained its C3 type signature even when collected in

plots with high cover values for warm season grasses, suggesting that feeding on C3 forb

roots may be an obligate condition for T. dorsata. Thus, as two species with the same

food resource (c. calliope and T. aurifera) emerge at different times during the growing

season, it is notable that the two species that emerge simultaneously (T. aurifera and T.

dorsata) utilize different food resources.

Results of the Ol~ analysis provide further insight into the feeding ecology ofgrassland

cicadas. The relatively enriched signatures ofT. dorsata (Fig. 3) may suggest feeding on

more deeply rooted plants. Several studies have reported Ol~ enrichment ofbulk soil
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with depth, particularly in undisturbed natural ecosystems (e.g. Nadelhoffer and Fry

1988, Gebauer and Schulze 1991, Hendrix et al. 1999). Previous investigations at

KPRNA have found that Ol~ signatures of the soil profile at several locations (including

annually burned prairie and riparian forest) exhibit this trend of increasing enrichment

with depth (p.F. Hendrix, unpublished data). Still, interpretation OfOI~ signatures in

cicada tissues requires caution, because ofpotential variability in soil Ol~ patterns at the

landscape level (Sutherland et al. 1993), and indeed within the tissues ofa single plant

(Handley and Raven 1997; Handley and Scrimgeour 1997). Because of complex nutrient

transfonnations within the plant, and associated fractionations and discriminations, the

015N values oforganic N in the xylem sap of plants may not simply be a reflection of the

Ol~ values of soil pools. As such, several alternative explanations exist for the

differences observed in Ol~ of cicada tissues in this study. These include differences in

the degree of mycorrhizal dependence (cf Handley et al. 1993) ofC3 and C4 plants in

tallgrass prairie, differences in N storage patterns of C3 and C4 plants, or (completely

independent of plants) differences in the metabolisms ofC3 and C4 feeding cicadas.

Regardless of the mechanism responsible for differences in Ol~ values ofcicada

species, it is important to note that these differences are not indicative of the trophic level

at which cicadas feed.

CONCLUSIONS

Five species of annual cicadas emerged from an annually burned landscape at

KPRNA during the growing season of 1998. Cicada emergence resulted in the

redistribution ofapproximately 4 kg N ha-
I

in grassland habitats, and represents a
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significant flux ofN from belowground to aboveground pools. Cicadas appear to be

partitioning resources in time and in space, and stable isotopic evidence suggests that

cicadas partition food resources with some species specializing on C4 grasses while

others are C3 forb or tree feeders. Continued emergence trap sampling, coupled with

thorough sampling of soils and plants, is likely to provide further information on the

basic biology and feeding ecology ofcicadas in the future.
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Table 1. Cicada emergence production (g AFDM m-2yr-J) and

nitrogen flux (kg N ha-Jyr-J) from three habitats in the tallgrass

prairie landscape.

Upland Lowland Riparian
Prairie Prairie Forest

AFDM

C. calliope 0.25 a 0.06b O.OOb

T pruinosat O.OOb O.OOb 0.57 a

T dorsata 1.27 a 2.25 a 0.06 a

T aurifera 2.17 a 1.01b O.OOb

Total 3.69 3.32 0.63

Nflux

C. calliopet 0.26 a 0.07b 0.00 c

T pruinosat 0.00 b O.OOb 0.70 a

T dorsata 1.38 ab 2.77 a 0.31 b

T aurifera 2.62 a 1.23 b O.OOb

Total 4.26 4.07 1.01

Note: Values in a row followed by different letters are significantly
different from one another (Duncan's LSD a. =0.10, except rows
where indicated, t a. =0.05). Nitrogen flux for T. pruinosa was estimated
by using average %N ofother species along with OM measurements for
T pruinosa.
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Table 2. Cicada emergence densities and percent similarity of plant communities.

Each column in the plant community similarity portion of the table has similarity

values relating plant communities from all other sites to a site with maximum cicada

density for one species (e.g. UP2 for T. aurifera and C. calliope). Also shown are

adjusted rz and p-values for regressions of cicada emergence and each column of

similarity values. Regressions that were significant at p < 0.01 are shown in bold print.

Cicada emergence Plant Community Similarity
(ind m-2

) (percent Sjmjlarinu
Site Cc Ta Td Tp up2 LPI REI
UP 1 3.0 4.4 1.1 0.0 0.689 0.666 0.052
UP2 11.5 15 1.0 0.0 1.000 0.678 0.032
UP3 5.0 11.5 1.5 0.0 0.649 0.492 0.023
LP 1 3.5 5.0 4.5 0.0 0.678 1.000 0.026
LP2 1.5 6.5 1.5 0.0 0.747 0.700 0.050

LP3 0.5 6.0 2.5 0.0 0.233 0.118 0.014

RF 1 0.0 0.0 0.4 1.6 0.032 0.026 1.000

RF2 0.0 0.0 0.5 0.5 0.073 0.050 0.440

RF3 0.0 0.0 0.0 1.0 0.052 0.026 0.490

C. calliope rz 0.620

? 0.007

T. aurifera 0.662
p 0.005

T. dorsata r2 0.338

P2
0.059

T pruinosa r 0.962

p 0.000

Note: For site, UP = upland prairie sites, LP =lowland prairie sites, .
RF = riparian forest sites. For cicada emergence, Cc. =: Clcadetta callIOpe,
Ta = Tibicen aurifera, Td = Tibicen dorsa/a, Tp = Tiblcen prumosa
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Table 3. Tissue chemistry for males, females, and exuviae ofthe three dominant species

ofgrassland cicadas on KPRNA. Dry mass and AFDM values are means per individual.

Tissue chemistry values are means (n = 10 for species n = 5 for sexes).

Species dey mass (g) AFPM(g) %N %C CIN
C calliope 0.0355 0.0337 10.73 ab 52.90 b 5.01 ab

male 0.0255 0.0238 11.60 51.59 4.50

female 0.0455 0.0435 9.87 54.21 5.52

exuvIae 0.0055 0.0038 5.96 29.32 4.92

T. OIlrifera 0.1904 0.1829 11.26 a 53.04 b 4.78 b

male 0.1750 0.1679 12.03 51.83 4.34

female 0.2058 0.1979 10.48 54.24 5.23

exuvIae 0.0595 0.0296 7.88 38.38 4.87

T. dorsata 0.9751 0.9488 10.15 b 55.50 a 5.57 a

male 0.8606 0.8366 10.36 54.18 5.26

female 1.0896 1.0610 9.93 56.82 5.88

exuviae 0.1954 0.1046 old old old

All males 0.3537 0.3428 11.33 a 52.53 b 4.70 b

All females 0.4470 0.4341 10.10 b 55.09 a 5.55 a

Note: Means followed by different letters within a column are. significantly different

from one another (Duncan's LSD, a = 0.05). old = not determmed.
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c. calliope

T. pruinosa

T. dorsata

T. aurifera

Jun Jul Aug Sep Oct

Figure 1. Emergence phenology for dominant cicada species at KPRNA during the growing season of 1998.
Note: emergence of a single specimen of T. Iyricen is included with T. pruinosa.
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Figure 2. Sex-specific emergence densities through time ofcicadas in grassland habitats
at KPRNA. Note differences in scales for each plot.
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Figure 3. 513C and 515N of cicadas collected from annually burned prairie at KPRNA during the growing season of 1998.
Note: data for M. cassini are included as reference to a known (C3) tree feeding species.
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ABSTRACT

The ecology of annual cicadas in tallgrass prairie is poorly documented. These large

insects are abundant, and their annual emergence represents an important flux of energy

and nutrients. However, factors influencing their distribution and abundance are virtually

unknown. Two important land management practices commonly employed in the Flint

Hills region of Kansas are annual burning of rangeland and mowing grassland vegetation

for hay during the growing season. In 1999, we trapped emerging cicadas in plots from a

long-tenn experimental manipulation aimed at examining effects of these land

management practices on belowground organisms and processes. The study utilized plots

managed in a factorial experimental design which incorporates annual burning, mowing,

and fertilization (100 kg N ha-l and 10 kg P ha-l
). Results showed that Cicadetta calliope

responded positively to fire, but negatively to mowing, and individuals were most

abundant in plots that were burned, unmowed, and fertilized. We suggest that this

increased abundance of cicadas is a direct response to increased availability of

oviposition sites aboveground. Furthermore, females of C. calliope showed a statistically

significant increase in overall body size in response to fertilization, with average

increases in body size of -C)O.Io relative to individuals from unfertilized plots. Another

species, Tibicen aurifera. responded negatively to fire, and was most abundant in

unburned plots. The mechanism behind this negative response to fire is unclear, but may

be related to differences in plant tissue quality belowground in unburned plots. In

contrast to C. calliope, density of T. aurifera was unaffected by mowing or fertilization,

but individual females of 1. aurifera were significantly larger in fertilized plots relative to

unfertilized. Cicada emergence resulted in N fluxes ranging from 0.05-0.16 g N m-
2

in
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unburned plots, but there were negligible N fluxes from annually burned plots with the

exception of burned, unmowed, and fertilized plots where high density of C. calliope

resulted in a flux of 0.16 g N m-2. Observed differences in cicada abundances (and

subsequent N fluxes) were clearly related to land management practices and attributable

in part to the resultant impacts of such management upon plant community composition

and structure.

Key Words: Cicadas, Macroarthropods, Fire, Insect emergence, Land management,

Nitrogen flux, Grassland

INTRODUCTION

The basic biology and ecology of annual cicadas in North American grasslands

are poorly understood, and have only recently begun to receive serious attention after a

hiatus of more than 70 years in cicada research in tallgrass prairie (Beamer 1928,

Callaham et al. In press). However, these large insects are abundant in tallgrass prairie

ecosystems, and their annual emergence represents a significant flux of energy and

nutrients from belowground to aboveground (Callaham et al. In press). Previous

investigations have shown that topographic position in the tallgrass prairie landscape can

influence the distribution and abundance of different cicada species, but the influences of

commonly employed land management practices, such as annual fire or haying, on these

insects have yet to be examined.

The Flint Hills region of eastern Kansas represents the largest contiguous tract of

relatively undisturbed taIlgrass prairie vegetation in North America. The great majority

(>95%) of land area once covered in tallgrass prairie has, in the last ISO years, been
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converted to agricultural or urban use (Sampson and Knopf 1994). The Flint Hills region

escaped large scale conversion to row-crop agriculture because of its relatively steep

topography and rocky soils, and consequently the principal land use in this region is

grazing of livestock on native prairie vegetation. A common management practice used

for maintenance of this rangeland is annual burning of detritus in the spring. Land

managers use fire as a tool because removal of grass litter from the soil surface results in

increased productivity of warm-season grasses and thus increased amounts of forage for

livestock (Knapp et al. 1998a, Knapp and Seastedt 1986). In addition to increased grass

production, annual or semi-annual burning limits the encroachment of woody vegetation

which is not suitable for grazing (Briggs et al. 1998). Another important and widespread

land use in areas not directly grazed by livestock is mowing of large areas of grass

vegetation for hay in mid-summer. Although the effects of these different land

management practices on plant community composition and aboveground primary

production are well documented (Gibson et al. 1993, Collins et al. 1998, Knapp et al.

1998a, Knapp and Seastedt 1986), the effects that such practices have on various

consumer groups, particularly those living belowground, are not well understood (Rice et

al. 1998).

Cicadas are long-lived belowground herbivores that are abundant in soils of

tallgrass prairie. Previous investigations of the effects of disturbances (burning, mowing,

etc.) on belowground invertebrates have yielded variable results. For example, Seastedt

(1984) found no differences in cicada density in plots that had been either burned

annually or left unburned for five years. However, in a later study, Seastedt et al. (1986)

Co • • f' da nymphs along with other belowground herbivores, were
lound that denSloes 0 Clca ,
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higher in burned plots relative to plots that were mowed, but that there was no statistical

difference between burned and unburned plots. It is notable that these previous studies of

cicada responses to disturbances in tallgrass prairie addressed changes in the entire

belowground invertebrate community and did not determine cicada responses at levels of

taxonomic resolution below that of family. Additionally, these studies were all

conducted with short term experimental manipulations (relative to the typical cicada life

cycle), and as a result, cicada responses to experimental treatments may not have had

time to be fully manifested. For example, fire induced changes in plant community

composition, a factor which may underlie belowground herbivore responses, result from

indirect effects of fire and accrue over long periods (Knapp et a1. 1998b, Collins and

Steinauer 1998) The shortest known cicada life cycle is four years (Borror et aI. 1989),

and it is possible that idiosyncratic, species-specific, responses of cicadas may have been

outside the purview of these studies.

Our objectives for this study were to examine the responses of cicadas (at the

species level) to long-term (10+ years) burning, mowing, fertilizer treatments. We

hypothesized that in the context of a long-term experimental manipulation, we would be

able to detect differences in the density and biomass of two common cicada species,

Tibicen aurifera and Cicadetta calliope, with respect to different land management

practices.

MATERIALS AND METHODS

Site Description and Experimental Design

This study was conducted at the Konza Prairie Biological Station (KPBS) in the

Fl
' HOII f K sas This Long-Term Ecological Research site is owned by the
tnt J s 0 eastern an .
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Nature Conservancy and operated by the Division of Biology at Kansas State University.

The climate at the site is continental with average annual precipitation of 835 mm (75%

of which falls during the growing season), and mean monthly temperatures are -4°C in

January and 27°C in July (Knapp et aI. 1998a). For this study we utilized selected plots

from the Belowground Plots Experiment, a long-term experimental manipulation that has

been underway at KPBS since 1986. The long-term objective of the Belowground Plot

Experiment has been to determine the influences of different land management practices

on belowground communities and processes (Rice et aI. 1998). Specifically, the

treatment structure of the experiment is a three-way factorial arrangement of two burning

treatments (annual Spring burning or not burned), two mowing treatments (mowed and

raked annually in early July or not mowed), and four different nutrient addition

treatments (plots with no nutrients added, plots with 10 g N m·
2

added, plots with 1 g P

m·2 added, and plots with both N and P added). Thus in the 64 total plots, there are 4

replicates for each of 16 treatment combinations arranged in a split-strip plot

experimental design structure with burning treatments applied to whole plots, mowing

applied to half of each sub-plot, and fertilization treatments applied in opposing strips

within the plots (Todd 1996). For our study, we utilized a subset of half of all possible

treatment combinations by using plots that were burned or unburned, mowed or

unmowed and fertilized with both Nand P or unfertilized.,

Field and lAb Methods

We determined densities of emerging cicadas from the experimental plots by

. . h' d It J::orm as they emerged from belowground (see Callaham et aI.
trapplOg them 10 t elr a u II
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In press and Whiles et al. In press). Traps were constructed of wire mesh (-3 mm

aperture) cylinders with a basal area of0.25 m2
. Three traps were placed in each plot and

traps were checked for cicadas every 2 or 3 days for the duration of the growing season.

We also collected the shed exuviae from emerged cicadas, and used these to verify the

total number of adults trapped during the growing season. At the end of the growing

season (mid October) when traps were disassembled, we carefully searched the

vegetation and soil surface inside the traps for any dead individuals or exuviae that may

have been missed during the summer.

Twice during the growing season, we assessed the vegetation structure in plots

where trapping occurred. Sampling dates were chosen to coincide with periods of

oviposition for the different cicada species (06 July for C. calliope and 06 October for 1.

aurijera). This sampling consisted of counting shoots of grasses and forbs in small

quadrats (10 x 20 cm) randomly located within the experimental plots. We counted

shoots in 3 quadrats for each plot on both dates. In addition to total plant shoots, we also

counted the number of grass flowering culms and forb stems in the quadrats that were

suitable sites for cicada oviposition to estimate the number of available oviposition sites

under different management conditions. Cicadas use any vegetation that fits certain size

requirements for oviposition (personal observations) and thus. for our estimates,

oviposition sites were defined as any grass flowering stalk (culm) or forb stem within the

sampling quadrat.

In order to assess the effects of fertilizer application on body size of cicadas, we

d · d· °d I ° das from l'.ertilized and control plots on a dissecting scope fittedmeasure 1D IVI ua clca II

. h lOt (C.or C cn//ionP) or manual calipers (for 1. aurifera). We usedWit an ocu ar mlCfome er II ... r-
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length of body parts as a conservative measure of size instead of individual body mass

because of concerns that females may have lost body mass (through oviposition) by the

time they were collected. We made 3 different measurements for each individual

including head width at the eyes, total body length, and forewing length. For C. calliope,

we measured 10 females from fertilized plots and compared them to 10 females collected

from similar grasslands>1 kIn off-site because too few individuals were collected from

the unfertilized experimental plots. For male C. calliope we measured 7 individuals from

fertilized plots and 4 individuals from unfertilized plots. For T. aurifera, N=7 for males

and females from both fertilized and unfertilized plots. Additionally, we selected a

subset (N=5 for each sex of C. calliope, and N=7 for each sex of T. aurifera) of male and

female individuals from fertilized and unfertilized plots and performed tissue nitrogen

analysis. Individual cicadas were freeze-dried and ground with mortar and pestle and

tissue N content was determined by coupled combustion and gas chromatography (Carlo-

Erba NA1500).

Statistical Analyses

Estimates of density (number of individuals per square meter) were calculated by

averaging emergence over the three traps in a given plot and using the plot averages in

statistical analyses (i.e. N=4 for a given experimental treatment). We tested for

differences in means by subjecting the data to mixed model analysis of variance (pROC

MIXED, SAS Institute, Cary NC) suitable for analyzing split-strip plot experimental data.

Energy and nutrient fluxes (g biomass m
o2

and g N m
o2

, respectively) were estimated by

I · I . s offinal instar nymphs collected from fertilized and unfertilizedmu tIp ymg average mas
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plots (Callaham, unpubl. data) by density and tissue N concentration of emergent

individuals ofeach species from fertilized and unfertilized plots.

We used linear regression analysis to explore relationships between plant

community structure and cicada emergence patterns. We performed regressions relating

cicada density to all of the parameters collected during the sampling described above

(grass stems, forb stems, oviposition sites, and proportion of total stems that were

oviposition sites), as well as regressions relating cicada emergence to the percent cover of

selected plant species (data from KPBS Belowground Plot Experiment data archive)

including the dominant warm-season grasses, Andropogon gerardii, Sorghastrum nutans,

Andropogon scoparius, and Panicum virgatum.

RESULTS

Cicada Densities

There were clear differences in the densities of cicadas with respect to land

management practices (Fig. 1). Furthermore, different cicada species had differential

responses to land management practices. CicadeUa calliope emerged first and was

strongly influenced by fire with higher densities in burned plots than in unburned plots

(p<O.OI). However, there was also a strong interaction between fire and mowing for this

species, such that C. calliOpe was captured in higher numbers in plots that were burned

but not mowed relative to burned plots that were mowed (p<O.OOOl). Finally, the land

ct· that maximized C calliope density was burning, absence ofmanagement pra Ice .

. d . t ddt'tion (Figure la) This effect was remarkably strong withmowmg an nutnen a .

densities of C. calliope - 4x higher in burned, unrnowed and fertilized plots than the
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treatment combination with the next highest densities (burned, unmowed, unfertilized

plots).

The response of T aurifera to different land management treatments was less

complex than that of C. calliope, but was no less pronounced (Figure 1b). T aurifera had

significantly higher densities in plots that had not been burned relative to annually burned

plots, with no individuals of T aurifera collected in traps in burned plots (Figure 1b). T

aurifera was not significantly impacted by any other land management practice in this

experiment.

Cicada Body Size and Chemistry

Because of strong effects of fire and mowing on distributions of cicadas, we were

unable to test for effects of fire and mowing on body size or tissue chemistry (i.e. there

were too few individuals collected from some treatments to perform measurements).

However, we were able to test for differences in body size and tissue chemistry in terms

of fertilizer effects. Fertilizer effects on cicada body size were most evident in females of

both species (Table 1). For C. calliope, females were significantly (p<O.OOOI) larger than

males and females collected from plots receiving nutrient additions were significantly

larger than those from unfertilized plots. This increase in size was seen in all of the body

measurements. Male C. calliope were less responsive to fertilizer additions, but still

showed indications of larger size with significantly larger wings (p<O.OI) and body

length (p<O.08). T aurifera also responded to fertilization (Table 1). Differences were

statistically significant only for females of T allrijera and were only marginally

significant (p=O.06) for head width (Table 1). Results of tissue chemistry analysis for
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cicadas collected from different fertilizer treatments revealed that individuals (both male

and female) collected from fertilized plots had lower percent N than their counterparts in

unfertilized plots (Table 2).

Energy andNitrogen Flux

Cicada emergence from belowground to above ground resulted in biomass and N

fluxes ranging from -0.5 to 1.3 g biomass m-2 and 0.05 to 0.16 g N m-2 respectively, in

unburned plots (Fig. 2). Biomass of T. aurifera was responsible for >99010 of the total N

flux from burned plots. Nitrogen fluxes from unburned plots were negligible with the

exception ofburned, unmowed and fertilized plots where C. calliope density was highest.

From these plots, the N flux from belowground to aboveground was similar to the largest

fluxes from unburned plots (-0.16 g N m-2
).

Cicada distribution andplant parameters

Analyses examining the relationships between cicada abundance and various

plant parameters showed that, of the many plant species examined, the percent cover of

the warm-season grass species Panicum virgatum was best correlated with abundance of

C. calliope in the belowground plots (data not shown). However, another parameter that

was significantly related to C. calliope density was oviposition site density. Oviposition

site density, measured as the relative density of grass flowering culms and forbs in these

plots, was significantly correlated with C. calliope density (Fig. 3). There were no

. 'fi tit' h'ps between the density of T. aurifera and any of the plantslgm Ican re a Ions I

parameters examined in this study.
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DISCUSSION

LandManagement and Cicada Density

There were profound effects of land management on the density of both cicada

species examined in this study (Fig. 1). Although both species have been demonstrated

to feed on C4 grasses (Callaham et a1. 2000), the responses of the two species with respect

to land management (which differentially affect grass cover) were divergent. The

response of C. calliope to land management treatments was marked by a strong

interaction between burning, mowing, and fertilization (Fig. la). Fortunately, there were

other biological parameters in this experiment that showed similar interactive responses

to treatment combinations, allowing a potential explanation for the C. calliope response.

Specifically, the density of grass shoots and the proportion of these shoots that were

suitable sites for oviposition (i.e. flowering stems) were greatly increased by the same

combination of treatments that maximized C. calliOpe density (Fig. 3). Simply stated,

our observations suggest that plots with low availability of oviposition sites (plots where

potential oviposition sites were mown to <5 cm) will consequently have low densities of

C. calliope. Therefore, it is not surprising that another experimental manipulation in this

study that affects flowering stem density is also an important determinant of C. calliope

density. In burned, unmowed plots that received fertilizer, the density of grass flowering

stalks was twice that of unmowed and unfertilized plots, and this increase was

accompanied by a three-fold increase in C. calliope density. However, it is important to

note that increased cicada abundance with increased oviposition site availability could

simply be the result of coincidentally increased cicada survivorship under soil conditions

which promote high oviposition site availability in the plant community.
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In contrast to C. calliope, the responses of Tibicen aurifera to land management

were dominated by a strong negative response to burning. T. aurifera was collected

exclusively from unburned plots, but the mechanism behind this response is unknown.

Possible explanations for T. aurifera responses to burning center around belowground

resource quality or aboveground vegetation structure. In a recent sampling of the

belowground plots, root standing stock biomass was observed to be lower in unburned

plots relative to burned plots. However, the tissue quality of roots (inferred from C/N)

was higher in unburned plots as CIN ratios were lower than in burned plots (0. Kitchen,

unpublished data). This increased root tissue quality in unburned plots may be related to

changes in plant community composition (Gibson et aI. 1994, Collins et al. 1998), or

increased nitrogen availability in unburned plots (Blair 1997). Another potential

explanation for the increased density of T. aurifera in unburned plots is that they are

attracted to standing dead vegetation for oviposition. Exclusion of fire from tallgrass

prairie results in the accumulation of a layer of detritus which can be up to 30 cm deep

(Knapp and Seastedt 1986). This detrital layer may provide protection for T. aurifera, or

may be selected by T. aurifera because of a low probability that it will be eaten by

grazers (as senescent vegetation is oflower nutritional quality than fresh forage). Finally,

exclusion of fire also results in a greater abundance of forb vegetation, and T. aurifera

has been observed to oviposit into the stems of forbs as well as grass flowering stalks

(Whiles and Callaham, personal observations). Thus, T. aurifera's preference for

unburned plots may be explained in part by availability offorb stems.
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Body size and tissue chemistry

In addition to the increase in density of C. calliope in fertilized plots, there was

also a significant difference in the body size of individuals collected from these plots

(Table 1). Furthermore, even though there was no influence of fertilization on density of

T aurifera, this species also responded to fertilization with larger females emerging from

fertilized plots. Presumably, this increase in body size is directly related to the increased

quality (and/or quantity) of plant resources available for cicada consumption in fertilized

plots. Whatever the direct cause of larger body size in cicadas from fertilized plots, the

likely result is increased fecundity ofthese larger individuals relative to their counterparts

from unfertilized plots. Increased fecundity with larger body sized has been

demonstrated for several arthropod taxa (e.g. Hogue and Hawkins 1991, Siansky and

Scriber 1985, Sweeny and Vannote 1981).

Results from cicada tissue analysis revealed the interesting pattern of higher N

content (as percent of dry mass) in cicadas from unfertilized plots. The mechanism

behind this phenomenon is unclear, but may be related to several factors. One potential

explanation is that cicadas grown in plots with relatively high N availability were able to

put more effort into energy storage, and because these carbon rich storage molecules

made up more oftheir total body weight, the CIN ratio of their tissues was increased. Fat

content has been shown to increase with body size in digger wasps (Strohm 2000), and it

. I'k I h hi I t' hl'p exists in cicadas also. Another possible explanation forIS 1 e y t at t S re a Ions

h
· hI' N t t l'n cicadas from unfertilized plots is that plant species
Ig er re atIVe con en

.. . fi '1' ed I t as responsive to such a degree that differences in plant
compOSItIon 10 ertl IZ P 0 s w
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tissue composition (and limitation of c)'cada fc ed'e mg options) were responsible for

differences in cicada tissue chemistry.

Nitrogen flux

Results of this study show that in unburned, unfertilized plots the emergence of

cicadas represents a significant flux of N from belowground to aboveground (Fig. 2).

This is primarily due to the emergence of T. aurifera from unburned, unfertilized plots.

T. aurifera is a large bodied cicada (-4x the size of C. calliope), and as such has a much

larger per capita impact on nutrient flux. Cicada emergence from unburned plots resulted

in fluxes of 0.05-0.16 g N m-2 which is equivalent to -10% of the total annual input ofN

via precipitation in these systems (Blair et aI. 1998). The magnitude ofN flux associated

with cicada emergence is comparable to other system-level N fluxes, including

hydrologic export and gaseous N fluxes (Blair et aI. 1998), though the fate of this cicada

biomass N is uncertain. The only burned plot that exhibited significant flux of N in

cicada biomass was the burned, unmowed and fertilized plots. The fact that these plots

received fertilizer at a rate of 10 g N m-2 makes the flux in cicada biomass negligible

(-1.5%). The cicada mediated fluxes ofN from the burned plots in this experiment were

similar to those observed for T. aurifera and C. calliope in lowland prairie by Callaham

et aI. (2000) in a landscape level study.

A Conceptual Model

The results of this plot level study led us to consider possible manifestations of

the observed cicada density and distribution phenomena at the landscape level. For
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example, what is the adaptive significance of preferential use of unburned vegetation in a

landscape characterized by periodic occurrence of fire (as is the case with T. aurifera)?

However, fire is not the only important force shaping tallgrass prairie vegetation.

Grazing activity has been demonstrated to be instrumental in the mediation of plant

species diversity (Collins et al. 1999), and bison have been dubbed a keystone species

because of their importance in this process (Knapp et aI. 1999). Grazing activity of large

ungulates (by American bison) is considered to have been important in the historical

development and maintenance of the tallgrass prairie biome, and large ungulate grazing

(domestic cattle) continues to have significant impact on this ecosystem in the present

(Briggs et aI. 1998). In fact, grazers and fire interact with one another to generate a

vegetation mosaic of burned and unburned patches across the landscape at multiple scales

(ranging from 10-1000 m), and this mosaic may be influential in the distribution of

cicadas over such scales (for illustration see Fig. 1 of Knapp et al. 1998). Here, we

propose a conceptual model that takes into account the interactive effects of fire and

grazing on vegetation characteristics in tallgrass prairie, and superimposes these

characteristics on the empirical observations for cicada distributions from this study (Fig.

4). This conceptual model suggests that cicada oviposition behavior is determined by the

vegetation mosaic imposed by fire and grazing. Potential mechanisms behind T aunfera

selecting standing dead vegetation include the decreased likelihood of egg mortality

resulting from consumption by ungulates, as grazers frequently avoid unburned areas in

favor of recently burned forage. If T aurifera does exhibit some preference for

. . . . st dOng dead vegetation (as observed in this study, Fig. lb), then
oViposition In an I

oviposition would likely occur in unburned patches in the landscape. In subsequent
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years, however, unburned/ungrazed patches from previous years will have higher fuel

loads and will have a higher probability of burning in the next fire event (G. Hoch,

unpublished data). It is therefore likely that grazers will preferentially switch from

burned patch to burned patch from year to year. In contrast to T. aurifera, C. calliope

preferentially oviposits in areas that have been recently burned (Fig 1a), and in the

context of the landscape mosaic of burned and unburned areas will, in any given year,

oviposit in areas not utilized by T. aurifera. This differential use of burned and unburned

areas in the landscape amounts to spatial and temporal resource partitioning between the

two species, and our model predicts that the likelihood is low that first instar nymphs of

both species will hatch into the same soil volume in the same year. Thus, our model

predicts that the interaction between cicadas, grazers and fire is a shifting mosaic that

results in cicada oviposition in different locations in the landscape from year to year (Fig.

4). This conceptual framework provides many testable hypotheses, and more work is

needed to confirm the operation of mechanisms proposed.
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Table 1. Body measurements oftwo cicada species from fertilized and unfertilized
plots. All measurements are in millimeters (mm). Significance ofdifferences between
means are indicated (p-value) (Least Squares means separation procedure).

Head Width

Body Length

Wing Length

Cicadetta calliope Tibicen aurifera
Male Female Male Female

+Nutrients 4.24 4.64 10.91 10.71
-Nutrients 4.18 4.45 10.62 10.36

p-value 0.505 0.011 0.133 0.064

+Nutrients 13.26 15.90 24.93 24.20

-Nutrients 12.43 14.27 25.47 22.94

p-value 0.071 0.0001 0.354 0.039

+Nutrients 16.30 17.30 31.09 30.67

-Nutrients 15.16 15.76 30.12 29.06

p-value 0.006 0.0001 0.115 0.010
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Table 2. Tissue chemistry of male and female Cicadet/a ca/liope and Tibicen aurifera.
Values are means (standard error in parentheses).

~ %N %C C/N
Cicadetta calliope +Nutrients -Nutrients +Nutrients -Nutrients +Nutrients -Nutrients

Male 10.90 (0.53) 11.74 (0.99) 54.42 (0.89) 53.23 (1.44) 5.09 (0.40) 4.62 (0.52)
Female 9.00 (0.14)+ to.97 (0.48) 56.68 (O.72)t 54.29 (0.94) 6.30 (0.11) 5.00 (0.31)

Tibicen aurifera
Male 11.57 (0.27) 11.75 (0.40) 53.97 (0.43) 53.82 (0.48) 4.68 (0.12) 4.61 (0.18)

Female 11.85 (0.12)' 11.39 (0.17) 56.33 (0.35)+ 55.02 (0.23) 5.20 (0.09) 4.84 (0.09)

Note: Within species. sex, and element, means followed by + are significantly different
from one another (p<O.05), and t (p<O.lO) (Least Squares means separation procedure).
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Figure 1. Densities ofadult A) Cicadetta calliope and B) Tibicen aurifera emerging
from selected treatments in the Belowground Plot Expenrnent, Summer 1999.
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Figure 2. Energy as ash-free dry mass (AFDM) and nitrogen fluxes associated with

cicada emergence from the Belowground Plot Experiment.
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Figure 3. Relationship between oviposition site availability and cicada density for both species (oviposition site availability is defined
as the proportion of total plant shoots with either grass flowering culms or forb stems suitable for oviposition).
Note: y-axis is log scale.
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Figure 4. Conceptual model outlining possible interactions between cicadas and
large ungulate grazers. Cicadas are hypothesized to partition resources spatially
in the context of landscape level influences that grazers exert on aboveground

vegetation structure.
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CHAPTER 5:

INFLUENCE OF FIRE, MOWING, AND FERTILIZATION ON THE DENSITY

AND BIOMASS OF BELOWGROUND MACROINVERTEBRATES IN

TALLGRASSPRAIRIE

Mac A. Callaham, Jr., and John M. Blair

Division of Biology, Kansas State University, Manhattan, KS 66506-4901
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ABSTRACT

The responses of tallgrass prairie plant communities and various ecosystem processes

(such as primary production and nutrient cycling) to fire and grazing are well

characterized. However, responses of consumer groups, and particularly organisms

living belowground, to these disturbances are less well known. In 1999, we sampled

belowground macroinvertebrates from plots in a long-term experiment at Konza Prairie

Biological Station which is designed to examine the effects and interactions of annual

ftre, annual mowing, and fertilization on belowground communities and processes. We

also analyzed samples from a similar sampling in 1994. Results indicated that several

groups were influenced singly or interactively by fire, mowing, and fertilization. In

general, European earthworms were more abundant in plots from which fire had been

excluded, and the proportion of the total community made up by native earthworms

decreased in unburned, unmowed, and fertilized plots. Nymphs of two cicada species

were collected (Cicadetta calliope and Tibicen ami/era) with each responding differently

to the treatments. Cicadetta calliope nymphs were more abundant in burned plots, but

were also influenced by mowing, with reduced numbers in plots that had been mowed.

Tibicen aurifera nymphs were collected almost exclusively from unburned plots and their

density was positively affected by phosphorus fertilization. Responses of other

invertebrate taxa to the treatments were inconsistent, and some differed compared to

b
. d· . shorter term studies Our results suggest that departures

o servatJons rna e 10 preVIOUS - .

fr al d
· rb . es (.J e fire and grazt.ng) may render soils more susceptible

om natur Istu ance reglm ..

h
taxa, and that interactions between fire and

to encroachment by European eart worm
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Key words:

grazers (and the resultant vegetation mosaic) may be . . h '.Important In t e structunng of Insect

communities, particularly cicadas.

earthworms, cicadas, scarabs, herbivores, disturbance, tallgrass prairie,

grassland invertebrates, fire, soil invertebrates

INTRODUCTION

Tallgrass prairie ecosystems are maintained by periodic disturbances such as fire

and grazing (Knapp et aI. 1998). These disturbances serve to limit the encroachment of

woody vegetation into areas that would otherwise support forest vegetation. Annual

spring fire is a common land management practice in the Flint Hills region of eastern

Kansas used by livestock ranchers to maintain rangeland and maximize production of

warm-season forage grasses. Additionally, large land areas are mowed annually for hay

(as supplemental winter feed for livestock). Responses of plant species composition to

fire, mowing, and grazing disturbances are well documented (Gibson et aI. 1993, Collins

and Steinauer 1998, Collins et aI. 1998, Knapp et aI. 1999), and ecosystem process level

responses to such disturbances are also well known (Knapp et aI.1998, Blair 1997, Knapp

and Seastedt 1986). However, responses ofbelowground invertebrates to these important

disturbances in tallgrass prairie are less well known (Blair et aI. 2000). These organisms

are important regulators of soil processes in some soil systems (cf Coleman and Hendrix

2000, Coleman and Crossley 1996), and their influences on processes are often driven by

their densities.
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Earthwonns are influential organisms in soil systems where they are abundant.

Earthwonns have multiple impacts on soil ecosystems through their burrowing and

feeding behavior, and their effects include improved aeration, water infiltration, and

incorporation of organic matter (Edwards and Bohlen 1996). Indeed, earthworms have

been dubbed ecosystem engineers because of their profound physical effects on soils

(Lawton et a1. 1994). However, earthworms are also important in terms of soil biological

processes such as nutrient cycling and microbial turnover (Brown 1995), with increased

soil microbial activity and nutrient mineralization in soils where earthworms are present

(e.g. Zhang and Hendrix 1995, Scheu 1987). Although earthworm effects on soil systems

are relatively well known, most ecological information for earthworms comes from

studies conducted with European taxa. Nevertheless, there are numerous species of

native North American earthworms extant in relatively undisturbed soils, and less is

known about these taxa. Large assemblages of earthworms composed of native North

American species are found in the Flint Hills region of eastern Kansas (James 1990,

1995), but European taxa have been introduced to the area and are expanding into soils

occupied by native earthworms (Callaham and Blair 1999). Changes in land

management such as exclusion of fire and/or expansion of forest vegetation in the Flint

Hills (Briggs et aI. 1998), may be related to the establishment of exotic European

h b h
· ct' betWeen native and exotic earthworm populations are

eart worms, ut t e mtera Ions

poorly understood.

male the maiority of individuals and biomass of
Herbivorous insects e up :I

., so'ls (Seastedt 1984 Seastedt et aI. 1986).
belowground insects in tallgrass prame I '

. . .' h th se insects to vary in their responses to burning and
PrevIous tnvestlgatlOns have s own e
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mowlOg, but these studies have all been performed over relatively short term

experimental periods. Herbivorous insects are important regulators of plant productivity

in some systems, and are frequently responsive to changes in resource quantity or quality

(Schowalter 2000), and their responses to long-term changes in plant community

composition, and plant derived resource quality are poorly understood in tallgrass prairie.

Objectives for the present study were to examine influences of annual fire,

mowing, and nutrient addition on belowground invertebrate density and biomass

(including native and exotic earthworms and herbivorous insects). We addressed these

objectives in the context of a long-term plot level experiment by analyzing invertebrate

samples from 1994 (after 9 years of experimental treatment) and 1999 (after 14 years of

experimental treatment).

MATERIALS AND MEmODS

Site Description and Experimental Design

underway at KPBS since

o h influences of different land management practices
Experiment has been to determtne t e

This study was conducted at the Konza Prairie Biological Station (KPBS) in the

Fl
· HOll f K Thl"s Long-Term Ecological Research site is owned by thelOt ISO eastern ansas.

N C d ted by the Division of Biology at Kansas State University.
ature onservancy an opera

The climate at the site is continental with average annual precipitation of 835 mm (75%

" 0 0 season) and mean monthly temperatures are -4°C in
of which falls dunng the groWing ,

al 1998) For this study we sampled plots in the
January and 27°C in July (Knapp et. .

erm experimental manipulation that has been
Belowground Plot Experiment, a long-t

1986. The long-term objective of the Belowground Plot
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on belowground communities and processes (Rice et al. 1998). Specifically, the

treatment structure ofthe experiment is a three-way factorial arrangement of two burning

treatments (annual Spring burning or not burned), two mowing treatments (mowed and

raked annually in early July or not mowed), and four different nutrient addition

treatments (plots with no nutrients added, plots with 10.0 g N m-2 added, plots with 1.0 g

P m-2 added, and plots with both Nand P added). Thus in the 64 total plots, there are 4

replicates for each of 16 treatment combinations arranged in a split-strip plot

experimental design structure with burning treatments applied to whole plots and mowing

treatments applied to half of the sub-plots and fertilization treatments applied in opposing

strips within mowing treatments (Todd 1996).

Field and Laboratory Methods

To estimate invertebrate densities, we sampled all 64 plots in a one week period

in early June 1999 by collecting soil monoliths (25 x 25 cm, and 25 cm depth), and

sealing them in plastic bags where they were stored at 4°C until they could be carefully

hand sorted. Sorting consisted of breaking all soil aggregates into pieces «5 mm) and

. . ed S .mens were preserved in 70010 EtOH. All
collectmg all orgarusms encounter. peel

native North American earthwonn species were identified to genus, and European

. . ed . Arthropods were identified to order and to family
earthworms were Identlfi to species.

. . th ffinal instar cicadas). All identifications were
when possible (and to species 10 e case 0

. 90) The 1994 invertebrate sampling took place over a
made using keys from DlOdal (19 .

d f wing season). Sampling consisted of digging
3 week period in October (at the en 0 gro
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monoliths (20 x 50 cm, 40 em deep) and passing aU soil in the monolith through a 6 mm

screen in the field. Specimens were preserved and identified as with the 1999 sampling.

We estimated invertebrate biomass as ash-free dry mass (AFDM), by ashing

individuals of each taxonomic group from the 1999 sampling at >450°C for >6 h, and

subtracting remaining ash mass from dry (50°C) mass. We used biomass data from 1999

sampling to generate linear regression equations to estimate AFDM from dry mass values

for the 1994 specimens. Equations used for dry mass to AFDM conversions are shown in

Table 1.

Statistical Analyses

All data were subjected to mixed model analysis of variance suitable for the

analysis of split-strip plot experimental designs (pROC Mixed, SAS Institute, Cary NC).

Means separation analysis was Least Squared Means (LSMEANS/pdiff option, SAS

Institute).

RESULTS

Earthworms

Earthworm densities in the 1994 sampling indicated no response of native

. 1 di ) t any single land management treatment (Fig. Ia), but
earthworms (DlP,OCQT, a spp. 0

. . (p=O 02) between the three treatments. In
there was a significant three way mteractlon .

. .n treatments the effect of N fertilization (N
general, within a set of bummg and moW} g ,

. d ease in the abundance ofDiplocardia spp. There
and F treatments on FIg. 1) was a ecr

. . the abundance ofApo"ectodea trapezoides
were no significant (at a = 0.1) dIfferences to

. tal treatments in 1994 (Fig. 1b). Earthworm
(a European exotic) in response to expenmen
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biomass in 1994 showed similar trends to earth ab .worm undance (FIg 2.) except that

individuals ofEuropean earthworms were larger than natl've earth . IIworms lD a treatments.

This larger per capita biomass of European earthworms affected the proportion of the

total earthworm community biomass that consisted of native species in 1994 (Fig. 3a).

This proportion was significantly affected by burning treatments, and there was a

significant (p=O.OI) interaction between burning, mowing and nitrogen addition (Fig. 3a).

Specifically, the proportion of the community made up ofDiplocardia was above 75% in

all burned plots except those that were unmowed and had N fertilizer added (+N and

+N+P plots). In unburned plots, proportion of earthworm biomass exhibited high

variability ranging from 100010 (in unburned, mowed, unfertilized plots) to <5% (in

unburned, mowed, fertilized +N+P)(Fig. 3a).

In 1999, earthworms exhibited different trends than those in the 1994 sampling.

There was a general decline in the abundance ofDiplocardia spp. in unburned plots, but

the effect of fire exclusion was not statistically significant (p=O.II). There was, however,

a statistically significant (p=O.OI) effect of mowing on the abundance ofDiplocardia spp.

in 1999, with greater abundances in mowed plots (Fig. 4a). Also in 1999, A. trapezoides

showed a trend of increased abundance in unburned plots (p=O.08) (Fig 4b). Also of note

from the 1999 sampling was the occurrence of another European earthworm species,

Octo/asian cyaneum, which was not collected in the 1994 sampling (Fig. 3c). The

distribution of 0. cyaneum was not significantly related to any of the experimental

tr at b
. 'ficantly related to the block in which sampling occurred. In

e ments, ut was slgm 1

h (
'th the exception of a single individual) collected

ot er words, 0. cyaneum was WI

half of the experimental area. Earthworm
exclusively from the two blocks on the eastern
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biomass in 1999 was again simT " d" "b "I lar In Istn utlon across experimental treatments, but

European earthworms had higher per capita biomass (Fig. 5). The proportion of total

earthworm biomass that consisted of native earthworms again illustrates this larger per

capita impact of European earthworms (Fig 3b), with a steady and significant decline in

this proportion in burned plots.

Cicadas

In 1994, cicada nymphs showed clear responses to land management practices,

with the exception of Cicadetta calliope nymphs. The only statistically significant

response of c. calliope nymphs in 1994 was an interactive response to the three

experimental treatments (p=O.04), with the highest densities being collected from plots

that were unrnowed and received P fertilizer (Fig. 6b). In contrast to C. calliope, in 1994

nymphs of T. aurifera were collected almost exclusively from unburned plots (Fig 6a),

and this difference was statistically significant (p=O.005). Early instar cicadas also were

significantly more abundant in unburned plots in 1994 (p=O.OI), and they were also

significantly more abundant in mowed plots (p=O.04) (Fig. 6c). Cicada biomass followed

patterns of distribution very closely, but there were differences between species with r

aurifera having much higher per capita effect on biomass abundance, and overall cicada

biomass was significantly higher in unburned plots (Fig 7).

In 1999, Cicada nymphs exhibited somewhat different patterns of distribution and

biomass than in 1994. Tibicen aurifera continued to be significantly (p=O.02) affected by

fire with greater abundance in unburned plots, but there was also a significant (p=O.02)

interaction between mowing and fertilizer addition.
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experimental treatments yielded the largest numbers of T. aurifera nymphs in plots that

were unmowed and which received P amendments (p=O.02) (Fig. Sa). In 1999, C.

calliope was dramatically more abundant in burned plots than in unburned plots (Fig. 8b),

and there was a strong interaction between burning and mowing treatments (p=O.Ol), as

very few individuals of C. calliope were collected from plots that had been mowed in

burned or unburned plots. In a similar pattern 1994, the distribution of early instar cicada

nymphs in 1999 was influenced by fire (p=O.005) and mowing (p=O.OOO5) with greater

abundances in unburned and unmowed plots (Fig. 8c). Cicada biomass in 1999 was

similar to density patterns but with T. aurifera having a much larger per capita influence

on total biomass flux than C. calliope or early instars (Fig. 9).

Other major macroinvertebrate groups collected over the course of the study

included the herbivorous beetle families Scarabaeidae, Curculionidae, and Elateridae

(F" 10) None of these taxa were significantly (at a == 0.10) affected by theIg. "

experimental treatments employed in the study.

DISCUSSION

LandManagement Influence on Earthworm Community

I f h" tud uggest that the distribution and abundance of invasive
The resu ts 0 t IS S Y s

at least in part,. h A "n tallgrass prairie soils are,
European earthworms 10 Nort menca

raet'ces Furthermore in areas where these exotic
attributable to land management pl. ,

" ears that displacement of native species may be
earthworms are most prevalent, It app

th differences in earthworm community structure
occurring. Particularly notable are e

t treatments -annually burned, mowed, without
between the two extreme land managemen
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fertilizer, and unburned, unmowed, with supplemental nutrients. For both sampling

dates, the proportion of earthworm biomass composed of native taxa was 75% or higher

in burned, mowed plots, but this proportion either became variable and erratic (as in

1994) or declined steadily (1999) as treatment combinations became decreasingly

"prairie" like (Fig 3). The plots with the most intense natural disturbance regime (burned,

mowed, with no added nutrients) most closely approximate conditions prevalent prior to

European settlement (frequently burned and with aboveground biomass removal). These

plots are also the most typical with respect to floristic and edaphic characteristics of

tallgrass prairie (Collins et al. 1998, Knapp and Seastedt 1986), and our study

demonstrates that this is true of the earthworm community in these plots as well.

Previous studies of earthworm distributions in taUgrass prairie with respect to frre

treatments have shown the abundance of Diplocardia spp. to be greater in annually

burned prairie relative to prairie from which fire had been excluded for eight years

(James 1982). Results of the current study are not exactly in accordance with James

(1982), as we found no effect of burning on the absolute abundance of Diplocardia spp.

in (Fig la), but the relative abundance ofDiplocardia spp. was favored by burning in our

study (Fig. 3). One potential explanation for the discrepancy between our study and

James (1982) is the virtual absence of exotic taxa in the soils sampled by James (he

reports only a single individual of Aporrectodea spp.), and therefore the absence of any

effects on distributions arising from interactions between the two taxa.

O ffi f
. g fire and onnng disturbances in tallgrass prairie is the

ne e ect 0 suppressm eo--

accumulation of plant litter on the soil surface, and the land management treatments

. hat· s essentially a gradient of surface litter
utilized in this experiment result 10 w I
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accumulation. Indirect effects of this litter accumulation include increased soil moisture

and decreased soil temperature, particularly in the early growing season. We suggest that

microclimatic consequences of differing land management practices may contribute to

changes in earthworms community in tallgrass prairie. However, it is difficult to

decouple the effects of litter accumulation on soil climate and the effects of burning and

mowing on belowground plant production, and plant tissue quality. For example, Todd et

al. (1992) demonstrated that mowing treatments resulted in significantly less live root

biomass, and an increase in the abundance ofDiplocardia spp. relative to unmowed plots.

The results of the 1999 sampling from our study are similar to the findings of Todd et aI.

(1992), as we found increased abundance of Diplocardia spp. related to mowing

treatments (Fig. 4), and mowing also favored the relative abundance of Diplocardia spp.

in the earthworm community (Fig. 3).

Fire also influences the quality and amount of plant tissue inputs belowground,

and this could be another factor involved in the distribution of earthworms in tallgrass

prairie soil. The amount oflive root tissue in annually burned plots has been shown to be

significantly greater than in unburned plots, and live roots in annually burned plots can

h C N I d bl that
of unburned plots (Blair 1997, Ojima et al. 1994).

ave : up to near y ou e

CI I h I al
· I t tl'ssue could potentially be a factor limiting the expansion

ear y, t e ower qu Ity p an

of exotic earthworms in tallgrass prairie.

. tu of this study and the difficulty in identifying the
In spite of the correlatIve na re '

. . . b xotic earthworms our study demonstrates
specific mechanisms underlymg mvaslon y e '

. roan egt'mes can result in detectable changes in the
that departures from natural dlstu ce r

ab d t
'c earthworm taxa in these soils The changes in

undances of native an exo I
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earthworm community structure may have functional consequences due to differences in

the feeding ecology and behavior of these earthworm taxa (James 1991, James and

Cunningham 1989, James and SeastOOt 1986).

LandManagement Influence on Cicadas

There were profound effects of land management on the density of each cicada

species examined in this study (Figs. 6 and 8). Although both species have been

demonstrated to feed on C4 grasses (Callaham et al. 2000), the responses of the two

species with respect to land management (which differentially affect grass cover [Gibson

et al. 1993]) were divergent. The response ofe. calliope to land management treatments

was marked by a strong interaction between burning, mowing, and fertilization in 1994

(Fig. 6a), and then by an interaction between burning and mowing in 1999. The pattern

from 1999 is very similar to the findings of another study on cicada responses to land

management where Callaham et aI. (Chapter 4) found that adults of C. calliope emerged

exclusively from burned and unmowOO plots. They hypothesized that the distributional

pattern observed for C. calliope was primarily the result of aboveground vegetation

structure and that oviposition site availability may be a determinant of e. calliope

density.

In contrast to C. calliope, the responses of Tibicen aurifera to land management

were dominated by a strong negative response to burning. T. aurifera was collected

I I
. I fr b moo plots with only a single individual collected from an

a most exc uSlve y om un u

II b d I
. h tw sampling years The mechanism behind this response is

annua y urne p ot 10 teO .

.at I atl'on for T. aurifera responses to burning is increased
unknown. One potentl exp an .
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belowground resource quality in unburned prairie. In a recent sampling of the

belowground plots, root standing stock biomass was observed to be lower in unburned

plots relative to burned plots. However, the tissue quality of roots (inferred from CIN)

was higher in unburned plots as CIN ratios were lower than in burned plots (0. Kitchen,

unpublished data). This increased root tissue quality in unburned plots may be related to

changes in plant community composition (Gibson et al. 1994, Collins et a1. 1998), or

increased nitrogen availability in unburned plots (Blair 1997). Another potential

explanation for the increased density of 1. aurifera in unburned plots is that they are

attracted to standing dead vegetation for oviposition. Exclusion of fire from tallgrass

prairie results in the accumulation of a layer of detritus which can be up to 30 cm deep

(Knapp and Seastedt 1986). This detrital layer may provide protection for 1. aurifera, or

may be selected by 1. aurifera because of a low probability that it will be eaten by

grazers (as senescent vegetation is oflower nutritional quality than fresh forage). Finally,

exclusion of fire also results in a greater abundance of forb vegetation, and 1. aurifera

has been observed to oviposit into the stems of forbs as well as grass flowering stalks (M.

Whiles and M. Callaham, personal observations). Thus, T. aurifera's preference for

unburned plots may be explained in part by availability of forb stems.

Interestingly, the differential influence of fire and mowing on the distributions of

different species of cicadas (with C. calliope more abundant in burned plots and T.

i{; • b d I ts) suggests that these two species may be partitioning resourcesaur1.Jera In un urne p 0

b h t'ally by utilizing different parts of the landscape in different
etween one anot er spa 1

. b fi e and grazers result in a mosaic of burned and unburned
years. InteractIOns etween If

125

Callaham Jr., M. A. 2000.pdf Ph. D. Dissertation, Kansas State University, Manhattan. 1-145.



vegetation in the landscape, and different cicada species appear to have preferences for

each component of this mosaic (see Chapter 4 for further discussion).

CONCLUSIONS

Several soil invertebrate taxa responded significantly to the experimental

treatments utilized in the Belowground Plot Experiment. Native North American

earthworm species (Diplocardia spp.) were favored by annual burning, and European

earthworms (Apo"ectodea trapezoides) were more abundant in plots where fire had been

excluded since 1986. The proportion of total earthworm biomass made up of native taxa

decreased steadily as the gradient of treatment combinations became more distant from

the natural disturbance regime oftallgrass prairie. Cicadas responded differently to

treatments depending on species. Cicadetta calliOpe was more abundant in burned plots

that had not been mowed, and Tibicen aurifera was more abundant in unburned plots.

This pattern ofcicada distribution suggests spatial resource partitioning between the two

species. We did not detect significant responses to the experimental treatments in other

arthropod taxa examined in the study.
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Table l. Regression equations for dry mass to ash-free dry mass conversions
for various soil invertebrates. Equations were derived from specimens collected
and ashed in 1999.

Organism N Equation ~

Earthworms
Dip/ocardia spp. 41 y = 0.526x + 0.00136 0.853

Apo"ectodea trapezoides 60 y = 0.583x + 0.00494 0.896
Octo/asion cyaneum 21 y = 0.396x + 0.00207 0.991

Cicadas
Cicadetta calliope 46 y = 0.978x - 0.00265 0.977

Tibicen aurifera 26 y =0.907x + 0.00086 0.941
Early instar cicadas 20 y = 0.871x + 0.00111 0.996

Beetles
Scarabaeidae 13 Y= O.993x - 0.00206 0.998

Curculionidae 18 Y= 0.998x - 0.00002 0.999

Elateridae 18 Y= 0.978x - 0.00019 0.999
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Figure 1. Density ofearthworms in Belowground Plots October 1994. A) Native North
American Diplocardia spp., and B) European exotic Apo"ectodea trapezoides. Note:
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N = nitrogen amendment only, and F =both nitrogen and phosphorus amendments.
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Note: x-axis labels as in Figure 1.
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SUMMARY AND CONCLUSIONS

The results of this work showed that several soil invertebrate groups responded

(either positively or negatively) to land management practices commonly employed in

the Flint Hills region of eastern Kansas. Furthermore, there were genus and/or species

specific responses to certain experimental treatment combinations that lend insight to the

potential mechanisms which drive the overall structure of soil faunal assemblages in

tallgrass prairie. Among these the were responses of earthwonns to the treatment

combinations utilized in the Belowground Plot Experiment at Konza Prairie Biological

Station (KPBS). Results from chapters 1 and 5 showed that native North American

earthworms (Diplocardia spp.) were favored, in terms of their relative abundance, by

treatment combinations that simulated common disturbances (fire and grazing) and that

resulted in conditions thought to have been most similar to pre-European settlement

prairie ecosystems (i.e. they were the most dominant component of the earthwonn

community in plots that were annually burned, annually mowed, and/or received no

fertilizer amendments). On the other hand, European earthwonns (specifically

Aporrectodea trapezoides) were most abundant in plots that were subjected to treatments

that excluded fire and mowing. The distributional patterns observed for native and exotic

earthworms appear to be, at least in part, related to edaphic conditions associated with

these different management treatments. Exclusion of fire and/or mowing results in build

up of a detrital layer, which leads to increased soil moisture and decreased soil

temperature, and these differences may be responsible for the replacement of native

earthworms with exotic taxa in plots where fire and mowing had been excluded.
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Chapter 2 was an experimental assessment of how different earthworm

communities (such as those identified in Chapters 1 and 5) affect nutrient cycling

processes in tallgrass prairie soils. The results of this experiment demonstrated that

native earthworms and exotic earthworms behave differently during the growing season,

with the natives maintaining a higher level of activity during warmer and drier conditions

than the exotics (as evidenced by their uptake of stable isotope tracers and their depth

distribution in the soil). This increased activity resulted in differences in plant

performance between treatments. Plants grown in cores with native earthworms were

substantially smaller and took up less total nitrogen than plants grown with no

earthworms, or plants grown in the presence of exotic earthworms. Although artificial

experimental conditions may have contributed to these surprising results, this study

clearly demonstrated that native earthworms were more active in (and had more influence

on) the growing season nitrogen cycle in experimental cores than their exotic

counterparts.

Another major group of grassland soil invertebrates, the cicadas, were examined

in chapters 3, 4, and 5. The annual cicadas examined in these studies were differentially

abundant with respect to landscape position and were responsive to different land

management practices in the Belowground Plot Experiment at the species level. Two

species (Tibicen aurifera and Cicadetta calliope) of three species emerging from

grassland habitats were more abundant in upland sites. These two species were

demonstrated (by examination of their 813C signatures) to feed primarily on warm season

C4 grasses, whereas the third species (Tibicen dorsata) found to emerge from all

landscape positions including forested sites had 813C signatures indicative of feeding
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upon C3 plants (probably trees and shrubs). One other relatively abundant specIes

(Tibicen pruinosa) was found to emerge exclusively from forested sites.

Another aspect of cicada biology that was of interest in these studies was the total

flux of energy and nutrients (particularly N) from soil as emergence biomass. It was

estimated that annual cicada emergence resulted in redistribution of -4 kg N ha-I from

belowground to aboveground in upland and lowland grassland habitats, and -I kg N hao

'

from forested sites.

In the Belowground Plot Experiment, cicadas exhibited strong, species specific,

responses to burning, mowing, and fertilizer treatments. Tibicen aurifera emerged

exclusively from plots that had not been burned (chapter 4) and nymphs of T. aurifera

were collected (with the exception of a single individual) only from unburned plots

(chapter 5). In contrast to the pattern observed for T. aurifera, Cicadetta calliope was

found to emerge in greater abundance from burned plots, and was more abundant in

fertilized plots. Again, the pattern for C. calliope emergence was similar to the pattern of

distribution of C. calliope nymphs in the Belowground Plot Experiment. The differential

emergence of T. aurifera and C. calliope is hypothesized to be the result of resource

partitioning between the two species, and is further hypothesized to be related to

heterogeneity imposed upon vegetation at the landscape level by large ungulate grazers.

The combined results of this work show that belowground invertebrates, and the

factors influencing their distribution and abundance, can potentially have impacts on

ecosystem level processes such as nutrient uptake and nutrient flux. Both of the major

groups examined, earthworms and cicadas, were implicated as being potentially

important in N cycling in this system. Native earthworms influenced plant uptake of N
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during the growing season, whereas soil with exotic earthworms was no different from

earthworm-free soil with respect to plant N uptake. This pattern clearly has ecosystem

level consequences in terms of ongoing changes in land management practices in the

Flint Hills region, and the potential resultant changes in earthworm communities. Further

monitoring of earthworm distributions with respect to land management practices, and

more intensive examination of differences between native and exotic taxa with respect to

N cycling should prove interesting in the future. Cicada emergence represents a

significant redistribution of N from belowground to aboveground in tallgrass prairie, and

the fate of cicada biomass N is essentially unknown (or at best, not quantified). Whether,

or in what proportion, cicada biomass N flows to higher trophic levels or returns to soil

pools is an intriguing problem for future work. Additionally, the impact of cicada

feeding on plants (i.e. how plants respond to cicada herbivory) is unknown. Hopefully,

this dissertation provides information that may serve as a starting point for new studies on

the influences of soil invertebrates on ecosystem process in tallgrass prairie.
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