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Abstract:
Although researchers have investigated some of the cascading effects of herbicides moving up the food
web, much remains to be quantified. In particular, data concerning indirect trophic effects of herbicides
on birds have been derived almost entirely from ecosystems in Great Britain. My research focused on
effects of herbicides on a food web in a western American agroecosystem. I studied the effects of
herbicides on the plant community and the concomitant change in arthropods that prey on insect pests
(beneficial arthropods) and arthropods eaten by game bird chicks (chick-food insects). I also studied
the association between floral and faunal diversity. The experiment was conducted as a randomized
complete block design, with three different arable plant communities replicated and blocked against a
nearby perennial plant community. Plants were sampled by volume measurements in 0.5 m2 frames.
Ground-dwelling arthropods were collected with pitfall traps and vegetation-dwelling arthropods were
collected with a sweep net. Vegetation-dwelling, chick-food insects and ground-dwelling, beneficial
arthropods were more common in the weedy arable community than the more monocultural treatments,
and were most common in the perennial plant community. Medium-sized Carabids (the largest subset
of ground-dwelling, beneficial arthropods) were most common in the perennial plant community.
Furthermore, numbers of medium-sized Carabids in the cultivated treatments were negatively related to
distance from the perennial plant strip. Weedy patches in crop fields and nearby strips of perennial
plant communities are important components of the farm landscape. They can provide foraging areas
for young game birds and habitat for arthropods that help farmers by preying on insect pests. 
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ABSTRACT

Although researchers have investigated some of the cascading effects of herbicides 
moving up the food web, much remains to be quantified. In particular, data concerning 
indirect trophic effects of herbicides on birds have been derived almost entirely from 
ecosystems in Great Britain. My research focused on effects of herbicides on a food web 
in a western American agroecosystem. I studied the effects of herbicides on the plant 
community and the concomitant change in arthropods that prey on insect pests (beneficial 
arthropods) and arthropods eaten by game bird chicks (chick-food insects). I also studied 
the association between floral and faunal diversity. The experiment was conducted as a 
randomized complete block design, with three different arable plant communities 
replicated and blocked against a nearby perennial plant community. Plants were sampled 
by volume measurements in 0.5 m2 frames. Ground-dwelling arthropods were collected 
with pitfall traps and vegetation-dwelling arthropods were collected with a sweep net. 
Vegetation-dwelling, chick-food insects and ground-dwelling, beneficial arthropods were 
more common in the weedy arable community than the more monocultural treatments, 
and were most common in the perennial plant community. Medium-sized Carabids (the 
largest subset of ground-dwelling, beneficial arthropods) were most common in the 
perennial plant community. Furthermore, numbers of medium-sized Carabids in the 
cultivated treatments were negatively related to distance from the perennial plant strip. 
Weedy patches in crop fields and nearby strips of perennial plant communities are 
important components of the farm landscape. They can provide foraging areas for young 
game birds and habitat for arthropods that help farmers by preying on insect pests.
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INTRODUCTION AND LITERATURE REVIEW

My study examines the effects of xenobiotics on agricultural ecosystems. 

Agroecosystems are relatively simple, with few plant and animal species compared to 

natural ecosystems, thus they provide an ideal opportunity in which to study the effects of 

xenobiotics on ecosystem processes.

Pesticides are taxon specific xenobiotics which allow the elucidation of trophic 

relationships. They can change plant and arthropod communities, affecting processes 

throughout the ecosystem. Even if organisms at higher trophic levels are not directly 

poisoned, they can be affected through changes in habitat and food resources (Blus and 

Henny 1997). The former are considered direct effects, and the latter, indirect effects.

I examined how herbicide application changes an agricultural plant community and 

looked for concomitant changes in the insect community. I focused on insects consumed 

by ring-necked pheasant (Phasianus colchicus) and gray partridge (Perdix perdix) chicks 

to determine impacts of herbicides on higher trophic levels. I also examined impacts on 

beneficial arthropods, and measures of coleopterous richness and diversity.

I was particularly interested in chick-food insects because birds that inhabit 

agricultural areas might provide an indicator of herbicide induced trophic dysfunction. 

Nestlings and similarly aged precocial chicks are affected by food limitation during the 

breeding season, either through reduced survival (e.g. Wiehn and Korpimaki 1997), 

reduced growth or both (reviews: Martin 1987, Newton 1998). Adults can also suffer 

weight loss and reduced survival due to food limitation in the breeding season; however, 

deaths of adult birds from starvation are usually restricted to the non-breeding season
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when food is scarcest (Newton 1998). Furthermore, correlations of food supply and 

survival rate of full-grown birds usually show that juveniles are disproportionately 

affected by food-limitation. Therefore, nestlings or similarly aged precocial chicks would 

be a likely indicator of trophic disruption. I selected gray partridge because of the 

extensive research conducted on this species in Great Britain, and ring-necked pheasant 

because it is a common and extremely popular game bird in agricultural areas of the 

United States. Furthermore, diets of gray partridge and ring-necked pheasant have been 

relatively well studied.

Protein Requirements of Game Bird Chicks

Captive ring-necked pheasant chicks require at least 24% dietary protein by dry 

weight in the first few weeks of life for ideal growth, feather development and survival 

(Warner et al. 1982, Woodard et. al 1977). Percent protein in animal foods is usually 

substantially higher than in grains and vegetation. Korschgen (1964) found that com, 

which comprised 65% of the wild adult ring-necked pheasant diet by fresh weight on his 

study area, contained 9% protein by dry weight. Protein content in plants known to be 

eaten by wild pheasants averaged 13 % (n = 61), while animals averaged 41% (n = 7) and 

arthropods 46% (n = 5). In the wild, chicks fulfill their protein requirement by 

consuming an almost total diet of animal food during their first two to three weeks.

Loughrey and Stinson (1955) found that ring-necked pheasant chicks on Pelee Island,

Lake Erie consumed a 94-100% animal diet (94-98% arthropods) by fresh volume for

their first three weeks of life. Dalke (1935) found that ring-necked pheasant chicks in
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Michigan consumed 63-90% animal food (51-87% arthropod food) by dry weight for 

their first three weeks. Highest consumption was in week one, followed in sequence by 

weeks two and three. Wild pheasant chicks become much less dependent on arthropods 

and other animal foods as they mature (Dalke 1935, Hill 1985, Korschgen 1964, 

Loughrey and Stinson 1955, Trautman 1952). Vickerman and O’Bryan (1978) found 

similar results for gray partridge chicks in Britain. Chicks were most dependent on 

insects during their first two to three weeks, then gradually ate more plant matter.

The need for animal foods as part of a natural diet has been demonstrated in the 

laboratory as well as the wild. Johnson and Boyce (1990) provided captive sage grouse 

(Centrocercus urophasianus) chicks vegetation ad libitum, but only fed insects to one 

group of chicks. All chicks started in the experiment at two days of age died before 10 

days of age if they were in the group not given insects, whereas all those given insects 

survived their first 10 days. Chicks started in treatments at various points in their first 21 

days showed significantly different mortality rates. Ninety percent not fed insects died, 

while mortality was only 14% in the insect-fed group. Although there was no significant 

difference in mortality if chicks were greater than 21 days old when started in treatments, 

all chicks gained significantly less weight per day if not fed insects.

In a second experiment, they provided five different levels of mealworms in addition 

to vegetation. Growth rate was positively correlated and mortality negatively correlated 

with mass of mealworms provided. Fifteen grams of mealworms fed to the chicks daily 

in addition to vegetation was sufficient for health and rapid growth of chicks aged I to 3

weeks.
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Dahlgren (1990) found significantly higher growth rates in captive gray partridge 

chicks fed an insect rich diet versus those fed an insect poor diet, even though both 

groups were fed grass and seeds ad libitum. Delayed growth and feathering can 

contribute to mortality in the wild, even if it does not cause direct mortality in captivity. 

Birds are most vulnerable to cold in their initial weeks of life, and chicks need well 

developed body mass and feathers for effective thermoregulation and escape from 

predators (Potts 1986).

Specific Foods of Ring-necked Pheasant and Gray Partridge Chicks

I reviewed eleven publications concerning the composition of ring-necked pheasant 

or gray partridge chick diets. Chicks were young, generally within their first three weeks, 

unless otherwise noted. I reviewed roughly equal numbers of publications concerning 

partridges versus pheasants from Britain and North America. Insect orders that emerged 

as important were the Coleoptera, Diptera, Hemiptera, Homoptera, Hymenoptera, 

Lepidoptera and Orthoptera. See Appendix A for common names.

Coleoptera comprised a moderate to large proportion of the diet in both species 

(Dalke 1935, Green 1984, Hill 1976, Hill 1985, Loughrey and Stinson 1955, Potts 1970, 

Potts 1986), with the highest being 45% by dry weight for partridges in Britain (Green 

1984). Hill (1985) found that pheasants in Britain selected Coleoptera (ate 

disproportionately more Coleoptera than expected based on their availability in the 

environment), although they only comprised 12% of the diet by dry weight. Green 

(1984) found that chicks most commonly consumed Carabids, Chrysomelids,
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Curculionids and Staphylinids5 and they selected Carabids. In his review of the gray 

partridge literature, Potts (1986) considered the first three beetle families important. One 

notable exception to the high consumption of coleopterous families are the Coccinelids. 

They appear to be distasteful and actively avoided (Whitmore 1982b).

Diptera were considered important for partridge and pheasant, meaning they 

comprised a moderate to large proportion of the diet (Dalke 1935, Green 1984, Hill 1985, 

Loughrey and Stinson 1955, Whitmore et al. 1986). In most studies, only one family was 

taken in any notable amount and Green (1984) alluded to the likelihood that chicks would 

be unable to catch all dipterous families. Whitmore et al. (1986) found that pheasant 

chicks selected a large, slow yellow fungus fly of the family Lauxaniidae. Other families 

eaten in large amounts included Tipulidae (Hill 1985), Empididae (Green 1984), 

Chironomidae and larval Syrphidae (Loughrey and Stinson 1955).

Hemiptera were also important for both species. (Dalke 1935, Hill 1976, Hill 1985, 

Loughrey and Stinson 1955, Potts 1986, Vickerman and O’Bryan 1978 and Whitmore et 

al. 1986). Chicks in Whitmore et al.’s 1986 experiment selected insects of this order, 

probably because they were larger and slower than most other taxa.

Homoptera (Hill 1985, Loughrey and Stinson 1955, Southwood and Cross 1969), 

especially Cicadellidae (Dalke 1935, Hill 1976, Whitmore et al. 1986) and Aphididae 

(Green 1984, Potts 1970, Potts 1986), constituted a moderate to large portion of partridge 

and pheasant chicks’ diets. Furthermore, Whitmore et al. (1986) found that pheasant 

chicks selected Cicadellids and Green (1984) found that partridge chicks selected aphids, 

which comprised 32% of their diet by dry weight. Potts (1970) indicates that although
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aphids can be an important food source, as an outbreak insect, their populations are 

variable and therefore unreliable.

Dalke (1935) found Hymenoptera to be an important food item for ring-necked 

pheasant chicks. Hill (1985), Potts (1970), Potts (1986) and Vickerman and O’Bryan 

(1978) found sawfly larvae (Hymenoptera: mostly Tenthredinidae) to be a large 

constituent of the partridge or pheasant chick diet. Hill’s (1985) pheasant chicks selected 

sawfly larvae, which comprised 19% of their diet, and Potts (1970) found the larvae to be 

correlated with gray partridge chick survival. Notably, all of the above studies were 

conducted in Great Britain, whereas sawflies were not mentioned in studies of North 

American chick diets. Potts (1970), Potts (1986) and Vickerman and O’Bryan (1978) 

collectively found ants (Hymenoptera: Formicidae) to be important for both species. Hill 

(1985), Loughrey and Stinson (1955) and Potts (1970) remarked that although ants could 

be a large part of the diet, consumption varied widely. This is most likely due to the 

colonial nature of ants, their need for uncultivated land and their resulting aggregated 

distribution.

Dalke (1935), Hill (1976), Hill, (1985), Loughrey and Stinson (1955), Potts (1986) 

and Vickerman and O’Bryan (1978) considered Lepidoptera larvae an important chick- 

food for partridges or pheasants. Partridge chicks in Hill’s 1985 study selected the 

larvae, which comprised 12% Of their diet by dry weight.

The studies (Dalke 1935, Loughrey and Stinson 1955, Trautman 1952) that

emphasized the importance of Orthoptera to ring-necked pheasants were all conducted in

North America. Grasshoppers were not reported to be a common component of chicks’
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diets in Great Britain. This geographic bias probably explains why this was the only order 

not mentioned in the diet of both species. I was unable to find papers detailing the 

specific composition of gray partridge chick diets in North America. Although Dalke 

(1935) found Orthoptera could be important to pheasant chicks as early as week two, the 

latter two studies found Orthoptera were important only later in the season when chicks 

were older. The increasing importance of grasshoppers in chicks’ diets late in the season 

is consistent with grasshopper phenology. Despite their late entry into the diet, they can 

comprise a large source of animal food. Trautman (1952) found that 23% of the total 

juvenile diet was comprised of Orthoptera at a time when insect matter comprised only 

36% of the diet.

Less information is available on size of prey items taken by game bird chicks than on 

taxonomic preferences. Potts (1970) found that 79% of prey taken by gray partridge 

chicks were 2-3 mm long, 10% were 4-6 mm and 10% were 7-15 mm. Hill (1976) found 

most insects eaten by ring-necked pheasant chicks were 4-6 mm long. However, this was 

the length of leafhoppers, the most available food item, which were taken in proportion to 

availability. Therefore, this finding is not an indication of food selection. Pheasants can 

commonly take prey in that size range; however, they do not necessarily prefer them. He 

noted that even one week old chicks are able to eat fairly large caterpillars. Whitmore et 

al. (1986) found that captive ring-necked pheasant chicks tended to eat insects larger than 

3 mm long. In his lab experiment chicks had access to abundant, easily captured insects, 

and ate only those they could swallow whole. In the field, they would tear up insects 

larger than those eaten in the lab.
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Taxa already covered in this section are common in the diets of ring-necked pheasant 

and gray partridge chicks. However, there is site to site Variation in diet, and diet is 

dictated largely by availability. Dalke (1935) and Hill (1976) concur that ring-necked 

pheasant chicks’ consumption of particular taxa appears opportunistic.

In particular, Hill (1976) noted that some chicks’ crops contained only slugs, some 

leafhoppers and some assorted invertebrates, while one chick's crop was completely full 

with 948 aphids. Indeed, Hill (1976) considered slugs to be a maj or constituent of the 

pheasant chick diet.

Loughrey and Stinson (1955) found Ephemerida the single most important food for 

pheasant chicks through three weeks of age. They averaged 45% of the diet by fresh 

volume. They also mention the importance of Trichoptera for older chicks. Although no 

other study mentioned these taxa, Loughrey and Stinson’s results are consistent with the 

conclusion that pheasant chicks forage opportunistically. Their study site was an island 

in Lalce Erie, and the above-mentioned orders have aquatic larvae.

Although ring-necked pheasant and gray partridge chicks are not particularly 

dependent on any given taxa, they do depend heavily on arthropods as a food resource. 

Thus, their survival and ultimately their populations are susceptible to changes via the 

arthropod food supply.

Arthropod Responses to Herbicides

Herbicides shift plant species abundance and composition, and can either increase or 

decrease species diversity (Freemark and Boutin 1995). Furthermore, herbicides can
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change arthropod populations, via a shift in the weed populations they target. Weedy 

areas in cereal grain fields in Great Britain have higher arthropod densities than non- 

weedy areas. Significant correlational evidence for herbicide effect (especially on the 

arthropods consumed by gray partridge chicks) is provided at the farm scale by Green 

(1984), Hill (1985) and Vickerman and O’Bryan (1978). For example, Vickerman and 

O’Bryan (1978) found that total insect abundance over five years in the five most 

monocultural cereal fields in their study area was only 65% of the number in the weediest 

cereal fields.

In particular, dicotyledonous weeds appear to encourage numbers and biomass of 

chick-food insects (Southwood and Cross 1969, Sotherton and Robertson 1990), in part 

because approximately sixty percent of insects preferred by chicks (in British landscapes) 

are phytophagous species feeding on dicotyledonous weeds (Sotherton 1990). Studying 

portions of sprayed and unsprayed cereal fields, Southwood and Cross (1969) found that 

dicotyledon specific herbicide treatment reduced arthropod numbers and biomass 

significantly, to about one half and one third their values in weedy fields, respectively. 

Chiverton and Sotherton (1991) and Moreby (1997) provided more controlled, within 

field evidence that herbicide-induced reductions in dicotyledonous weeds result in 

significant decreases in arthropods preyed upon by gray partridge chicks.

A system known as conservation headlands has been instituted in Britain, where the 

outermost pass of farm equipment in cereal fields (generally a width of six meters) is 

spared the application of insecticides, insecticidal fungicides and most dicotyledonous 

weed herbicides in order to increase food resources for game bird chicks. Most
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monocotyledon herbicides, some fungicides and very selective dicotyledon herbicides 

can still be used. Such selective spraying resulted in a significant ten-fold increase in 

broadleafed weed density in the headlands and a concomitant two to three fold increase in 

chick-food insect densities, with even greater differences among sedentary weed-feeding 

species (Sotherton and Robertson 1990). In later trials, they found significant, up to five

fold increases in insects in conservation headlands in May and June.

Studies have also been conducted on the association among weeds, beneficial 

arthropods and arthropod diversity. Beneficial arthropods are predators or parasites that 

can help regulate arthropod pest populations. Freemark and Boutin, in their 1995 review 

of herbicide effects, show they can have both direct and indirect effects on above ground 

arthropods, including beneficials. Beneficial arthropods generally increase with 

increasing plant heterogeneity, which supports the potential existence of indirect effects 

of herbicides on the arthropod community.

Chiverton and Sotherton (1991) found that unsprayed cereal grain plots with high 

weed densities supported higher densities of predatory arthropods. Altieri and Whitcomb 

(1980) found mixed results in a corn ,system. The number of predatory individuals and 

species were highest in weedy treatments when plots were isolated from each other by 

distance and harrowing, but when plots were closer together and vegetated between, 

number of predatory individuals peaked in monocultures. They found floral 

heterogeneity (either weeds or soybeans interspersed with corn) reduced pest damage 

compared to corn monocultures.
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Potts and Vickerman (1974) also examined the relationship between plant diversity, 

arthropod diversity and predatory arthropods. In their study, 38% more arthropod taxa 

emerged from the ground in grass-clover mixtures undersown in barley fields than in 

cultivated fields. The proportion of predatory insects emerging was 43% versus 28%, 

respectively. The authors believed that some differences resulted from cultivation, while 

others related to the presence of the grass-clover undersown spring barley. Furthermore, 

the correlation between faunal diversity and the percent of predatory individuals was 

significant. The authors believe that floral diversity partly results in faunal diversity; 

however, floral diversity can be spread over time and space ,to include a fencerow, a 

neighboring field or a previous rotation. Thus, although weedy fields often contain more 

arthropods, under certain conditions weed free fields can support as much faunal 

diversity as weedy fields.

In an extensive review, Andow (1991) found that polycultures tend to have fewer pest 

outbreaks than monocultures. Furthermore, plants in polyculture versus monoculture 

generally have fewer individuals of a given arthropod species feeding on them and 

experience lower yield loss from these herbivores. The benefits conferred by polyculture, 

termed associational resistance, are due, in part, to beneficial arthropods. Of 130 predator 

and parasitoid species reviewed, 52.3% had higher population densities in polyculture 

than monoculture. The converse was true only for 9.2% of species. The remaining 

38.5% of species showed a variable response or no change. Although much evidence 

supports the hypothesis that beneficial arthropods are more dense in areas of higher plant 

diversity, many exceptions remain (Andow 1991).
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Direct Effects of Herbicides on Birds

Most herbicides, especially the newer compounds, have low acute avian toxicity 

(Freemark and Boutin 1995, Sotherton 1990). Potts and Vickerman (1974) were unable 

to find significant direct toxicity of pesticides to gray partridge chicks on their study area, 

and Potts (1970) notes that gray partridge chick survival was not adversely affected by 

herbicides where sawflies were numerous. However, indirect effects of herbicides have 

been widely noted in Great Britain (Bins and Henny 1997, Freemark and Boutin 1995, 

Potts 1986).

Indirect Effects of Herbicides on Birds

Herbicide-induced reductions in arthropods have been implicated in game bird chick 

mortality and population declines in Great Britain (Potts 1986). Southwood and Cross 

(1969) concluded that a gray partridge chick in an herbicide treated field would need to 

travel 3.4 times farther to obtain insects than a chick in an untreated field. Furthermore, 

gray partridge chick survival is greater in fields with unsprayed areas than in completely 

herbicide treated fields (Sotherton and Robertson 1990).

Green (1984) found that gray partridge broods not only preferred field edges where 

weeds and arthropods were more abundant, but that home range size was smaller and 

chick survival greater where abundance of arthropod prey was greater. Hill (1985) found 

that ring-necked pheasant broods preferred areas of high weed and arthropod abundance. 

Variation in arthropod density in the broods’ home range accounted for 75% of the
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variation in chick survival and survival was highest in broods that ingested the highest 

biomass of insects. Broods had smaller home ranges and lower mortality in arthropod 

dense areas.

Conservation headlands support a higher abundance of chick-food arthropods and 

higher numbers of gray partridge chicks per brood than fully sprayed headlands (Rands 

1985). Increasing density of chick-food arthropods not only increases young chick 

survival, but also increases the percent of juveniles recruited to the post-breeding 

population (Potts and Vickerman 1974).

Sotherton et al. (1989) also found that gray partridge and ring-necked pheasant 

broods in conservation headland areas had higher chick survival. Moreover, the density 

of breeding partridges increased over the course of multiple years on the study farm, but 

not on adjacent farms which had no conservation headlands. Thus the mechanism appears 

to include links that extend through herbicides, weeds, insects, chick survival, and game 

bird populations (Potts 1986).

Two aspects of the British studies are striking: their careful, thorough design and 

their high level of concurrence. Although indirect trophic effects of herbicides are not 

the sole cause of the gray partridge decline (Potts 1986), these effects have been 

demonstrated numerous times both in large scale, correlative studies and in small, 

controlled designs.

Panek’s 1992 study in Poland yielded disparate results from the studies conducted in 

England. Weed and insect abundance were negatively related, and the effect of insects 

on chick survival was insignificant after the effect of weather was removed. This study
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did not control for nearby permanent cover and other factors. The author felt that 

weather and landscape features are more important to gray partridge chicks in Poland 

than abundance of weeds in fields.

The little information available on the indirect trophic effects of herbicides on birds 

from North America is circumstantial (Bins and Henny 1997, Freemark and Boutin 

1995). For instance, more ring-necked pheasant chicks feeding in heterogeneous plant 

communities had full crops than those from relatively homogeneous plant communities 

(Hill 1976), and gray partridge chick survival in New York state was positively correlated 

with insect abundance and biomass (Enck 1987). Ring-necked pheasant chick survival 

from hatch to early August in Illinois declined by about 28% from the early 1950’s to the 

mid-1970’s. This decline was correlated with changes in the area of land considered 

good pheasant habitat.

Despite the dearth of information on the indirect trophic effects of herbicides on 

North American birds, the topic is increasingly important and wanting for study 

(Freemark and Boutin 1995). Although trends in ring-necked pheasant and gray 

partridge populations in North America vary markedly depending on geographic region, 

declining populations of ring-necked pheasants are evident throughout the history of the 

Breeding Bird Survey. The 30 year trend (1966-1996) for ring-necked pheasants across 

the survey area is significantly negative, and Christmas Bird Counts paint a similar 

picture (Sauer et al. 1999). This is despite active management for the species that often 

includes captive breeding and release programs.
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Furthermore, agricultural herbicide use in the United States increased by 180% to

approximately 173 million kg from 1971 to 1987 (Freemark and Boutin 1995). Padgitt et

al. (2000) summarized herbicide use from 1990 through 1997, in a survey of major crops

that constituted roughly 69% of the total United States cropland. American farmers

applied approximately 157 million kilograms of active ingredient each year to an area

that represents barely over two thirds of the total cropland. Assuming the 69% of

croplands surveyed were representative, this would indicate that herbicide application

between 1990 and 1997 averaged approximately 229 million kilograms of active

ingredient each year. According to Potts and Vickerman (1974),

The first generation of pesticides such as the organochlorines DDT and dieldrin
could be monitored in the biosphere.......and lethal and sub-lethal effects on
wildlife were eventually quantified.......By contrast the newer pesticides are
specific and less persistent so that their indirect effects are less tangible. Side- 
effects will be in the form of abnormalities in the population dynamics and energy 
flows of the system rather than in the physiology of contaminated individuals.
The grey partridge is an example of a species which has been affected indirectly 
by pesticides, by agrochemicals generally and by changes in agricultural cropping 
systems. All this happened before its ‘natural’ biology was fully understood-we 
believe this must be typical of most species in the farmland fauna. Abnormal 
perturbations can only be quantified if the normal state is fully understood.

Edge Effects

Interestingly, herbicides affect vegetation at the landscape level, beyond the 

boundaries of a crop field. Reliance on chemical spraying and the subsequent decrease in 

cultural practices such as crop rotation reduces habitat heterogeneity and interspersion of 

habitat types (Freemark and Boutin 1995).
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Uncultivated habitat provides a type of heterogeneity that can be particularly 

important for arthropods, both in its own right and as a source area from which 

individuals emigrate into fields. For instance, Potts and Vickerman (1974) found that 

downland sites had higher arthropod taxonomic richness than small grain fields, with a 

difference as high as 27% between downland and spring barley. Downland is a type of 

grassland specifically related to the soft, rolling countryside of parts of southern England 

and is usually managed as permanent pasture (Dr. Nicholas Sotherton, personal 

communication). Sotherton (1984) found distinct habitat preferences among various 

species of overwintering polyphagous predatory Coleoptera. Certain species hibernated 

almost completely in fencerow-type field boundaries, even though the boundaries 

constituted only about 2% of the total area of the farm.

Thies and Tschamtke (1999) found that parasitism of the rape pollen beetle increased 

significantly and pest damage decreased with increasing landscape heterogeneity in an 

agroecosystem. They also provide an excellent example of an edge effect extending into 

a field in relatively homogeneous landscapes. Parasitism at the field margin was about 

50%. When a one year old boundary strip of vegetation or no strip at all surrounded the 

field, the center of the field had a significant drop to only 20% parasitism. However, 

fields surrounded by six year old strips maintained the same parasitism rate in the center 

of the field as at the edges. Parasitism was even greater when a rape field was adjacent to 

a large old fallow instead of an old field strip.

The study of island biogeography shows that habitat isolation can cause species 

extirpations and disruption of food webs (Wilcove et al. 1986). Holt et al. (1999) wrote a
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theoretical paper describing situations where the species-distance relationship is stronger 

for species of high trophic rank. That is, high ranked consumers disappear from more 

distant patches sooner than lower ranked species. Kruess and Tscharntke (1994) 

supported this hypothesis by planting islands of red clover (Trifolium pratense) in a 

matrix of crop fields and meadows, at varied distances from natural islands of red clover. 

Examining the obligate herbivores and parasitoids in the system, they found that species 

richness of both decreased with increased isolation; however, parasitoid species richness 

was affected by isolation disproportionately more than herbivore species richness. 

Percent parasitism was also significantly reduced as clover islands became more isolated.

Importance of fencerows and other edges is reflected in bird abundance and behavior, 

as well as arthropod abundance. Best (1983) censused birds in Iowa fencerows and 

recorded a total of 62 species. He speculates that without fencerows, there could be 

fewer than 10 species of birds found in the area's farmlands. Boutin et al. (1999) 

examined avian activity patterns and relative use of interior versus edge habitat in crop 

fields in southern Ontario. In corn and soybean fields, most species foraged in edge 

habitat consistently more than expected from the edge/interior ratio. This is consistent 

with Green’s 1984 findings that gray partridge broods prefer field edges and the success 

of conservation headlands in Britain.

Summary

Although researchers have investigated some of the indirect effects of herbicides on 

food webs, much remains to be quantified. In particular, data concerning indirect trophic
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effects of herbicides on birds are derived almost entirely from ecosystems in Great 

Britain. My research focused on trophic effects of herbicides in a western American 

agroecosystem. I quantified the effects of herbicides on created plant communities in a 

controlled experiment. I studied the association between plants and chick-food insects, 

as well as beneficial arthropods. I also examined the association between floral and 

faunal diversity.

/
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INDIRECT EFFECTS OF HERBICIDES ON AN AGROECOLOGICAL TROPHIC

SYSTEM

Introduction

Pesticides are taxon-specific xenobiotics which allow the elucidation of trophic 

relationships. They can change plant and arthropod communities, affecting processes 

throughout the ecosystem. Even if organisms at higher trophic levels are not directly 

poisoned, they can be affected through changes in habitat and food resources (Blus and 

Henny 1997). The former are considered direct effects, and the latter, indirect effects.

I examined how herbicide application changes an agricultural plant community and 

looked for concomitant changes in the insect community. I focused on insects consumed 

by ring-necked pheasant (Phasianus colchicus) and gray partridge (Perdix perdix) chicks 

to determine impacts of herbicides on higher trophic levels. I also examined impacts on 

beneficial arthropods and measures of coleopterous richness and diversity.

Game Bird Chick Diets

Captive ring-necked pheasant chicks require at least 24% dietary protein by dry 

weight in the first few weeks of life for ideal growth, feather development and survival 

(Warner et al. 1982, Woodard et. al 1977). In the wild, chicks fulfill their protein 

requirement by consuming an almost total diet of animal food during their first two to 

three weeks. For instance, wild ring-necked pheasant chicks are reported to consume 

between 51% and 98% arthropods during their first three weeks (Loughrey and Stinson 

1955, Dalke 1935). Highest consumption in both studies was during week one, followed
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in sequence by weeks two and three. Wild pheasant chicks become much less dependent 

on arthropods and other animal foods as they mature (Dalke 1935, Hill 1985, Korschgen 

1964, Loughrey and Stinson 1955, Trautman 1952). Similarly, gray partridge chicks are 

most dependent on insects during their first two to three weeks, and then gradually eat 

more plant matter (Vickerman and O’Bryan 1978).

Protein content of arthropods versus plants is consistent with selection of arthropod 

food by growing chicks. Percent protein by dry weight in arthropods Icnown to be eaten 

by pheasants averaged 46% (n = 5); animals, 41% (n = 7); plants, 13 % (n = 61) and com, 

9%. (Korschgen 1964).

The need for animal foods as part of a natural diet has been demonstrated in the 

laboratory as well as the wild. Johnson and Boyce (1990) found young (less than 21 days 

old) captive sage grouse (Centrocercus urophasianus) chicks achieved almost complete 

survival when fed plants and insects; however, almost complete mortality occurred 

among those fed only plants. Growth of young chicks was positively correlated with the 

amount of insect material in the diet, and growth rate, even in older chicks (greater than 

21 days), was significantly greater when their diets contained an insect component. 

Dahlgren (1990) found significantly higher growth rates in captive gray partridge chicks 

fed an insect rich diet versus those fed an insect poor diet, even though both groups were 

fed grass and seeds ad libitum.

Insect orders that comprise a moderate to large proportion of ring-necked pheasant 

and gray partridge chick diets in Great Britain and North America include the Coleoptera,
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Diptera5 Hemiptera5 Homoptera5 Hymenoptera5 Lepidoptera and Orthoptera. See Table I 

for references and Appendix A for common names.

Table I . Insect orders commonly eaten by ring-necked pheasant or gray partridge chicks.

Order References
Coleoptera

Diptera

Hemiptera

Homoptera

Hymenoptera

Lepidoptera

Orthoptera

Dalke 1935, Green 1984, Hill 1976, Hill 1985, Loughrey and Stinson 
1955, Potts 1970, Potts 1986
Dalke (1935), Green (1984), Hill (1985), Loughrey and Stinson 
(1955), Whitmore et al. (1986)
Dalke 1935, Hill 1976, Hill 1985, Loughrey and Stinson 1955, Potts 
1986, Vickerman and O’Bryan 1978 and Whitmore et al. 1986 
Dalke 1935, Green 1984, Hill 1976, Hill 1985, Loughrey and Stinson 
1955, Potts 1970, Potts 1986, Southwood and Cross 1969, Whitmore 
et al. 1986
Dalke (1935), Hill (1985), Potts (1970), Potts (1986) and Vickerman 
and O’Bryan (1978)
Dalke (1935), Hill (1976), Hill, (1985), Loughrey and Stinson 
(1955), Potts (1986) and Vickerman and O’Bryan (1978)
Dalke 1935, Loughrey and Stinson 1955, Trautman 1952

Among the Coleoptera; Carabids, Chrysomelids and Curculionids are reported to be 

particularly important (Green 1984, Potts 1986), and Green (1984) also found 

Staphylinids to be a substantial portion of the diet. Coccinelids appear to be distasteful 

and actively avoided by chicks (Whitmore 1982b).

Although some dipterous families can be consumed in large quantities, in all but one 

study reviewed, no more than one dipterous family was taken in any notable amount. 

Furthermore, the particular family varied among studies. Green (1984) alluded to the 

likelihood that chicks would be unable to catch all dipterous families.

Among the Homoptera, Cicadellids (Dalke 1935, Hill 1976, Whitmore et al. 1986) 

and Aphids (Green 1984, Potts 1970, Potts 1986) appear to be particularly important
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families. Potts (1970) indicates that although aphids can be an important food source, as 

an outbreak insect, their populations are variable and therefore unreliable.

Important Hymenoptera include sawfly larvae, mostly Tenthredinidae (Hill 1985, 

Potts 1970, Potts 1986 and Vickerman and O’Bryan 1978). Notably, the above studies 

were conducted in Great Britain, whereas sawflies were not mentioned in studies of 

North American chick diets. Potts (1970), Potts (1986) and Vickerman and O’Bryan 

(1978) found Formicids important. Hill (1985), Loughrey and Stinson (1955) and Potts 

(1970) remarked that ants could be a large part of the diet but that consumption varied 

widely. This is most likely due to the colonial nature of ants, their need for uncultivated 

land and their resulting aggregated distribution.

The studies that emphasized the importance of Orthoptera (Dalke 1935, Loughrey and 

Stinson 1955, Trautman 1952) were all conducted in North America. Grasshoppers were 

not reported to be a common component of chick diets in Great Britain. This geographic 

bias probably explains why this was the only order not mentioned in the diet of both 

species. I was unable to find papers detailing the specific composition of gray partridge 

chick diets in North America.

Less information is available on the size of prey items taken by game bird chicks than 

on their taxonomic preferences. Potts (1970) found that 79% of prey taken by gray 

partridge chicks were 2-3 mm long, 10% were 4-6 mm and 10% were 7-15 mm. Hill 

(1976) found most insects eaten by ring-necked pheasant chicks were 4-6 mm long. 

However, this was the length of leafhoppers, the most available food item, which were 

taken in proportion to availability. He noted that even one week old chicks are able to eat
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fairly large caterpillars. Whitmore et al. (1986) found that captive ring-necked pheasant 

chicks tended to eat insects larger than 3 mm in length. In his lab experiment chicks had 

access to abundant, easily captured insects, and ate only those they could swallow whole. 

In the field, they would tear up insects that were larger than those eaten-in the lab. Taxa 

already covered in this section are common in the diets of ring-necked pheasant and gray 

partridge chicks. However, there is site to site variation in diet, and diet is dictated 

largely by availability. Dalke (1935) and Hill (1976) concur that ring-necked pheasant 

chicks’ consumption of particular taxa appears opportunistic.

In particular, Hill (1976) notes that some chicks’ crops contained only slugs, some 

leafhoppers and some assorted invertebrates, while one chick's crop was completely full 

with 948 aphids. Indeed Hill (1976) considered slugs to be a major constituent of 

pheasant chick diets.

Loughrey and Stinson (1955) found Ephemerida the single most important food for 

pheasant chicks through three weeks of age. They averaged 45% of the diet by fresh 

volume. They also mention the importance of Trichoptera for older chicks. Although no 

other study mentioned these taxa, the Loughrey and Stinson (1955) results are consistent 

with the conclusion that pheasant chicks forage opportunistically. Their study site was an 

island in Lake Erie, and the above-mentioned orders have aquatic larvae.

Although ring-necked pheasant and gray partridge chicks are not particularly 

dependent on any given taxa, they do depend heavily on arthropods as a food resource. 

Thus, their survival and ultimately their populations are susceptible to changes via the 

arthropod food supply.
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Arthropod Responses to Herbicides

Herbicides shift plant species abundance and composition, and can either increase or 

decrease species diversity (Freemark and Boutin 1995). Furthermore, herbicides can 

change arthropod populations, via a shift in the weed populations they target. Weedy 

areas in cereal grain fields in Great Britain have higher arthropod densities than non- 

weedy areas. Significant correlational evidence for herbicide effect (especially on the 

arthropods consumed by gray partridge chicks) is provided at the farm scale by Green 

(1984), Hill (1985) and Vickerman and O’Bryan (1978). In particular, dicotyledonous 

weeds appear to encourage numbers and biomass of chick-food insects (Southwood and 

Cross 1969, Sotherton and Robertson 1990), in part because approximately sixty percent 

of insects preferred by chicks (in British landscapes) are phytophagous species feeding on 

dicotyledonous weeds (Sotherton 1990). Chiverton and Sotherton (1991) and Moreby 

(1997) provided more controlled, within field evidence that herbicide induced reductions 

in dicotyledonous weeds also result in significant decreases in arthropods preyed upon by 

gray partridge chicks.

A system known as conservation headlands has been instituted in Britain, where the 

outermost pass of farm equipment in cereal fields (generally a width of six meters) is 

spared the application of insecticides, insecticidal fungicides and most dicotyledonous 

weed herbicides in order to increase food resources for game bird chicks. Most 

monocotyledon herbicides, some fungicides and very selective dicotyledon herbicides 

can still be used. Such selective spraying resulted in both a significant increase in
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dicotyledonous weed density and chick-food insect densities in the headlands (Sotherton 

and Robertson 1990).

Studies have also been conducted on the association among weeds, beneficial 

arthropods and arthropod diversity. Beneficial arthropods are predators or parasites that 

can help regulate arthropod pest populations. Freemark and Boutin, in their 1995 review 

of herbicide effects, show they can have both direct and indirect effects on above-ground 

arthropods, including beneficials. Beneficial arthropods generally increase with 

increasing plant heterogeneity, which supports the existence of indirect effects.

Chiverton and Sotherton (1991) found that unsprayed cereal grain plots with high weed 

densities supported higher densities of predatory arthropods. Altieri and Whitcomb 

(1980) found significant, but mixed results in a com system. The number of predatory 

individuals and species were highest in weedy treatments when plots were isolated from 

each other by distance and harrowing, but when plots were closer together and vegetated 

between, number of predatory individuals peaked in monocultures. They found floral 

heterogeneity (either weeds or soybeans interspersed with corn) reduced pest damage 

compared to corn monocultures. Potts and Vickerman (1974) also examined the 

relationship between plant diversity, arthropod diversity and predatory arthropods. In 

their study, 38% more arthropod taxa emerged from the ground in grass-clover mixtures 

undersown in barley fields than in cultivated fields. The proportion of predatory insects 

emerging was 43% versus 28%, respectively. The authors indicated that some 

differences may have resulted from cultivation, while others probably related to the 

presence of the grass-clover undersown spring barley. Furthermore, the correlation
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between faunal diversity and the percent of predatory individuals was significant. They 

indicated that floral diversity partly results in faunal diversity; however, floral diversity 

can be spread over time and space to include a fencerow, a neighboring field or a 

previous rotation. Thus, although weedy fields often contain more arthropods, under 

certain conditions weed-free fields can support as much faunal diversity as weedy fields. 

Andow (1991) reviewed density of 130 predator and parasitoid species in areas of high 

and low plant diversity. Of these beneficial arthropods, 52.3% had higher population 

densities in polyculture than monoculture. The converse was true only for 9.2% of 

species, while the remaining 38.5% of species showed a variable response or no change. 

Although much evidence supports the hypothesis that beneficial arthropods are more 

dense in areas of higher plant diversity, many exceptions remain (Andow 1991).

Direct Effects of Herbicides on Birds

Most herbicides, especially the newer compounds, have low acute avian toxicity 

(Freemark and Boutin 1995, Sotherton 1990). Potts and Vickerman (1974) were unable 

to find significant direct toxicity of pesticides to gray partridge chicks on their study area, 

and Potts (1970) notes that gray partridge chick survival was not adversely affected by 

herbicides where sawflies were numerous. However, indirect effects of herbicides have 

been widely noted in Great Britain (Bins and Henny 1997, Freemark and Boutin 1995, 

Potts 1986).
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Indirect Effects of Herbicides on Birds

Herbicide-induced reductions in arthropods have been implicated in game bird chick 

mortality and population declines in Great Britain (Potts 1986). Southwood and Cross 

(1969) concluded that a gray partridge chick in an herbicide treated field would need to 

travel 3.4 times farther to obtain insects than a chick in an untreated field. Furthermore, 

gray partridge chick survival is greater in fields with unsprayed areas than in completely 

herbicide treated fields (Sotherton and Robertson 1990). Green (1984) found that gray 

partridge broods not only preferred field edges where weeds and arthropods were more 

abundant, but that home range size was smaller and chick survival greater where 

abundance of arthropod prey was greater. Hill (1985) found that ring-necked pheasant . 

broods preferred areas of high weed and arthropod abundance. Variation in arthropod 

density in the broods’ home range accounted for 75% of the variation in chick survival 

and survival was highest in broods that ingested the highest biomass of insects. Broods 

had smaller home ranges and lower mortality in arthropod dense areas.

Conservation headlands support a higher abundance of chick-food arthropods and 

higher numbers of gray partridge chicks per brood than fully sprayed headlands (Rands 

1985). Increasing density of chick-food arthropods not only increases young chick 

survival, but also increases the percent of juveniles recruited to the post-breeding 

population (Potts and Vickerman 1974). Sotherton et al. (1989) also found that gray 

partridge and ring-necked pheasant broods in conservation headland areas had higher 

chick survival. Moreover, the density of breeding partridges increased over the course of 

multiple years on the study farm, but not on adjacent farms which had no conservation
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headlands. Thus the mechanism appears to include links that extend through herbicides, 

weeds, arthropods, chick survival, and game bird populations (Potts 1986).

Panek’s 1992 study in Poland yielded disparate results from the studies conducted in 

England. Weed and insect abundance were negatively related, and the effect of insects 

on chick survival was insignificant after the effect of weather was removed. This study 

did not control for nearby permanent cover and other factors. The author felt that 

weather and landscape features are more important to gray partridge chicks in Poland 

than abundance of weeds in fields.

The little information available on the indirect trophic effects of herbicides on birds 

from North America is circumstantial (Bins and Henny 1997, Freemark and Boutin 

1995). For instance, more ring-necked pheasant chicks feeding in heterogeneous plant 

communities had full crops than those from relatively homogeneous plant communities 

(Hill 1976), and gray partridge chick survival in New York state was positively correlated 

with insect abundance and biomass (Enck 1987). Ring-necked pheasant chick survival 

from hatch to early August in Illinois declined by about 28% from the early 1950’s to the 

mid-1970’s. This decline was correlated with changes in the area of land considered 

good pheasant habitat.

Despite the dearth of information on the indirect trophic effects of herbicides on 

North American birds, the topic is increasingly important and wanting for study 

(Freemark and Boutin 1995). Although trends in ring-necked pheasant and gray 

partridge populations in North America vary markedly depending on geographic region, 

declining populations of ring-necked pheasants are evident throughout the history of the
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Breeding Bird Survey. The 30 year trend (1966-1996) for ring-necked pheasants across 

the survey area is significantly negative, and Christmas Bird Counts paint a similar 

picture (Sauer et al. 1999). This is despite active management for the species that often 

includes captive breeding and release programs.

Furthermore, agricultural herbicide use in the United States increased by 180% to 

approximately 173 million kg from 1971 to 1987 (Freemark and Boutin 1995). Padgitt et 

al. (2000) summarized herbicide use from 1990 through 1997, in a survey of major crops 

that constituted roughly 69% of the total United States cropland. American farmers 

applied approximately 157 million kilograms of active ingredient each year to an area 

that represents barely over two thirds of the total cropland. Assuming the 69% of 

croplands surveyed were representative, this would indicate that herbicide application 

between 1990 and 1997 averaged approximately 229 million kilograms each year."

Hypotheses

I tested the following hypotheses. Herbicide application reduces weed volume, plant 

species richness and plant species diversity. Herbicide application and its associated 

reductions in weed volume, plant species richness and plant species diversity reduce 

beneficial, predatory arthropods; insects eaten by game bird chicks; beetle family 

richness and beetle family diversity.
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Methods

Study Site, Experimental Design 
and Treatment Applications

I conducted my experiment at Montana State University’s Arthur H. Post 

Experimental Farm in Gallatin County, Montana (I. 2 R. 5 S. 7; 45°68’30” N, 111015’ 

W). The study was designed as a randomized complete block experiment, with three 

treatments and four blocks (Figure I). The same experiment was conducted in 1998 and 

1999. I planted the experiment on ground that was tilled and fallow in 1997 and 

unsprayed in 1996. The monocultural treatment (M) was planted with spring wheat 

{Triticum aestivwn) and sprayed with herbicides. The intermediate treatment (I) was 

planted with spring wheat, wild oat (Avena fatud), redroot pigweed (Amaranthus 

retroflexus) and common lambsquarters (Chenopodium album) and also sprayed with 

herbicides. The weedy treatment (W) was planted with spring wheat, wild oat, redroot 

pigweed and common lambsquarters and was not sprayed. The intent of this design was 

to simulate a monocultural wheat field, a very weedy wheat field and an intermediate 

field. Most notably, the intermediate treatment was expected to have the greatest change 

in weed abundance from before to after herbicide application (Figure 2).

Chemicals used were a combination of imazamethabenz (Assert) for 

monocotyledonous weed control, bromoxynil (Buctril) for dicotyledonous weed control 

and an 80-90% non-ionic surfactant. Both herbicides were applied at 1.75 liters per 

hectare (1.5 pints per acre), with a total volume (herbicide, surfactant and water) of 140 

liters per hectare (15 gallons per acre). When measurements are presented in both
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English and metric systems, the original was taken in the English system, and metric 

conversions were rounded. Weed seeds were checked for ability to germinate before 

planting (Appendix B). The experiment was blocked against a nearby fencerow, because 

I expected the fencerow to be a source of insects. Plots were 15 m by 16 m (49’ by 53’) 

or 242 m2 (2597 square feet) with 5m (16’) tilled alleys around each plot to minimize 

random insect dispersal among plots.

16 m

Fencerow | |  g m
15 m

Block I

Block 2

Block 3

Block 4

Figure I . Randomized complete block design. M = monocultural treatment,
I = intermediate treatment, W = weedy treatment.

In 1998, the alley between the fencerow and the first block was 2.44 m (8’) and all 

other alleys were 4.88 m (16’). On May 6, untreated Fortuna spring wheat was drilled in 

18 cm (7”) rows at 67 kg per hectare (60 pounds per acre). On May 8, all weed seeds 

were mixed with potting soil, scattered by hand and harrowed twice in opposite
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directions. Redroot pigweed was planted at 486 seeds per m2, common lambsquarters at 

442 seeds per m2 and wild oat at 345 seeds per m2. Planting skips resulted in large 

patches of weeds that were sparsely re-seeded with wheat on May 27. These weedy 

patches ran the same direction as the blocks and were therefore constant across 

treatments. The tight row spacing precluded most weeds from growing in all but the 

planting skips, which were extremely weedy. Thus all treatments contained stands of 

almost pure wheat interspersed with strips of mostly weeds. Because herbicide 

application was late (July 2), weeds in the two sprayed treatments were stunted and 

became chlorotic, but they were not killed. Therefore, both herbicide sprayed treatments, 

as well as the weedy treatment, contained a considerable biomass of weeds. On July 23, 

large weedy patches in the monocultural treatment were hoed, and weeds were removed.

Figure 2. Expected weed abundance before and after treatment. M = monocultural 
treatment, I = intermediate treatment, W = weedy treatment.
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Several changes were made in 1999. The alley between the fencerow and the first 

block was increased to 4.88 m (16') to be consistent with all other alleys, and all planting 

was conducted earlier to better coincide with avian breeding cycles. On April 27, I 

scattered weed seeds at the following rates: wild oat, 210 seeds per m2; common 

lambsquarters, 528 seeds per m2 and redroot pigweed, 455 seeds per m2. On May 5, 

untreated McNeal spring wheat was drilled in 30 cm (12”) rows at 34 kg per hectare (30 

pounds per acre), with no planting skips. The wider row spacing was to encourage more 

weed growth among the wheat plants, and the lower seeding rate simulated the edges of 

farm fields where game birds usually forage. Herbicides were applied on June 14 and 

achieved a high rate of kill.

Plant Sampling

In each plot, I randomly placed five 0.5 m2 frames which remained fixed throughout 

the growing season. I obtained the cylindrical above ground volume of each species by 

estimating its percent canopy cover in each ring and measuring the height of a typical 

individual. Estimating the volume of a species has been shown to be a good non

destructive surrogate measure of plant biomass (Bussler and Maxwell 1995). In 1999, 

redroot and prostrate pigweeds were combined into a single category because they were 

too small to differentiate at the beginning of the season. In all other instances, I identified 

plants to species. Sampling occurred in each year once before spraying and once after 

spraying, and all volume estimates were conducted by the same person in both years. 

Furthermore, entire blocks were sampled on each sampling day, thus any day to day 

variation in plant volume could be attributed to block effect, not treatment effect. In
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1998, permanent rings were first sampled on June 25 and 26 (6 to 7 days before 

spraying), and again on July 19,21 and 22 (17 to 20 days after spraying). In 1999, 

permanent rings were first sampled from June 4 through 10 (4 to 10 days before 

spraying), and again from July 3 through 6 (19 to 22 days after spraying).

Plant Sorting

Specific volumes were distributed into the following composite variables: spring 

wheat volume, dicotyledonous weed volume, monocotyledonous weed volume, total 

plant volume, species richness and species diversity. Species richness is the total number 

of species encountered in a frame (subsample). Species diversity is a more complex 

concept that accounts for both richness and evenness. Evenness describes how uniform 

the distribution of individual plants is among species or, in my case, how uniform the 

distribution of volumes is among species. Diversity is a more detailed accounting of the 

community than richness, since richness would assign equal weights to species that 

comprised 99% and 1% of the community, respectively. Furthermore, a community in 

which each of five species accounted for 20% of the volume would be more even and 

more diverse than a community in which the five species accounted for 40%, 30%, 20%, 

5% and 5% of the volume, respectively. Simpson’s diversity index, D, is the probability 

that two organisms encountered randomly will belong to different species. D is 

calculated using the equation D = I-SQpi)2, where p; is the proportion of the ith species in a 

sampling frame. The index has a minimum of 0 and a maximum of I (Krebs 1985).

Using Simpson’s diversity index, the first hypothetical community would have a diversity
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index of 0.705, and the second, 0.8; whereas both communities would have a richness of

5.

Arthropod Sampling

Relative abundance of ground-dwelling arthropods and vegetation-dwelling 

arthropods were sampled by pitfall trapping and sweep netting, respectively. These 

techniques provided methods of comparing arthropod abundance among treatments but 

did not provide absolute population estimates. Five pitfall traps were systematically 

arranged in each plot (Figure 3). Traps had a circumference of 35 cm and an aluminum 

pan set on metal stays above each trap served as a rain guard, preventing overflow of 

solution. I used a saturated salt solution containing a small quantity of detergent to help 

break surface tension. See Appendix C for details of trap construction. In 1998, traps 

were open from June 2 to June 18(14 to 30 days before spraying) and again from July 16 

to July 30 (14 to 28 days after spraying). In 1999, traps were open from May 27 to June 

11 (3 to 17 days before spraying) and again from June 29 to July 22 (15 to 38 days after 

spraying). All results were standardized to arthropods per trap day.

Vegetation dwelling insects were sampled with a 38 cm (15”) diameter muslin sweep 

net fitted on an extra-heavy galvanized rim with a thick 90 cm (35.5”) hardwood handle 

(Gempler’s item number R20001 for net and R13101 for handle). All sweeping was 

conducted by the same person between 8:05 and 10:10 am, and sweeping was practiced to 

standardize pace. For every step taken, the net was swept in a 180° arc as low as 

possible to the ground and considered one sweep. I collected 48 sweeps per plot in the 

pattern shown in Figure 3. Sweep netting was conducted in 1999 on June 12, July 8 and
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July 20, which were 2 days before spraying, 24 days after spraying and 36 days after 

spraying, respectively. Insects from the two after-spray sampling periods were sorted and 

analyzed separately. Sampling dates for all plants and insects are presented in Tables 2 

and 3.

Table 2. 1998 sampling dates.
P la n tin g B e fo r e  S p r a y in g S p r a y in g A fte r  S p r a y in g

P lan t R in g s 5 /6 ,  5 /8 6 /2 5 - 6 /2 6 7 /2 7 /1 9 ,  7 / 2 1 ,7 / 2 2
P itfa ll T rap s 6 /2 - 6 /1 8 7 /1 6 - 7 /3 0

Table 3. 1999 sampling dates.

P lan t R in g s  

P itfa ll T ra p s

P la n tin g  

4 /2 7 ,  5 /5
B e fo r e  S p r a y in g  

6/4 -6Z 6 , 6 /1 0
S p r a y in g

6 /1 4
A fte r  S p r a y in g  

113-116
5 / 2 7 - 6 / 1 1 6 /2 9 - 7 /2 2

S w e e p  N e t 6 /1 2 7 /8 , 7 /2 0

Figure 3. Arthropod sampling in one replicate plot. Circles are pitfall traps. Arrows 
represent the path of the sweep net transect.
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Arthropod Sorting

Chick-food insects. Taxa important to gray partridge and ring-necked pheasant 

chicks include members of the Coleoptera, Diptera, Hemiptera, Homoptera, 

Hymenoptera, Lepidoptera and Orthoptera. See Chapter I for a review of these taxa in 

the literature and Appendix A for a list of common names.

Among the Coleoptera, I used all families except adult Coccinelids, which are 

distasteful and actively avoided by chicks. I did not include Diptera in my counts 

because chicks appear to select only the particular taxa they can catch, and lacking birds 

in my experiment, it was difficult to determine which taxa would be possible food 

sources. Among the Homoptera, I encountered and counted aphids and hoppers (such as 

Cicadellids and Delphacids). I counted the Hemiptera. I included Formicids, but none of 

the other Hymenoptera, as I found no sawfly larvae (e.g. Tenthredinidae) in my samples. 

Lepidoptera larvae were included in my counts as were the Orthoptera.

I classified potential chick-food insects into subjective size categories. After sorting 

1999 samples, the largest sample from every time by treatment by taxon by size group 

from that year was selected, and the largest and smallest member of the class were 

measured (Table 4). Medium-sized and large Carabids, large Hemiptera and large 

Orthoptera were dropped from the analysis, as they were considered too large to be likely 

chick-foods. Of particular note are the medium-sized Carabids, which were the most 

common ground-dwelling arthropods in the second sampling period in both years. 

Although extremely common, they were too large to be classified as chick-food insects.

)
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Table 4. Lengths of insect taxon-size groups. Starred groups were too large to be 
considered chick-foods.
Taxon-size Groups Minimum (mm) Maximum (mm) Notes
Anthicids 3 4
Aphids I 3
Carabids (large)* 15 15 very wide
Carabids (medium)* 11 20 mainly Pterostichus spp.
Carabids (small) 3 14
Chrysomelids 2 7
Curculionids 3 9
Elaterids 5 12
Formicids ' 2 9
Hemiptera (large)* 8 13 very wide, almost square
Hemiptera (small) 2 10
H ypera Larvae 3 8
Immature Coleoptera 4 12
Lepidoptera Larvae 3 20
Orthoptera (large)* 14 29
Orthoptera (medium) 9 17
Orthoptera (small) 4 8
Other Coleoptera 3 13
Other Homoptera (large) 4 9
Other Homoptera (small) 2 7
Oulema melanopus Larvae 2 5
Staphylinids 3 13

Other Groups. I considered a subset of the arthropods sorted to be beneficial. 

Araneae and the adults of Carabidae, Coccinelidae and Staphylinidae are predatory 

(Borror et a l l 989) and comprised the beneficial group in my study. In particular, 

members of the Araneae, Carabidae and Coccinelidae are known to help regulate aphid 

and other arthropod pest populations (Jackson 1997).

All Coleoptera were sorted to family and I used these families to calculate measures 

of richness and diversity. Beetle richness and diversity were calculated in the same
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manner as plant richness and diversity, except that I used beetle families, not species for 

calculations.

Methods of sorting. I counted adults and juveniles of the Araneae, Coleoptera and 

Formicidae from pitfall traps. I washed arthropods through a series of sieves, discarding 

any that passed through the I mm2 mesh on the number 18 standard sieve.

I counted Hemiptera, Homoptera, Orthoptera and Lepidoptera from sweep net 

samples. Adults and juveniles were included for all orders except Lepidoptera, in which 

only the caterpillars were counted. Curculionid larvae of the genus Hypera and cereal 

leafbeetle larvae (Chrysomelidae: Oulema melanopus) are vegetation dwelling and were 

the only coleopterous larvae sampled from sweep nets instead of pitfall traps. The same 

lower size limit was used for sweep samples as for pitfall samples.

Arthropods from both years were sorted into taxon-size groups for each trap 

subsample or sweep sample, and individuals were counted. In 1999, these groups were 

then dried to a constant weight (for 48 hours at 60° C) and weighed to 0.0001 g.

Data Analyses

Analyses of variance were conducted separately for 1998 and 1999 using StatSoft’s 

1999 edition of Statistica, version 5.5. I used a randomized complete block design 

(Statistica’s main effects model) for fixed effects with sigma-restricted parameterization.

I used Type III sums of squares for all but the 1998 plant analysis, which was missing 

one observation. For that case, I used a method Statistica terms Type VI (Type 6) sums 

of squares (Statistica Electronic Manual 1999). Least significant differences were 

protected; that is, I conducted a Fisher LSD only if the overall F test was significant.
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Because of my small sample size, I used an alpha of 0.1 to determine significant 

differences among treatments. ANOVA and LSD were conducted assuming equal 

variance among treatments. However, standard errors shown in graphs are observed 

values for each treatment, thus these errors do show variation among treatments. 

Because one observation was missing for the 1998 pre-spray weedy treatment, the 

observed mean on the graph is slightly different than the least squares mean used in the 

analysis. Correlations between floral and faunal richness and floral and faunal diversity 

were analyzed by simple linear regression, also in Statistica. Power analyses were 

conducted using Java Applets for Power and Sample Size (Lenth 2000).

Results

First Year

Before Spraying. I tested six variables to assess the plant community before 

spraying. These included spring wheat volume, dicotyledonous weed volume, 

monocotyledonous weed volume, total plant volume, species richness and species 

diversity. Based on my planting, I expected all treatments to have the same volume of 

spring wheat, and I expected the remaining variables to be higher in the intermediate and 

weedy treatments than in the mono cultural treatment (Figure 2). I found that 

dicotyledonous weed volume before spraying was significantly greater (p = 0.03) in the 

intermediate treatment than either the monocultural or weedy treatments. All other 

variables (Appendix D) showed no treatment differences, indicating that the germination 

of weed seeds I planted was probably overwhelmed by germination from the seed bank .
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already present in the soil. Furthermore, the overall lack of treatment differences 

demonstrated that all treatments supported essentially the same plant community before 

herbicide application.

Similarly, I assessed the ground-dwelling arthropod community before spraying by 

testing four variables: chick-food insects, beneficial arthropods, beetle family richness 

and beetle family diversity. As expected based on the plant community, there were no 

significant differences in the arthropod community among treatments prior to spraying in 

1998. Furthermore, small Carabids (the largest constituent of ground-dwelling, chick- 

food insects and beneficial arthropods in the pre-spray sampling period) and medium

sized Carabids (the largest constituent of beneficial arthropods in the post-spray sampling 

period) were also not significantly different among treatments before spraying in 1998 

(Appendix E).

Difference Values. To study the effect of herbicide application, I analyzed difference 

values (after spray - before spray) of the ten plant and arthropod variables. The weedy 

treatment had a significantly greater increase in wheat volume (p = 0.005) and total plant 

volume (p = 0.003) over time than either the intermediate or monocultural treatments 

(Table 5). No other differences were found, underscoring the ineffectiveness of my late 

herbicide application. Only one arthropod variable showed treatment differences. The 

monocultural treatment had a significantly larger decrease in beetle family diversity over 

time than either the intermediate or weedy treatments (Table 6). These results suggest 

that herbicides did not have a significant, direct (toxic) effect on arthropod populations.



Table 5. Change in the 1998 plant community due to herbicide treatment. Mean is post-spray value - pre-spray value 
and standard error (SE) is the observed value for each treatment. ANOVA and LSD were calculated assuming equal 
variance among treatments. Asterisk (*) indicates significant treatment differences within a variable. Values within a 
variable with same adjacent letters are not significantly different at the 0.1 level.

Monoculture Intermediate Weedy
Mean SE Mean SE Mean SE p-value

Spring Wheat Volume (cm3)* 123384.47 (b) 9411.16 112930.38 (a) 8921.79 148330.71 (c) 14862.65 0.0047
Monocotyledonous Weed Volume (cm3) 2484.04 1019.15 3977.48 1847.76 1262.59 799.36 0.6400
Dicotyledonous Weed Volume (cm3) 4292.20 2654.34 1830.98 1287.20 5783.00 4068.69 0.3207
Total Plant Volume (cm3) * 130160.71 (b) 8009.90 118738.85 (a) 7944.43 155376.30 (c) 11069.60 0.0030
Plant Species Richness (cm3) 0.35 0.22 0.10 0.25 0.73 0.41 0.5835
Simpson's Diversity Index (D) (cm3) 0.02 0.03 -0.01 0.03 0.03 0.03 0.3203

Table 6. Change in the 1998 ground-dwelling arthropod community due to herbicide treatment. Mean is post-spray 
value - pre-spray value and standard error (SE) is the observed value for each treatment. ANOVA and LSD were 
calculated assuming equal variance among treatments. Asterisk (*) indicates significant treatment differences within a 
variable. Values within a variable with same adjacent letters are not significantly different at the 0.1 level.

Monoculture Intermediate : Weedy
Mean SE Mean SE Mean SE p-value

Number of Chick Food Insects -0.266 0.344 -1.10 0.225 -1.16 0.361 0.184
Number of Small Carabids 0.818 0.261 1.38 0.117 1.52 0.354 0.298
Number of Beneficial Arthropods 4.05 1.14 4.30 1.64 3.62 1.70 0.946
Number of Medium-sized Carabids 3.76 0.903 4.53 1.30 4.03 1.40 0.887
Coleopterous Family Richness -1.76 0.521 -2.40 0.653 -2.60 1.02 0.444
Simpson’s Diversity Index (D) * -0.435 (a) 0.082 -0.356 (b) 0.066 -0.345 (b) 0.069 0.062
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Second Year

Before Spraying.. The plant community composition early in 1999 was influenced by 

the previous year’s treatments. Although spraying in the first year did not achieve a good 

kill, it did stunt the weeds in the monocultural and intermediate treatments. Furthermore, 

large weedy patches were hoed out of the monocultural treatment near the end of the first 

season. These factors influenced seed availability and therefore floral composition of the 

plots in the second year. Analyses conducted on 1999 data before spraying reflect the 

effects of ongoing treatments. There were significant differences in all plant variables, 

with the weedy plots being highest in weeds, and monocultural plots lowest (Appendix

F).

None of the composite variables for the number of ground-dwelling arthropods were 

significantly different among treatments, nor were the numbers of small Carabids (the 

largest constituent of both ground-dwelling, chick-food insects and beneficial arthropods 

in the pre-spray sampling period). However, medium-sized Carabids (the largest 

constituent of the beneficial group in the post-spray sampling period) were 3 to 4 times as 

common in the intermediate and weedy plots than the monocultural treatment before 

spraying occurred in 1999 (p = 0.09, Appendix G). Mass of ground-dwelling, chick-food 

insects and small Carabids was also not significantly different among treatments 

(Appendix G).

Numbers of vegetation-dwelling chick-food insects were significantly different (p = 

.005) among the three treatments, with intermediate plots containing 5 times the insects 

of monocultural plots, and weedy plots containing 9 times the same baseline (Figure 4).
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Biomass of vegetation-dwelling, chick-food inserts in the intermediate and weedy 

treatments was approximately 11 times greater than the biomass in the monocultural 

treatment (p = .05, Figure 5). See also Appendix H.

Difference Values. Difference values in 1999 account for the effects of second year 

herbicide spraying; however, they do not reflect the fact that plots were already under 

treatment from planting and from the previous year’s activities. These analyses provide 

different information than the analyses conducted on 1998 difference values. In 1998, all 

treatments had roughly equivalent weed and arthropod communities before spraying, thus 

the difference values were a clear representation of treatment effects. In 1999, plots were 

already under ongoing treatment when the herbicides were applied, and this was reflected 

by significant differences in all weed and some arthropod variables before the second 

year application of herbicides. Although the 1999 difference values accurately reflect the 

effect of second year herbicide application, this application is only part of the treatment 

effect.

Herbicide spraying had no differential effect on spring wheat in any of the treatments; 

however, it had significant effects on all of the weed variables. The weedy treatment had 

a greater increase in dicotyledonous weeds, monocotyledonous weeds and total plant 

volume than both the monocultural and intermediate treatments. Furthermore, the weedy 

treatment increased in species richness and diversity, while the other treatments 

decreased (Table 7).
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I  I  2 days before spraying, p = 0.005 (a, b, c) 
V///A 24 days after spraying, p =  0.249 
# 01  36 days after spraying, p = 0.089 (x, y)

Monoculture Intermediate

Treatment

Weedy

Figure 4. Mean number of vegetation-dwelling, chick-food insects per sweep net sample in the cultivated plots before and after 
spraying (1999). Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not 
significantly different at 0.1 level.
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WM 36 days after spraying, p = 0.0052 (x, y)

Monoculture Intermediate Weedy

Treatment

Figure 5. Mean biomass of vegetation-dwelling, chick-food insects per sweep net sample in the cultivated plots before and after 
spraying (1999). Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not 
significantly different at 0.1 level.
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Treatments differed for three arthropod variables: biomass of vegetation-dwelling, 

chick-food insects (p = .003); number of beneficial arthropods (p = .09) and number of 

medium-sized Carabids (p = .01), the largest constituent of beneficial arthropods in the 

post-spray sampling period. Vegetation-dwelling, chick-food insects and medium-sized 

Carabids showed a 2 to 3 fold greater increase in the weedy treatment than the 

monocultural or intermediate treatment. Beneficials showed a slight increase in the 

weedy plots, while decreasing in the other treatments. In paired tests, only the difference 

between the intermediate and weedy treatments was significant. This is consistent with 

the hypothesis that beneficial arthropods were impacted more by the cumulative 

treatments over the course of the two year study than by the second year herbicide 

application alone. The monocultural and intermediate treatments both supported a 

similar number of arthropods after spraying (1.61 and 1.54 per trap day, respectively); 

however, the monocultural treatment’s pre-spray level was lower (2.14 versus 2.85). 

Although the pre-spray data were not significant, they impacted the magnitude of the 

difference values nonetheless. (Table 8).

After Spraying and Cumulative Effects. Because 1999 treatment effects resulted 

from activities in 1998 and 1999,1 analyzed the 1999 post-spray data by itself, to include 

all treatment effects from both years. This is justified because I demonstrated that all but 

one of the weed and arthropod variables were not significantly different at the beginning 

of the experiment (before spraying in 1998). The one significant variable from those 

analyses, greater dicotyledonous weed volume in the intermediate treatment than either 

the monocultural or weedy treatments, does not support the current alternative hypotheses
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that weed and arthropod abundance should be lower in the monocultural and 

intermediate treatments than in the weedy treatment.

In 1999, spring wheat volume was the only variable not significantly different among 

post-spray plant communities. The weedy treatment had significantly higher 

monocotyledonous weed volume, dicotyledonous weed volume, total plant volume, 

species richness and species diversity than either the monocultural or intermediate 

treatments (Appendix F).

Beneficial arthropods (p = 0.01), medium-sized Carabids (p = 0.01) and small 

Carabids (p = 0.06) were all present in approximately twice the numbers in the weedy 

treatment than either of the other treatments after spraying (Figures 6-8). Medium-sized 

Carabids were the largest constituent of beneficial arthropods in the post-spray sampling 

period and were comprised mainly of Pterostichus species. When beneficial arthropods 

were analyzed without medium-sized Carabids, the trend remained the same as for the 

entire group, with the weedy plots supporting significantly more individuals than the 

monocultural or intermediate plots (p = 0.055, Figure 9). This supports the hypothesis 

that the observed treatment response occurred for beneficial arthropods as a whole, and 

was not driven entirely by one subset of the group. Small Carabids were the largest 

constituent of ground-dwelling, chick-food insects and beneficial arthropods in the pre

spray sampling period. Not only were they present in approximately twice the numbers 

in the weedy treatment than either of the sprayed treatments, but biomass of small 

Carabids was also approximately 2 times higher in the weedy treatment than the 

monocultural or the intermediate treatment (p = 0.06, Figure 10).



Table 7. Change in the 1999 plant community due to herbicide treatment. Mean is post-spray value - pre-spray value and 
standard error (SE) is the observed value for each treatment. ANOVA and LSD were calculated assuming equal variance 
among treatments. Asterisk (*) indicates significant treatment differences within a variable. Values within a variable with 
same adjacent letters are not significantly different at the 0.1 level.

Monoculture

Spring Wheat Volume (cm3)
Mean

43573.70
SE

6147.27
Monocotyledonous Weed Volume (cm3)* 2410.46(a) 1227.69
Dicotyledonous Weed Volume (cm3)* 585.55 (a) 731.98
Total Plant Volume (cm3)* 46569.71 (a) 5607.50
Plant Species Richness (cm3)* -1.25 (a) 0.30
Simpson's Diversity Index (D) (cm3)* -0.08 (a) 0.02

Intermediate______ Weedy
Mean SE Mean SE p-value

31253.11 5117.53 31384.48 7922.22 0.3916
11428.41 (a) 3755.20 32639.40 (b) 6985.48 0.0106

94.54 (a) 114.76 18004.47(b) 2701.74 0.0004
42776.06 (a) 5684.62 82028.35 (b) 7338.98 0.0197

-1.65 (a) 0.21 0.20 (b) 0.27 0.0093
-0.05 (a) 0.05 0.08 (b) 0.04 0.0794

Table 8. Change in the 1999 arthropod community due to herbicide treatment. Mean is post-spray value - pre-spray value 
except for vegetation-dwelling insects where mean is [(post-spray2 + post-sprayi)/2]-pre-spray. Standard error (SE) is the 
observed value for each treatment. ANOVA and LSD were calculated assuming equal variance among treatments. Asterisk 
( ) indicates significant treatment differences within a variable. Values within a variable with same adjacent letters are not 
significantly different at the 0.1 level

Biomass of Vegetation-dwelling Chick Food Insects (g) * 
Number of Vegetation-dwelling Chick Food Insects 
Biomass of Ground-dwelling Chick Food Insects (g) 
Number of Ground-dwelling Chick Food Insects 
Biomass of Small Carabids (g)
Number of Small Carabids 
Number of Beneficial Arthropods *
Number of Medium-sized Carabids *
Number of Beneficials -  Medium-sized Carabids 
Coleopterous Family Richness
Simpson’s Diversity Index (D) for Coleopterous Families

Monoculture Intermediate Weedy
Mean SE Mean SE Mean SE p-value
0.107 (a) 0.019 0.180(b) 0.027 0.324 (c) 0.031 .0031

129.75 4.59 141.25 7.49 188.50 38.32 .2318
-0.014 0.002 -0.025 0.005 -0.026 0.007 .2289
-0.47 0.53 -1.05 0.45 -1.22 0.40 .5350
-0.016 0.002 -0.027 0.006 -0.026 0.007 .2903
-1.17 0.33 -1.66 0.32 -1.54 0.44 .5471
-0.49 (ab) 0.36 -1.31 (a) 0,47 0.074 (b) 0.69 .0873
0.57 (a) 0.26 0.51 (a) 0.26 1.02 (b) 0.39 .0082

-1.06 0.39 -1.82 0.23 -0.95 0.32 .1389
0.95 0.48 0.20 0.43 .90 0.26 .4239
0.18 0.08 0.19 0.06 0.12 0.06 .5553



50

Biomass of vegetation-dwelling, chick food insects was 2 to 3 times greater in the 

weedy treatment than either other treatment in both post-spray sweep netting periods 

(0.009 > p > 0.005, Figure 5). Number of vegetation-dwelling, chick food insects in the 

second of the two of the post-spray sweep netting periods was also significant, with 

weedy plots supporting twice the number of insects as the monocultural plots (p = .09, 

Figure 4). Logistical problems while sweep netting one of the weedy plots in the first 

post-spray sampling period probably biased this sample low and may be related to the 

lack of significance in that time period, as well as in the difference values. However, the 

number of arthropods in the problematic plot was lower than in the other three replicates 

even in the trouble-free sampling periods, therefore I chose to retain the data point.

Non-significant arthropod groups are presented in Appendix G. In particular, tests of 

coleopterous family richness and diversity were not significantly different among 

treatments, thus I was unable to conclude whether plant species richness and diversity 

promote arthropod richness and diversity. The combination of low sample size and use 

of coleopterous family richness and diversity as surrogates for arthropod species richness 

and diversity probably influenced my lack of findings. It is notable that all other 

arthropod variables (numbers and biomass of vegetation-dwelling, chick-food insects; 

numbers and biomass of ground-dwelling, chick-food insects; numbers of beneficial 

arthropods, numbers of medium-sized Carabids and numbers and biomass of small 

Carabids) showed consistent trends in 1999, both before and after spraying. Even when 

trends were not significant, the weedy treatment supported higher levels than the 

monocultural treatment, with the intermediate treatment supporting levels similar to the
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monocultural plots or else falling in between the monocultural and weedy treatments. 

Thus the lack of even insignificant trends in beetle family richness and diversity were 

inconsistent not only with the literature, but also with other aspects of my own research.

I believe my research was unable to adequately assess the correlation between floral and 

faunal diversity and that my findings on this topic were inconclusive.

(

Discussion

Direct versus Indirect Effects of Herbicides 
on Arthropods_______________________

The results of my study suggest that the overriding effects of bromoxynil and 

imazamethabenz on arthropods are indirect effects achieved via the plant community, not 

direct, toxic effects. Although this experiment was not designed to specifically address 

direct versus indirect effects of herbicides on arthropods, my unsuccessful use of 

herbicides in 1998 provides a comparison to the effective application in 1999. Due to 

late herbicide application in 1998, minimal treatment differences existed in the plant 

community. Furthermore, the 1998 arthropod community displayed little difference 

among treatments. In 1999, however, the timely application of the same quantities of 

herbicides resulted in different plant communities, and the 1999 arthropod communities 

also varied. Bromoxynil is one of the relatively few herbicides with a high avian toxicity 

(Freemark and Boutin 1995) and might therefore be expected to be toxic to arthropods. 

Nevertheless, direct, toxic effects were not detectable in my experiment, whereas indirect

effects were evident.



4

I. I before spraying, p = 0.310 
i H i  after spraying, p = 0.012 (x, y)

Monoculture Intermediate Weedy

Treatment

Figure 6. Mean number of beneficial arthropods per pitfall trap day in the cultivated plots before and after spraying (1999).
Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not significantly
different at 0.1 level.
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HH] after spraying, p = 0.0082 (x, y)

Figure 7. Mean number of medium-sized Carabids per pitfall trap day in the cultivated plots before and after spraying (1999).
Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not significantly
different at 0.1 level.
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Treatment

Figure 8. Mean number of small Carabids per pitfall trap day in the cultivated plots before and after spraying (1999). Standard
errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not significantly different at
0.1 level.
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Treatment

Figure 9. Mean number of beneficial arthropods in the cultivated plots after their largest constituent (medium-sized Carabids)
has been removed. Numbers are reported per pitfall trap day before and after spraying (1999). Standard errors are indicated on
each bar. Bars for each sampling period with the same adjacent letters are not significantly different at 0.1 level.
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Figure 10. Mean biomass of small Carabids per pitfall trap day in the cultivated plots before and after spraying (1999). 
Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not significantly 
different at 0.1 level.



Indirect Effects of Herbicides on Beneficial 
Arthropods______________________ ___

The beneficial arthropod group or at least one of its constituents showed significant 

treatment differences in all 1999 analyses. In the 1999 post-spray sampling period, the 

beneficial group and all of its constituents were significantly different among treatments 

and were present in approximately twice the numbers in the weedy plots as in either of 

the sprayed treatments. This positive association between beneficial arthropods and 

weeds provides an interesting conundrum for farmers, as the increase in one type of pest 

appears to increase the natural enemies of other pests. There is evidence that 

undersowing improves habitat for predatory arthropods (Potts and Vickerman 1974) and 

that inter-cropping can reduce pest damage (Altieri and Whitcomb 1980), thus it may be 

possible for a farmer to provide the floral heterogeneity required by beneficial arthropods 

with plants other than weeds. Nevertheless, my study highlights potential unwanted 

effects of high-efficiency weed control and underscores the importance of viewing 

agroecosystems as complex communities replete with interactions.

Indirect Effects of Herbicides on Birds

Arthropod food is important to game bird chick survival. Chicks deprived of 

arthropods can starve to death, even when supplied with warmth, vegetation and water ad 

libitum (Dahlgren 1990, Johnson and Boyce 1990). Furthermore, limited food resources 

and the movement required to obtain food can interact with weather and predation to 

increase chick mortality (Potts 1986). Delayed growth and feathering caused by deficient 

diets can contribute to mortality in the wild, even if it does not cause direct mortality in

57
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captivity. Birds are most vulnerable to cold in their initial weeks of life, and chicks need 

well developed body mass and feathers for effective thermoregulation and escape from 

predators (Potts 1986).

Gray partridge populations in Britain are limited largely during the breeding season 

(Potts 1986), and chick starvation resulting from indirect herbicide effects is an important 

component of this limitation (Potts 1986, Potts and Vickerman 1974, Sotherton et al.

1989). Studies of ring-necked pheasant chick habitat use and survival in Illinois suggest 

that precipitous declines in Midwestern United States pheasant populations may also be 

linlced to chick starvation (Warner 1979, Warner 1984, Warner et al. 1984). However, 

conclusive evidence for the indirect effects of herbicides on avian food resources has not 

been demonstrated in the United States (Blus and Henny 1997, Freemark and Boutin 

1995).

Herbicide application in my experiment reduced the biomass and numbers of 

vegetation-dwelling insects commonly eaten by game bird chicks and demonstrated that 

the indirect effects of herbicides documented in Great Britain can occur in North 

America. Biomass is a more relevant measure of food resources than numbers, and it 

was significantly affected in all 1999 sampling periods as well as in the difference values, 

indicating that unsprayed, weedy plant communities supported a greater biomass of 

vegetation-dwelling, chick food insects than herbicide-treated, more monocultural 

communities. Although treatment differences in numbers and biomass of ground

dwelling chick food insects were not significant (p > 0.1), they showed the same 

qualitative trends as the vegetation-dwelling, chick-food insects. Small Carabids (a large
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subset of ground-dwelling, chick-foods) did show significant differences in biomass and 

numbers in the 1999 post-spray sampling period, with the weedy treatment supporting 

higher levels than the sprayed treatments.

The magnitude of difference in chick-food insects in this study is similar to that in 

other studies. For instance, biomass of vegetation-dwelling, chick food insects was 2 to 3 

times greater in the weedy treatment than either other treatment in both post-spray sweep 

netting periods, and number of vegetation-dwelling, chick food insects in the significant 

post-spray sweep netting period showed a 2 fold increase in insects in the weedy plots 

versus the monocultural treatment. Numbers and biomass of small Carabids after 

spraying were also approximately twice as high in the weedy treatment as either the 

monocultural or the intermediate treatment.

Chiverton and Sotherton (1991), who also used a replicated, within field design, 

found numbers of chick-food insects in untreated plots 2.33 times greater than numbers in 

plots that received herbicide application. Southwood and Cross (1969) found that 

arthropod numbers and biomass were 2 and 3 times greater, respectively, in untreated 

areas than in areas sprayed with dicotyledonous weed herbicides. Vickerman and 

O’Bryan (1978) found that total insect abundance over 5 years in the 5 weediest cereal 

fields in their study area was 1.5 times the number in the most monocultural cereal fields. 

Sotherton and Robertson (1990) reported 2 to 5 fold increases in insects in conservation 

headlands.

Although my research demonstrates that herbicides do reduce avian food resources in 

a North American agroecosystem, further research is required to quantify the effects of
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this reduction on chick survival and bird populations. Several obstacles exist between my 

data and quantifying changes in pheasant populations. In order to detect treatment 

differences in the arthropod community with a mere sample size of 4 ,1 created huge 

treatment differences in the plant community. Furthermore, insect measures were 

relative, not absolute, and I was unable to incorporate pheasant chicks into my study. 

Larger scale, on farm sampling of plants, arthropods, chicks and adults is needed to 

confirm indirect effects of herbicides on wild birds in this region. In particular, food 

limitation of wild chicks needs to be demonstrated, as does a biologically significant 

association of arthropods with natural levels of weeds.

Although my small, controlled experiment lacked some of the realism of large scale, 

on farm research, the controlled design did allow me to conclusively demonstrate that 

herbicides can affect chick-food arthropods in a North American system. My results, 

combined with the work of other researchers, lead to some general management 

recommendations. Conservation headlands have been shown to consistently improve 

arthropod habitat and chick survival in Great Britain, while having little effect on crop 

yield (Sotherton 1991). However, this concept remains untested in North America 

(Freemark and Boutin 1995). Improving foraging habitat for pheasant chicks by adding 

conservation headlands offers the potential to increase the carrying capacity of farmlands. 

Conservation headlands could potentially increase the number of broods raised on arable 

lands or increase chick survival in broods already occupying these areas. It is possible 

that floral diversity, in the form of a border crop, could function in a manner similar to 

conservation headlands. However this idea requires further investigation. A border strip



of mixed hay seems most likely to provide the necessary combination of chick-food 

insects and mobility (Warner 1979); stands of pure legumes seem to offer too few 

arthropod prey (Whitmore 1986) or too many impediments to movement (Hill 1976). 

Finally, applying pesticides only when pest thresholds have been exceeded, using narrow 

spectrum pesticides and avoiding drift will provide benefit both to farmer and wildlife 

(Aebischer 1997).
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EDGE EFFECTS IN AN AGROECOLOGICAL TROPHIC SYSTEM

Introduction

Farming practices, including pesticide use, soil cultivation and cultural practices, 

cause selective disturbances that allow the elucidation of trophic relationships. Such 

selective disturbances can change plant and arthropod communities, affecting processes 

throughout the ecosystem. Even if organisms at high trophic levels are not impacted 

directly, they can be affected through changes in habitat and food resources (Freemark 

and Boutin 1995).

Herbicides affect vegetation at the landscape level, beyond the boundaries of a crop 

field (Freemark and Boutin 1995). Reliance on chemical spraying, and the subsequent 

decrease in weed management practices such as crop rotation, reduces habitat 

heterogeneity and interspersion of habitat types (Freemark and Boutin 1995).

I examined plant and arthropod communities of a spring wheat system and an 

adjacent grass strip and fencerow. I focused on insects consumed by ring-necked 

pheasant and gray partridge chicks to determine impacts of arable practices on higher 

trophic levels. I also examined impacts on beneficial arthropods (predatory arthropods 

that help regulate arthropod pests) and measures of coleopterous richness and diversity.

Uncultivated habitat provides a type of heterogeneity that can be particularly 

important for arthropods, both in its own right and as a source area from which 

individuals emigrate into fields. For example, downland is a type of grassland 

specifically related to the soft, rolling countryside of parts of southern England (Dr. Nick
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Sotherton, personal communication). Potts and Vickerman (1974) found that downland 

sites had higher arthropod taxonomic richness than small grain fields, with a difference as 

high as 27% between downland and spring barley. Sotherton (1984) found distinct 

habitat preferences among various species of overwintering polyphagous predatory 

Coleoptera. Certain species hibernated almost completely in fencerow-type field 

boundaries, even though the boundaries constituted only about 2% of the total area of the 

farm.

Thies and Tscharntke (1999) found that parasitism of the rape pollen beetle increased 

significantly and pest damage decreased with increasing landscape heterogeneity in an 

agroecosystem. They also provide an excellent example of an edge effect extending into 

a field in relatively homogeneous landscapes. Parasitism at the field margin was about 

50%. When a one year old boundary strip of vegetation or no strip at all surrounded the 

field, the center of the field had a significant drop to only 20% parasitism. However, 

fields surrounded by six year old strips maintained the same parasitism rate in the center 

of the field as at the edges. Parasitism was even greater when a rape field was adjacent to 

a large old field instead of an old field strip.

The study of island biogeography shows that habitat isolation can cause species 

extirpations and disruption of the food web (Wilcove et al. 1986). Holt et al. (1999) 

described situations where the species-distance relationship is stronger for species of high 

trophic rank. That is, high ranked consumers disappear from more distant patches sooner 

than lower ranked species. Kruess and Tschamtke (1994) supported this hypothesis by 

planting islands of red clover {Trifolium pratense) in a matrix of crop fields and



64

meadows, at varied distances from natural islands of red clover. Examining the obligate 

herbivores and parasitoids in the system, they found that species richness of both 

decreased with increased isolation; however, parasitoid species richness was affected by 

isolation disproportionately more than herbivore species richness. Percent parasitism was 

also significantly reduced as clover islands became more isolated.

Importance of fencerows and other edges is reflected in bird abundance and behavior, 

as well as arthropod abundance. Best (1983) censused birds in Iowa fencerows and 

recorded a total of 62 species. He speculated that without fencerows, there could be 

fewer than 10 species of birds found in the area's farmlands. Boutin et al. (1999) 

examined avian activity patterns and relative use of interior versus edge habitat in crop 

fields. In corn and soybean fields, most species foraged in edge habitat consistently more 

than expected from the edge/interior ratio. This is consistent with findings that gray 

partridge broods prefer field edges (Green 1984) and the success of conservation 

headlands in Britain.

Hypotheses

I tested the following hypotheses. An uncultivated fencerow supports greater weed 

volume, plant species richness and plant species diversity than nearby cultivated areas. 

Levels of weed volume, plant species richness and diversity correlate with levels of 

beneficial arthropods, insects eaten by game bird chicks, beetle family richness and beetle 

family diversity. Furthermore, I hypothesized that an edge effect would extend into 

cultivated areas from the uncultivated area. I expected levels of beneficial arthropods and
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chick-food insects within the cultivated area to decrease with increasing distance from the 

fencerow.

Methods

Study Site and Experimental Design

I conducted the experiment at Montana State University’s Arthur H. Post 

Experimental Farm in Gallatin County, Montana (T. 2 R. 5 S. 7; 45°68’30” N, 111°15’ 

W). The cultivated plots consisted of wheat and common cropland weeds and were 

arranged for a separate study in a randomized complete block design with three 

treatments and four blocks (Chapter 2). The monocultural treatment (M) was planted 

with spring wheat and sprayed with herbicides. The intermediate treatment (I) was 

planted with spring wheat, wild oat, redroot pigweed and common lambsquarters and 

also sprayed with herbicides. The weedy treatment (W) was planted with spring wheat, 

wild oat, redroot pigweed and common lambsquarters and was not sprayed. The intent of 

these treatments was to simulate a monocultural wheat field, a very weedy wheat field 

and an intermediate field. Most notably, the intermediate treatment was expected to have 

the greatest change in weed abundance from before to after spraying (Figure 2, Chapter 

2). Cultivated plots were 242 m2 (2597 square feet) with tilled alleys around each plot to 

minimize random insect dispersal among plots. Details of the randomized complete block 

comparison are given in Chapter 2.

The fencerow was located directly north of the cultivated plots and immediately south 

of a barbed wire fence that forms the boundary of the experimental farm and a



6 6

neighboring private farm. This section between the cultivated plots and the fence had 

been mowed and used as an occasional grass road in previous years. For the two years of 

my study I let the extant vegetation grow without planting, mowing, spraying or applying 

any other treatment, and thus it became an uncultivated grass strip and fencerow, 

hereafter referred to as the fencerow. The fencerow area containing permanent rings, 

pitfall traps and sweep net transects was 430 m2 (4624 square feet), slightly smaller in 

size than two cultivated plots. However, mowing around the fencerow on the 

experimental farm side of the fence was variable, and at times there were up to an 

additional 136 m2 (1464 square feet) of adjacent unmowed vegetation. Furthermore, the 

fencerow extended beyond my sampling area for 1.7 to 2.7 m (5.5’ to 9’) on the private 

land, and this blended into a small grain field. I collected two consecutive years of data 

in both the fencerow and the cultivated plots. In 1998, the alley between the fencerow 

and the first block was 2.44 m (8’) and all other alleys were 4.88 m (16’). In 1999, the 

alley between the fencerow and the first block was increased to 4.88 m (16’) to be 

consistent with all other alleys (Figure I, Chapter 2).

Plant Sampling

In each cultivated plot, I randomly placed five 0.5 m2 rings which remained fixed 

throughout the growing season. In the fencerow, I randomly placed ten 0.5 m2 rings 

which remained fixed for the entire two years. I obtained the cylindrical above ground 

volume of each species by estimating its percent canopy cover in each ring and 

measuring the height of a typical individual. Estimating the volume of a species has been 

shown to be a good non-destructive surrogate measure of plant biomass (Bussler and
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Maxwell 1995). In 1999, redroot and prostrate pigweeds were combined into a single 

category because they were too small to differentiate at the beginning of the season. In 

all other instances, I identified plants to species.

Sampling occurred in each year once before herbicide treatment and once after 

treatment, and all volume estimates were conducted by the same person in both years. 

Entire blocks were sampled on each sampling day, thus any day to day variation in plant 

volume could be attributed to block effect, not treatment effect. In this sense, the 

fencerow was sampled as if it were a block. In 1998, permanent rings were first sampled 

on June 25, 26 and 28 (before cultivated plots were sprayed) and again on July 19,21,22 

and 23 (after spraying). In 1999, permanent rings were first sampled May 28 and June 4 

through 10 (before spraying) and again on June 29 and July 3 through 6 (after spraying).

The location of plant species in the fencerow was extremely patchy at the plot scale; 

that is, the species present from frame to frame varied more than in the cultivated plots, 

and various species obvious to a human observer were not present in any of the randomly 

placed rings. Because the same sampling effort that provided a good estimate of the 

cultivated plant community did not provide a thorough estimate of the fencerow plant 

community, I maintained 2 lists of plants observed over the 2 year study: species in the 

cultivated plots and species in the fencerow. I used this information in addition to 

measures of species richness derived from the sampling rings. However, even the list of 

observed species was probably biased low in the fencerow. Fencerow vegetation was 

considerably more dense than vegetation in the cultivated plots, making it difficult to find 

species that were small and rare, unless they occurred in a sampling ring. A single, small
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plant that could be seen with relative ease in the cultivated plots was often hidden deep 

among the fencerow grasses and only discovered by the careful inspection afforded the 

sampling rings. Small, rare plants were only seen by parting the grass to ground level 

and slowly combing through each section of grass. Nevertheless, I recorded more species 

on the list than in the sampling rings, and the list of observed species is a more accurate 

accounting of species present in the fencerow than my quantitative sampling efforts.

Plant Sorting

Specific plant volumes were distributed into the following composite variables: 

spring wheat volume, dicotyledonous weed volume, monocotyledonous weed volume, 

total plant volume, species richness and species diversity. For the purposes of this study, 

any plant other than spring wheat was considered a weed. Species richness is the total 

number of species encountered in a frame (subsample). Species diversity is a more 

complex concept that accounts for both species richness and species evenness. Evenness 

describes how uniform the distribution of individual plants is among species, or in my 

case, how uniform the distribution of volumes is among species. Diversity is a more 

detailed accounting of the community than richness, since richness would assign equal 

weights to species that comprised 99% and 1% of the community, respectively. 

Furthermore, a community in which each of five species accounted for 20% of the 

volume would be more even and more diverse than a community in which the five 

species accounted for 40%, 30%, 20%, 5% and 5% of the volume, respectively. 

Simpson’s diversity index, D, is the probability that two organisms encountered 

randomly will belong to different species. D is calculated using the equation
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D= l-E(pi)2, where pi is the proportion of the ilh species in a sampling frame. The index 

has a minimum of 0 and a maximum of I (Krebs 1985). Using Simpson’s diversity 

index, the first hypothetical community would have a diversity index of 0.705, and the 

second, 0.8; whereas both communities would have a richness of 5.

Arthropod Sampling

Relative abundance of ground-dwelling arthropods and vegetation-dwelling 

arthropods were sampled by pitfall trapping and sweep netting, respectively. These 

techniques provided methods of comparing arthropod abundance among treatments but 

did not provide absolute population estimates. Five pitfall traps were systematically 

arranged in each cultivated plot (Figure 3, Chapter 2) and ten were systematically 

arranged in the fencerow (Figure 11). Traps had a circumference of 35 cm and an 

aluminum pan set on metal stays above each trap served as a rain guard, preventing 

overflow of solution. I used a saturated salt solution containing a small quantity of 

detergent to help break surface tension. In 1998, traps were open from June 2 to June 18 

(before spraying) and again from July 16 through July 30 (after spraying). In 1999, traps 

were open from May 27 through June 11 (before spraying) and again from June 29 

through July 22 (after spraying). All results were standardized to arthropods per trap day.

0 --- ©----©--- ©----©-»
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Figure 11. Arthropod sampling in the fencerow. Circles are pitfall traps. Lines are 
sweep net transects.
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Vegetation-dwelling insects were sampled with a 38 cm (15”) diameter muslin sweep 

net fitted on an extra-heavy galvanized rim with a thick 90 cm (35.5”) hardwood handle 

(Gempler’s item number R20001 for net and R13101 for handle). All sweeping was 

conducted by the same person between 8:05 and 10:10 am , and sweeping was practiced to 

standardize pace. For every step taken, the net was swept in a 180° arc as low as 

possible to the ground and considered one sweep. I collected 48 sweeps per cultivated 

plot in the pattern demonstrated by Figure 3, Chapter 2. The fencerow contained two 

parallel 48 sweep transects (Figure 11). Sweep netting was conducted in 1999 on June 

12, July 8 and July 20, once before spraying and twice after spraying.

Arthropod Sorting

Chick-food insects. Taxa important to gray partridge and ring-necked pheasant 

chicks include members of the Coleoptera, Diptera, Hemiptera, Homoptera,

Hymenoptera, Lepidoptera and Orthoptera. See Chapter I for a review of these taxa in 

the literature, and Appendix A for a list of common names.

Among the Coleoptera, I used all families except adult Coccinelids, which are 

distasteful and actively avoided by chicks. I did not include Diptera in my counts, 

because chicks appear to select only the particular taxa they can catch, and lacking birds 

in my experiment, it was difficult to determine which taxa would be possible food 

sources. Among the Homoptera, I encountered and counted aphids and hoppers (such as 

Cicadellids and Delphacids). I counted the Hemiptera. I included Formicids, but none of 

the other Hymenoptera, as I found no sawfly larvae (e.g. Tenthredinidae) in my samples. 

Lepidoptera larvae were included as were the Orthoptera.
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I classified potential chick-food insects into subjective size categories. After sorting 

1999 samples, the largest sample from every time by treatment by taxon by size group 

from that year was selected, and the largest and smallest member of the class were 

measured (Table 4, Chapter 2). Medium-sized and large Carabids, large Hemiptera and 

large Orthoptera were dropped from the analysis, as they were considered too large to be 

likely chick-foods. Of particular note are the medium-sized Carabids, which were the 

most common ground-dwelling arthropods in the second sampling period in both years. 

Although extremely common, they were too large to be classified as chick-food insects.

Other Groups. Beneficial arthropods are predators or parasites that can help regulate 

arthropod pest populations. Araneae and the adults of Carabidae, Coccinelidae and 

Staphylinidae are predatory (Borror et al.1989) and comprised the beneficial group in my 

study. In particular, members of the Araneae, Carabidae and Coccinelidae are known to 

help regulate aphid and other arthropod pest populations (Jackson 1997). Size was 

irrelevant for this group.

All Coleoptera were sorted to family and I used these families to calculate measures 

of richness and diversity. Beetle richness and diversity were calculated in the same 

manner as plant richness and diversity, except that I used beetle families, not species for 

the calculations.

Methods of sorting. I counted adults and juveniles of the Araneae, Coleoptera and 

Formicidae from pitfall traps. I washed arthropods through a series of sieves, discarding 

any that passed through the I mm2 mesh on the number 18 standard sieve.
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I counted Hemiptera, Homoptera, Orthoptera and Lepidoptera from sweep net 

samples. Adults and juveniles were included for all orders except Lepidoptera, in which 

only the caterpillars were counted. Curculionid larvae of the genus Hypera and cereal 

leafbeetle larvae (Chrysomelidae: Oulema melanopus) are vegetation dwelling, and 

were the only coleopterous larvae sampled from sweep nets instead of pitfall traps. The 

same lower size limit was used for sweep samples as for pitfall samples.

Arthropods from both years were sorted into taxon-size groups for each trap 

subsample or sweep sample and individuals were counted. In 1999, these groups were 

then dried to a constant weight (for 48 hours at 60° C) and weighed to 0.0001 g.

Data Analyses

Because my experiment emphasized arable treatments and because the fencerow was 

already extant, it could not be randomized in my design. In addition, the fencerow’s 

boundaries were not clearly defined, and because it was one contiguous strip, sampling 

could provide only pseudo-replication. Therefore, differences in fencerow and cultivated 

plot communities were not compared statistically.

However, effect of distance from fencerow on the ground-dwelling arthropod 

community in the cultivated plots did fit the assumptions of simple, linear regression. I 

regressed the number of arthropods caught in each pitfall trap on the distance (m) from 

the trap to the edge of the fencerow. I used data from the second sampling period of each 

year and analyzed each cultivated treatment (monoculture, intermediate or weedy) 

separately. I used StatSoft’s 1999 edition of Statistica, version 5.5, and set the alpha level

to 0.05.
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Results

Cultivated versus Uncultivated Comparisons

First Year Quantitative Plant Samples. The fencerow contained no spring wheat, but 

the perennial grass species smooth brome (Bromus inermis), quackgrass {Elytrigia 

repens) and Kentucky bluegrass {Poa pratensis) comprised a large proportion of the 

fencerow plant community. Because of this, sampling of permanent rings showed that 

anywhere between 8 and 400 times more monocotyledonous weed volume existed in the 

fencerow than the cultivated plots, depending on cultivated treatment and time of year 

(Appendix D). Dicotyledonous weed volume was up to 9 times higher in the fencerow 

early in the season, but more similar later in the year (Figure 12). Total volume of plants 

in the fencerow ranged between an equivalent amount early in the season to an average of 

36% the amount in the late season cultivated treatments (Figure 13). Species richness 

was similar among treatments (Appendix D ); nevertheless, diversity was higher in the 

fencerow, shown by a 4 to 11 fold difference in Simpson’s index (Figure 14). This 

demonstrates the relative evenness of the fencerow. Although some fencerow plants 

showed patchy distribution, many areas were dominated by a mixture of 3 grasses, 

whereas the cultivated plots were often dominated by a single plant, spring wheat. So 

despite the patchy distribution of particular fencerow species, the fencerow was 

considered more even because it was not dominated by a single species. In general, the 

fencerow contained more weeds, more diversity, a similar richness and less late-season 

plant volume than the cultivated treatments.
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I l before spraying, p = 0.03 (a, b) 

after spraying12000
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M o n o c u ltu r e  In term ed ia te

T rea tm en t

F e n c e r o w

Figure 12. Mean dicotyledonous weed volume before and after spraying (1998). 
Standard errors are indicated on each bar. P-value refers only to cultivated comparisons. 
Bars for each sampling period with the same adjacent letters are not significantly 
different at the 0.1 level. Herbicide treatment in the monocultural and intermediate 
treatments was ineffective in 1998.

Second Year Quantitative Plant Samples. As in the first year, I found no spring 

wheat in the fencerow, but did encounter high levels of monocotyledonous weeds, 2.4 to 

109 times the volume of the cultivated plots, depending on treatment and time of year 

(Appendix F). Dicotyledonous weed volume was 5 to 34 times greater in the fencerow 

than all other treatment-time combinations except for late season weedy plots, which 

were similar in volume to the fencerow (Figure 15). Total plant volume was 2 to 9 times 

greater in the fencerow than the cultivated treatments, excluding the late season weedy 

plots, which contained a similar volume (Figure 16). Differences between the fencerow 

and all other treatments were most pronounced early in the growing season. Species 

richness varied from I species higher to 2 lower in the fencerow depending on the 

cultivated comparison (Appendix F). Diversity was higher in the fencerow than in either
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the monocultural or intermediate treatment, and similar to the diversity in the weedy 

treatment (Figure 17). In general, the fencerow contained more weed volume and total 

plant volume and was more even than all cultivated treatments, except for late season 

weedy plots. The plant community in the late season weedy plots and the fencerow were 

similar in quantitative measures, despite having very different species compositions.

I l before spraying, p =  0.23  
\y/A after spraying

50000

M o n o c u ltu r e  In term ed ia te F e n c e r o w

T rea tm en t

Figure 13. Mean total plant volume before and after spraying (1998). Standard errors are 
indicated on each bar. P-value refers only to cultivated comparisons. Sampling was 
approximately 3 weeks later in 1998 than in 1999, accounting for the higher volumes in 
the cultivated treatments relative to the fencerow.

Qualitative Plant Assessment. Information beyond that collected from sampling 

frames can be obtained from a list of plant species observed in the fencerow and in the 

cultivated treatments over the two year study (Table 9). The list demonstrates a similar 

richness for the cultivated and fencerow treatments, with 24 versus 20 species 

respectively, although this list is biased low for the fencerow, as rare species were hard to 

find in the dense perennial community. Also, a scan of the list shows that the fencerow
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had more dominant and common species while the cultivated plots had more rare 

(uncommon and accidental) species. This supports the findings of quantitative sampling 

that the fencerow was more even and more diverse than the cultivated plots.

I l before spraying, p = 0.20 
Y //A  after spraying

M o n o c u ltu r e  In term ed ia te F e n c e r o w

T rea tm en t

Figure 14. Mean plant species diversity before and after spraying (1998). Standard 
errors are indicated on each bar. P-value refers only to cultivated comparisons. 
Simpson’s Diversity Index (D) has a minimum of 0 and a maximum of I .

Although the fencerow had a relatively even distribution of volume across species, 

the location of some of those species was patchy, and quantitative sampling did not 

adequately sample the fencerow composition. All treatments contained species that did 

not occur in any permanent frames; however, in the cultivated plots, these species were 

rare. Conversely, the fencerow contained four common species, as well as a variety of 

rare species, that did not occur in any permanent frames.
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I l before spraying, p = 0.065 (a, b) 
V/yQ after spraying, p = 0.00041 (x, y)
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Figure 15. Mean dicotyledonous weed volume before and after spraying (1999). 
Standard errors are indicated on each bar. P-value refers only to cultivated comparisons. 
Bars for each sampling period with the same adjacent letters are not significantly 
different at the 0.1 level. Herbicide treatment in the monocultural and intermediate 
treatments was effective in 1999.

I l before spraying, p = 0.033 (a, b) 
E 3  after spraying, p = 0.014 (x, y)

<u 8 0 0 0 0

6 0 0 0 0

4 0 0 0 0
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M o n o c u ltu r e  In term ed ia te F e n c e r o w

T rea tm en t

Figure 16. Mean total plant volume before and after spraying (1999). Standard errors are 
indicated on each bar. P-value refers only to cultivated comparisons. Bars for each 
sampling period with the same adjacent letters are not significantly different at the 0.1 
level. Sampling was approximately 3 weeks earlier in 1999 than in 1998, accounting for 
the higher volume in the fencerow relative to the cultivated treatments.
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I I before spraying, p = 0.016 (a, b) 
V / A  after spraying, p = 0.0053 (x, y)

£> 0.4

> 0.3

Monoculture Intermediate Fencerow
Treatment

Figure 17. Mean plant species diversity before and after spraying (1999). Standard 
errors are indicated on each bar. P-value refers only to cultivated comparisons. Bars for 
each sampling period with the same adjacent letters are not significantly different at the 
0.1 level. Simpson’s Diversity Index (D) has a minimum of 0 and a maximum of I .

Furthermore, there was little overlap of species present in the fencerow versus those 

present in the cultivated plots. Of the thirty-four total species, only ten were found in 

both habitats. Those species that existed in both habitats tended to be encountered often 

in one habitat, but rarely so in the other. These differences in species composition are 

partly due to the uncultivated, perennial nature of the fencerow, and underscore that 

differences between the fencerow and cultivated treatments were not always reflected in 

measures of plant volume, richness and diversity.
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Table 9. Plant list: 1998 and 1999.

Cultivated Plots F encerow

Dominant fcommon, high volume constituent Diets')

I common lambsquarters (Chenopodium album) birdsfoot trefoil (Lotus corniculatus)
2 spring wheat (Triticum aestivum) dandelion (Taraxacum officinale)
3 redroot pigweed (Amaranthus retroflexus) Kentucky bluegrass (Poapratensis)
4 wild oat (Avena fatua) quackgrass (Elytrigia repens)
5 smooth brome (Bromus inermis)

Common (common, small volume constituent of Dlotst

I Canada thistle (Cirsium arvense) alfalfa (M edicago sativa) **
2 common mallow (Malva neglecta) black medic (M edicago lupulina)
3 field pennycress (Thlaspi arvense) Canada thistle (Cirsium arvense)
4 green foxtail (Setaria viridis) saintfoin (Onobrychis viciifolia) **
5 prostrate pigweed (Amaranthus blitoides) shepherd’s purse (Capsella bursa-pastoris)
6 Russian thistle (Salsola iberica) western salsify (Tragopogon dubius) **
7 white campion (Lychnis alba) **
8 wild rose (Rosa woodsii)

Uncommon folants large but few. or more widesoread but small and oresent in noticeable numbers in onlv one year)

i alfalfa (M edicago sativa) red clover (Trifolium pratense)
2 canola (Brassica napus) common mallow (M alva neglecta)
3 cutleaf nightshade (Solanum triflorum) field pennycress (Thlaspi arvense)
4 garden pea (Pisum sativum) prickly lettuce (Lactuca serriola)
5 prickly lettuce (Lactuca serriola) snowberry (Symphoricarpos occidentalis)
6 shepherd’s purse (Capsella bursa-pastoris)
I wild buckwheat (Polygonum convolvulus)
8 wild mustard (Brassica kaber)

Accidental Conlv one or two small nlants ever seen on DlotsA

I birdsfoot trefoil (Lotus corniculatus) bedstraw (Galium spp.)
2 black medic (M edicago lupulina) protstrate knotweed (Polygonum aviculare)
3 clover (Trifolium pretense)
4 cowcockle (Vaccariapyram idata)
5 kochia (Kochia scoparia)
6 western salsify (Tragopogon dubius)

♦accidentals much easier to find in cultivated plots because fencerow vegetation was more dense 
** common species not found in any permanent frame

First Year Arthropod Samples. Number of ground-dwelling, chick-food insects 

(Figure 18) and number of beneficial arthropods (Figure 19) were similar in the fencerow 

and the cultivated treatments in 1998. Although medium-sized Carabids (the largest
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constituent of late season beneficial arthropods) achieved similar levels in both habitats 

(figure 20), small Carabids (the largest group of early season ground-dwelling, chick- 

food insects and early season beneficial arthropods) were only 5 to 26% as common in 

the fencerow as the other treatments (Figure 21). Beetle family richness and diversity in 

the fencerow were closer to values in the cultivated treatments early in the year, but later 

in the season richness was approximately 2 families lower in the fencerow and Simpson’s 

diversity index was also reduced (Figures 22-23). Differences between the 1998 

fencerow and cultivated treatments tended to be subtle, and the similar levels of chick- 

food and beneficial arthropods are probably due, in part, to the dispersal of arthropods 

between the fencerow and the cultivated treatments. Lower beetle family richness and 

diversity in the late-season fencerow does not support my hypothesis that plant richness 

and diversity should promote arthropod richness and diversity.

I I before spraying, p = 0.31 
t y /A  after spraying

= 1.0

Monoculture Intermediate Fencerow
Treatment

Figure 18. Mean number of ground-dwelling, chick-food insects per pitfall trap day 
before and after spraying (1998). Standard errors are indicated on each bar. P-value 
refers only to cultivated comparisons. Similar levels in the fencerow and cultivated 
treatments may be due to dispersal among plots.
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I l before spraying, p = 0.14 
V / A  after spraying

Monoculture Intermediate Fencerow
Treatment

Figure 19. Mean number of beneficial arthropods per pitfall trap day before and after 
spraying (1998). Standard errors are indicated on each bar. P-value refers only to 
cultivated comparisons. Similar levels in the fencerow and cultivated treatments may be 
due to dispersal among plots.
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Monoculture Intermediate Fencerow
Treatment

Figure 20. Mean number of medium-sized Carabids per pitfall trap day before and after 
spraying (1998). Medium-sized Carabids were by far the largest constituent of 
beneficial arthropods in the second sampling period of 1998. Standard errors are 
indicated on each bar. P-value refers only to cultivated comparisons. Similar levels in 
the fencerow and cultivated treatments may be due to dispersal among plots.
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2 L Mean number of small Carabids per pitfall trap day before and after spraying 
j u ^ma1 Carablds are the largest constituent of ground-dwelling, chick-food insects 

und beneficml arthropods in the first sampling period. Standard errors are indicated on 
each bar. P-value refers only to cultivated comparisons. Lower levels of small Carabids 
m the fencerow runs counter to my hypothesis.

d  before spraying, p = 0.69 
after spraying

Monoculture Intermediate Fencerow
Treatment

Figure 22. Mean richness of coleopterous families per pitfall trap day before and after
spraying (1998). Standard errors are indicated on each bar. P-value refers only to
cultivated comparisons. Lower beetle family richness in the fencerow runs counter to my
hypothesis and may be related to factors not measured.
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I l before spraying, p = 0.12 
after spraying

Q 0.3

Monoculture Intermediate Fencerow

Treatment

Figure 23. Mean coleopterous family diversity per pitfall trap day before and after 
spraying (1998). Standard errors are indicated on each bar. P-value refers only to 
cultivated comparisons. Simpson’s diversity index (D) has a minimum of 0 and a 
maximum of I . Reduced diversity in the fencerow in the second sampling period will be 
addressed in the section on edge effects.

Second Year Arthropod Samples. The fencerow contained only 31-46% the number 

of ground-dwelling, chick-food insects compared to the cultivated plots early in the 

season. However, later in the summer, numbers equalized (Figure 24). Biomass of 

ground-dwelling chick-food insects was only 7 to 25% the mass of the cultivated plots 

(Figure 25). Small Carabids were the largest constituent of ground-dwelling, chick-food 

insects, especially during the first sampling period. Numbers of small Carabids achieved 

only 4 to 15% of the cultivated plots’ numbers (Figure 26), while biomass of small 

Carabids in the fencerow was only 3 to 10% of those in the cultivated treatments (Figure 

27). The 1998 and 1999 results combined suggest that the cultivated treatments 

supported as many or more ground-dwelling, chick food insects than the fencerow and 

that this trend was possibly driven by the trend in small Carabids.
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I l before spraying, p = 0.29 
V / A  after spraying, p = 0.77

Monoculture Intermediate Fencerow
Treatment

Figure 24. Mean number of ground-dwelling chick-food insects per pitfall trap day 
before and after spraying (1999). Standard errors are indicated on each bar. P-values 
refer only to cultivated comparisons.

L -J before spraying, p = 0.219 
E S  after spraying, p = 0.204

Monoculture Intermediate Fencerow
Treatment

Figure 25. Mean biomass of ground-dwelling, chick-food insects per pitfall trap day 
before and after spraying (1999). Standard errors are indicated on each bar. P-values 
refer only to cultivated comparisons.
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I l before spraying, p = 0.347 
& /A  after spraying, p = 0.059 (x, y)

Monoculture Intermediate Fencerow
Treatment

Figure 26. Mean number of small Carabids per pitfall trap day before and after spraying 
(1999). Standard errors are indicated on each bar. P-values refer only to cultivated 
comparisons. Bars for each sampling period with the same adjacent letters are not 
significantly different at the 0.1 level.

I l before spraying, p = 0.228 
E22 after spraying, p = 0.055 (x, y)

Monoculture Intermediate W eed y Fencerow
Treatment

Figure 27. Mean biomass of small Carabids per pitfall trap day before and after spraying
(1999). Standard errors are indicated on each bar. P-values refer only to cultivated
comparisons. Bars for each sampling period with the same adjacent letters are not
significantly different at the 0.1 level.
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Although beneficial arthropods caught in the fencerow could be as low as 31% the 

number caught in the cultivated plots early in the season, by the second sampling period, 

the fencerow contained 5 to 10 fold the number that existed in the other treatments 

(Figure 28). Small Carabids were also the largest constituent of beneficial arthropods in 

the first sampling period, and their low levels may have driven the trend in beneficial 

arthropods early in the season. However, in the second sampling period, medium-sized 

Carabids (largely Pterosiichus spp.) comprised the largest proportion of beneficial 

arthropods. In the first sampling period, when they were rare, medium-sized Carabids 

achieved an equivalent number in the cultivated and uncultivated treatments; in the 

second sampling periods when they were extremely common, they achieved a 13 to 26 

fold increase in the fencerow over the cultivated plots (Figure 29). This supports the 

hypothesis that medium-sized Carabids preferred the fencerow to the cultivated 

treatments. However, when the beneficial group was analyzed without medium-sized 

Carabids (Figure 30), the late season fencerow supported a number of insects similar to 

that found in the monocultural and intermediate treatments, and lower than that found in 

the weedy treatment. This Suggests that other members of the beneficial group selected 

areas of high weed abundance and plant diversity in qualitatively similar habitats, but that 

factors beyond these measures could be of overriding importance. ,
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I I before spraying, p = 0.310 
V//A  after spraying, p = 0.012 (x, y)

M o n o c u ltu r e  In term ed ia te F e n c e r o w

T rea tm en t

Figure 28. Mean number of beneficial arthropods per pitfall trap day before and after 
spraying (1999). Standard errors are indicated on each bar. P-values refer only to 
cultivated comparisons. Bars for each sampling period with the same adjacent letters are 
not significantly different at the 0.1 level.

I I before spraying, p = 0.089 (a, b) 
V//A after spraying, p = 0.0082 (x, y)

F e n c e r o wM o n o c u ltu r e  In term ed iate

T rea tm en t

Figure 29. Mean number of medium-sized Carabids per pitfall trap day before and after
spraying (1999). Standard errors are indicated on each bar. P-value refers only to
cultivated comparisons. Bars for each sampling period with the same adjacent letters are
not significantly different at the 0.1 level.
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I l before spraying, p = 0.33
after spraying, p = 0.055 (x, y)

Monoculture Intermediate Fencerow
Treatment

Figure 30. Mean number of beneficial arthropods, after their largest constituent 
(medium-sized Carabids) has been removed. Values are per pitfall trap day before and 
after spraying (1999). Standard errors are indicated on each bar. P-value refers only to 
cultivated comparisons. Bars for each sampling period with the same adjacent letters are 
not significantly different at the 0.1 level.

Consistent with the 1998 results, and counter to my hypothesis that floral richness and 

diversity should result in faunal richness and diversity, beetle family richness was I to 2 

families lower in the fencerow, especially later in the season (Figure 31). Although the 

fencerow showed similar or slightly higher diversity near the beginning of the season, the 

index value later dropped to 12% of the cultivated plot average (Figure 32). Although the 

late season decline in beetle diversity is partly due to the decline in beetle richness, it 

largely resulted from the proliferation of medium-sized Carabids in the fencerow.
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I I before spraying, p = 0.73 
V / A  after spraying, p = 0.42

Monoculture Intermediate Fencerow
Treatment

Figure 31. Mean coleopterous family richness per pitfall trap day before and after 
spraying (1999). Standard errors are indicated on each bar. P-values refer only to 
cultivated comparisons.

I l before spraying, p = 0.95 
V / A  after spraying, p =0.12

FencerowMonoculture Intermediate
Treatment

Figure 32. Mean coleopterous family diversity per pitfall trap day before and after 
spraying (1999). Standard errors are indicated on each bar. P-values refer only to 
cultivated comparisons. Simpson’s diversity index (D) has a minimum of 0 and a 
maximum of I .
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In summary of the 1998 and 1999 data, the cultivated treatments supported as many 

or more individuals than the fencerow for most groups of ground-dwelling arthropods. 

However, medium-sized Carabids (and therefore beneficial arthropods) departed 

drastically from this trend in the second sampling period of 1999, when they were 

substantially more common in the fencerow than any other treatment. These 

contradictory results emphasize the point that taxa can respond disparately to the same 

environmental factor, even if they are members' of the same functional group.

Numbers of vegetation-dwelling, chick-food insects showed more clear cut trends in 

the fencerow than did ground-dwelling arthropods. Vegetation-dwelling, chick-food 

insects were 2.5 to 105 fold greater in the fencerow than the cultivated treatments. 

Differences were most pronounced early in the season. Late-season weedy plots 

supported numbers closest to those found in the fencerow (Figure 33). Biomass of 

vegetation-dwelling, chick food insects were 6 to 163 times greater in the fencerow than 

in the other plots. Again, differences were most pronounced early in the season, and late 

season weedy plots supported the mass closest to that found in the fencerow (Figure 34). 

The fencerow supported consistently higher numbers and biomass of vegetation

dwelling, chick-food insects across all times and treatments, including the late-season 

weedy plots, which had similar measures of plant volume and diversity to the fencerow. 

Therefore, I suspect that characteristics of the fencerow habitat beyond my quantitative 

measures of the plant community influenced the abundance of insects. Nevertheless, 

vegetation-dwelling, chick-food insects appear to be influenced by the volume and 

diversity of plants and weeds. As evidence for this hypothesis, late season weedy plots
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supported both a plant and vegetation-dwelling insect community closest to that found in 

the fencerow.

I l 2 days before spraying, p = 0.005 (a, b, c) 
24 days after spraying, p = 0.249 

W % \ 36 days after spraying, p = 0.089 (x, y)

B  500

E 300

Monoculture Intermediate Fencerow
Treatment

Figure 33. Mean number of vegetation-dwelling, chick-food insects per sweep net 
sample before and after spraying (1999). Standard errors are indicated on each bar. P- 
values refer only to cultivated comparisons. Bars for each sampling period with the same 
adjacent letters are not significantly different at the 0.1 level.

I I 2 days before spraying, p = 0.051 (a, b) 
y / A  24 days after spraying, p = 0.0092 (r, s) 

36 days after spraying, p = 0.0052 (x, y)

r  1.5

Monoculture Intermediate Weedy Fencerow 
Treatment

Figure 34. Mean biomass of vegetation-dwelling, chick-food insects per sweep net
sample before and after spraying (1999). Standard errors are indicated on each bar. P-
values refer only to cultivated comparisons. Bars for each sampling period with the same
adjacent letters are not significantly different at the 0.1 level.
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Arthropod Taxonomic Composition. I noted certain differences in taxonomic 

composition of the fencerow fauna compared to the cultivated plot fauna. Anthicids were 

found only in the cultivated treatments, while weevil larvae of the genus Hypera were 

found exclusively in the fencerow. Formicids and large Homoptera were orders of 

magnitude more common in the fencerow across all times and treatments. This 

underscores the observation that the fencerow community showed more qualitative 

differences compared to any cultivated treatment than any two cultivated treatments 

compared to each other. Furthermore, differences in the arthropod communities in the 

fencerow versus the cultivated treatments cannot be adequately assigned to a particular 

floral characteristic.

Edge Effects on Ground-dwelling Arthropods

First Year Edge Effects. In 1998 I found significant trends in both beneficial 

arthropods and medium-sized Carabids in the intermediate and weedy treatments (0.0014 

< p < 0.012, Figures 35-37 and Appendix I). Medium-sized Carabids were the largest 

constituent of beneficial arthropods in the second sampling period of both years.

Distance from fencerow was negatively related to beneficial arthropod and medium-sized 

Carabid numbers and accounted for approximately thirty to forty percent of the variation 

in these variables. When medium-sized Carabids were removed from the beneficial 

arthropod group, the resulting group showed no trends (Appendix I). Thus the trend in 

beneficial arthropods was a direct reflection of the trend in its largest constituent,

medium-sized Carabids.
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Figure 35. Number of medium-sized Carabids per pitfall trap day versus distance from 
edge of fencerow (1998).

■ ■

Distance to Fencerow (m)

Figure 36. Number of medium-sized Carabids per pitfall trap day in the intermediate 
treatment versus distance from edge of fencerow (1998). y = 9 - 0.102x, p = 0.0017, 
adjusted r2 = 0.40.
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Distance from Edge of Fencerow (m)

Figure 37. Number of medium-sized Carabids per pitfall trap day in the weedy treatment 
versus distance to fencerow (1998). y = 7.55 - 0.079x, p = 0.0028, adjusted r2= 0.37.

I also found a significant effect of distance from fencerow on chick-food insects in 

the monocultural treatment (p =.041, Appendix I). Distance was positively related to 

numbers, and accounted for 17% of the observed variation. Regressions for all other 

variables (beneficial arthropods: monocultural treatment, medium-sized Carabids: 

monocultural treatment, chick-food insects: intermediate treatment, chick-food insects: 

weedy treatment, small Carabids: all treatments, coleopterous family richness: all 

treatments, coleopterous family diversity: all treatments) were not significant (Appendix

I).

Second Year Edge Effects. In 1999, number of beneficials was negatively 

correlated with distance from fencerow in the intermediate treatment (p = 0.039, adjusted 

r2 = 0.17, Appendix J). Medium-sized Carabids were the largest constituent of beneficial 

arthropods in the second sampling period and were extremely abundant in the fencerow



95

during this time. They showed a stronger, negative trend in all treatments (0.000002 < p 

< 0.0007, 0.45 < adjusted r2 < 0.71, Figures 38-42). When analyzed without medium

sized Carabids, beneficial arthropods showed a significant positive trend in the 

Monocultural treatment (p = 0.00079, adjusted r2 = 0.44) and no trend in either other 

treatment (Appendix J). Although the beneficial minus medium-sized Carabid group 

showed similar trends to medium-sized Carabids when effect of cultivated treatment was 

analyzed (Figure 9 , Chapter 2), they responded differently to the distance from fencerow 

within the cultivated treatments.
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Figure 38. Number of medium-sized Carabids per pitfall trap day versus distance from 
edge of fencerow (1999).
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Figure 39. Number of medium-sized Carabids per pitfall trap day in the cultivated plots 
versus distance from edge of fencerow (1999).

Distance from Edge of Fencerow (m)

Figure 40. Number of medium-sized Carabids per pitfall trap day in the monocultural 
treatment versus distance from edge of fencerow (1999). y = 1.367 - 0.017x, 
p = 0.000022, adjusted r2 = 0.62.
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tT 0.8

2  0.4

I  0.0

Distance from Edge of Fencerow (m)

Figure 41. Number of medium-sized Carabids per pitfall trap day in the intermediate 
treatment versus distance from edge of fencerow (1999). y = 1.353 - 0.017x, p = 
0.000002, adjusted r2 = 0.71.

Distance from Edge of Fencerow (m)

Figure 42. Number of medium-sized Carabids per pitfall trap day in the weedy treatment 
versus distance from edge of fencerow (1999). y = 2.136 - 0.024x, p = 0.00068, adjusted 
r2 = 0.45.
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Small Carabids were the most common ground-dwelling, chick food insects and 

beneficial arthropods in the first sampling period. Small Carabids in the second sampling 

period were positively related to distance to fencerow in the intermediate and 

monocultural treatments (p = 0.027, 0.037 respectively) and accounted for approximately 

20% of variation in the data (Appendix J). Once again, this underscores that even 

confamilial taxa can respond disparately to the same environmental factor. The 

remaining regressions (beneficial arthropods: monocultural and weedy treatments, small 

Carabids: weedy treatment, chick-food insects: all treatments, coleopterous family 

richness: all treatments, coleopterous family diversity: all treatments) were not , 

significant (Appendix J).

The most striking edge effect was the gradient of medium-sized Carabids from the 

fencerow out into the cultivated plots, which was highly significant in 5 of the 6 

treatment-year combinations. Responses of other ground-dwelling arthropods were 

varied and not necessarily consistent.

Discussion

Cultivated versus Uncultivated Areas

Numbers and biomass of vegetation-dwelling, chick-food insects collected in 1999 

were consistently greater in the fencerow than other treatments, emphasizing the 

importance of this habitat for game bird feeding. Numbers and biomass in the late season 

weedy plots were closest to those found in the fencerow, suggesting that vegetation

dwelling insects respond positively to the proliferation of weeds in a crop dominated
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system. However, the fencerow supported roughly 2.5 times the number of insects and 

5.5 times the biomass of even the late season weedy plots. Furthermore, the fencerow 

supported a different plant and arthropod taxonomic composition than the cultivated 

plots. Taxonomic differences suggest that arthropods in this experiment were influenced 

by factors beyond my quantitative measures plant volume, species richness and diversity. 

The presence of particular plant species, the perennial nature of the fencerow or 

differences in physical structure are some of the potential factors influencing the 

arthropod community.

The greatest difference in vegetation-dwelling, chick-food insects between the 

cultivated and uncultivated areas occurred during the first sampling period (early June) of 

1999 (Figures 33-34), which is consistent with the higher plant volume in perennial 

environments early in the growing season. The early season is also a time when insect 

food is likely to be limiting for farmland birds, as evidenced by the reduced levels in all 

treatments compared to later in the season. Indeed, differences between cultivated and 

uncultivated areas could have been even greater had I sampled earlier than June, when 

crops were shorter or not even seeded. The availability of vegetation and its associated 

arthropods at the start of the breeding season is particularly important, not only because 

of the chick diet, but also because the adult female diet influences the quality and 

quantity of eggs produced (Martin 1987). For example, gray partridge hens fed insects 

and vegetation had a mean clutch size (after 40 days) of 28 eggs, whereas females fed a 

vegetarian diet had a mean clutch size of 5 eggs (Dahlgren 1990).
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Interestingly, ground-dwelling, chick food insects and vegetation-dwelling, chick- 

food insects showed opposite trends. Biomass and numbers of ground-dwelling, chick- 

food insects (and their largest constituent, small Carabids) were equivalent or higher in 

the cultivated treatments than the fencerow in both years.

Although the fencerow contained fewer beneficial arthropods than the cultivated 

treatments early in 1999, it showed a striking 5-10 fold increase over the cultivated plots 

in the second sampling period. The increase in beneflcials was due to a concomitant 13- 

26 fold increase in medium-sized Carabids in the fencerow compared to the cultivated 

treatments. The proliferation of medium-sized Carabids (mostly of the genus 

Pterostichus) was also partly responsible for a drastic decline in fencerow coleopterous 

diversity late in the 1999 season. Notably, numbers of beneficial arthropods and 

medium-sized Carabids were quite similar in the cultivated and uncultivated areas in 

1998. This is likely due to increased arthropod movement among treatments. The 

distance between the fencerow and the cultivated treatments was only 2.44 m in 1998 

compared to 4.88 m in 1999. Furthermore, tilling between the plots was sporadic the first 

year, but vastly more consistent in the second. The distribution of medium-sized 

Carabids is probably a result of these differences and emphasizes the importance of 

habitat connectivity for arthropod movement among habitat types.

Edge Effects on Ground-dwelling Arthropods

I found significant edge effects on beneficial insects, medium-sized Carabids, ground

dwelling, chick-food insects and small Carabids in at least one treatment in at least one

year. When significant, numbers of ground-dwelling, chick-food insects and small
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Carabids were positively related to distance from fencerow, while beneficial arthropods 

as a whole and medium-sized Carabids were negatively related to distance from edge. 

Interestingly, when medium-sized Carabids were removed from beneficial arthropods, 

the resulting group showed a strong positive trend in I of the 6 treatment-year 

combinations and no significant trends in the remaining 5. It is difficult to determine 

exactly what caused these inconsistent trends. The relatively small sample sizes of most 

groups make it unlikely that I would detect subtle effects, but the sheer number of 

analyses conducted increases the chance of finding significant, but spurious correlations. 

Furthermore, although pitfall trapping is routinely used to measure population levels, it 

sometimes reflects movement instead of population (Southwood 1966). I suspect the 

trends in small Carabids are real; however, they are subtle. This highlights the 

conclusion that members of the same functional group (beneficial arthropods) and even 

the same family (small versus medium-sized Carabids) do not necessarily respond in like 

manner to environmental influences.

By far the strongest edge effects were in medium-sized Carabids (the largest 

constituent of beneficial arthropods in the second sampling period) which showed highly 

significant trends in five out of the six treatment-year combinations. The edge effect on 

medium-sized Carabids was enhanced in 1999, as evidenced by lower p-values greater r- 

squared values. This was probably due to decreased arthropod mobility among 

treatments, as the alleys were better tilled, and the distance between the fencerow and 

first block of the cultivated plots was greater. My findings support the hypothesis that the 

effect of one habitat can extend into another, creating a gradient, or edge effect.
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Management Considerations

Although differences between the fencerow and cultivated treatments were 

sometimes incongruous, the striking increases in vegetation-dwelling, chick-food insects 

and medium-sized Carabids support the hypothesis that fencerows and other idle areas 

are an important component of the farm landscape (Best 1983, Sotherton 1984). Various 

techniques increase idle areas and enhance habitat for desirable arthropods and other 

wildlife. Beetle banks (raised grass strips planted across a field) are a conservation 

measure used in Britain to provide overwinter habitat for predatory beetles, as well as 

habitat for other non-target organisms (Aebischerl 997). Grass strips planted alongside 

hedgerows, roads or crops also serve a similar purpose and are often used by birds. 

Larger tracts of land removed from production (CRP in the United States, set-aside in 

Great Britain) can provide good nesting and foraging habitat for birds (Aebischerl 997).
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FUTURE RESEARCH 

Questions to Address

Our research demonstrates that the indirect trophic effects of herbicides implicated in 

the decline of gray partridge in Britain are indeed possible in a western American 

agroecosystem. However, we did not address the possible extent of these effects on 

working farms, nor did we test possible solutions, such as inter-cropping, undersowing, 

conservation headlands, other unsprayed strips or other types of ecological refuges within 

fields. Although we conducted a detailed survey of chick-food preferences in the 

literature, inclusion of chicks in another study would be extremely useful to determine 

exact food preferences and further quantify trophic impacts.

Arthropod Sampling Techniques

The three arthropod sampling techniques most suited to my study all have benefits 

and drawbacks. Sweep nets are used to sample vegetation-dwelling arthropods. They 

provide an efficient way to sample relatively large areas and the samples obtained are 

much quicker to sort than those obtained through pitfall trapping or vacuum netting. 

However, speed and force of the sweep and therefore arthropod capture can vary with 

habitat and technician. All sweeping should be conducted by the same person and must 

be practiced to standardized speed and force. Even so, extreme structural differences in 

habitats will likely be reflected in different rates of arthropod capture. These and other 

limitations are covered by Southwood (1966).
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I obtained the best results (fastest sweeping and feast cutting of vegetation) with a 

muslin net and the heaviest handle and rim I could find. The sailcloth net was too heavy 

and provided too much wind resistance for a fast sweep. The lighter rim would bend, 

clipping off the tops of dicotyledonous weeds and resulting in a sweep that felt awkward 

and slow.

Pitfall traps are used to sample ground-dwelling arthropods. I used a salt water 

solution. It is inexpensive, preserved arthropods well during our two-week sampling 

periods, and does not pose the toxicity problems of ethylene glycol. Ethylene glycol, 

although inexpensive, is extremely toxic to mammals and has a sweet smell and taste that 

attracts them. A few laps can kill a farm dog or cat. Propylene glycol is less toxic and 

does not have the attractive sweetness of ethylene glycol; however, it is expensive. Wet 

pitfall samples take longer to process than dry sweep samples. Although it is often 

assumed that different numbers of individuals found in traps reflect different population 

levels, they can also reflect different rates of movement. Southwobd (1966) discusses 

drawbacks to the technique, as well as various trap designs.

Vacuuming samples both ground-dwelling and vegetation-dwelling arthropods. It is 

a more thorough method than sweep netting or pitfall trapping for the area sampled, 

however, sample areas are small. Dietrick vacuums (D-vacs) are available commercially 

and are particularly suited for vegetation-dwelling arthropods. To obtain high rates of 

extraction for ground-dwelling arthropods, however, wind speed at intake must be 60 

mph, and such a vacuum requires construction. See Johnson et al. (1957) and Southwood 

and Pleasance (1962) for instructions. Further details of vacuum sampling are provided
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by Southwood (1966). Although vacuuming would probably have been the best single 

method for my study, logistical details prevented me from using it.

Establishing a Useful Plant Community

Several other issues would be important to researchers conducting a study similar to 

mine. In order to detect differences in the arthropod community, either the differences in 

the plant community must be extreme (as in the second year of my study) or the sample . ;

size must be substantially higher than four blocks. I found that wide row spacing (30 cm 

or 12” instead of 18 cm or 7”), a low, but consistent seeding rate (34 kg/ha or 30 Ibs./ac ■'

instead of 67 kg/ha or 60 Ibs./ac) and timely herbicide application achieved substantial ; I

differences in the plant community. We created differences large enough so that the 

weedy plots would likely have been useless to a farmer; however, the extreme differences ; j
i

among the plant communities are what allowed us to detect differences among the !,

arthropods with only four samples. ;

Time, Effort and Detection of Differences

Certain changes in my research design would have made it either more effective or ; I

less time consuming. We were unable to detect trends in ground-dwelling, chick-food :

insects or beetle family richness, and detecting differences in beetle family diversity was 

difficult. Sample sizes would need to be increased to make these pursuits worthwhile. ; I
In particular, identifying beetles to family was time consuming, and not needed for , •

the study of avian food resources, only for issues of richness and diversity. Ifbeetles ;;
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were not identified to family, pitfall sorting could have been conducted largely without 

the use of microscopes and would have proceeded at a much faster pace. If richness and 

diversity of beetle families is an important aspect of a future study, sample size must be 

increased; if not, sorting to family should simply be eliminated.

Finally, there is a very real tradeoff between number of treatments and number of 

replicates. I would recommend eliminating the intermediate treatment in favor of having 

more replicates. Consider a hypothetical experiment where VMSE = 0.7631, the error I 

found for ground-dwelling, chick-food insects in the second sampling period of 1999. If 

I conducted another three treatment, four block experiment where the mean number of 

insects caught per pitfall trap per day was 1.5, 2.0 and 2.5 in the respective treatments, I 

would have a power of 37%. If I conducted the experiment using the same amount of 

effort, but distributed among a two treatment, six block experiment without the 

intermediate treatment I would have a power of 62%. Power would increase dramatically 

for the same sampling effort, in part due to the increased replication, and in part because I 

removed the intermediate treatment.

Power analyses would be helpful in designing another research project. For that 

purpose I provide a list of mean squared errors for 1999 arthropod variables (Table 10).

Table 10. Mean Squared Errors for 1999 Arthropod Variables
Variable Pre-spray Post-sprayi

Biomass of Vegetation-dwelling Chick Food Insects 0.00008905 0.002985
Number of Vegetation-dwelling Chick Food Insects 110.03 1387.56
Biomass of Ground-dwelling Chick Food Insects 0.0001353 0.00001116
Number of Ground-dwelling Chick Food Insects 0.8607 0.5824
Biomass of Small Carabids 0.0001301 0.000008624
Number of Small Carabids 0.5169 0.05818

Post-Spray2

0.004657
6345.67
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Number of Beneficial Arthropods 
Number of Medium-sized Carabids 
Coleopterous Family Richness 
Simpson’s Diversity Index (D) for Coleopterous 

Families

0.5894
0.0009432
0.1278
0.002319

0.2849
0.03293
0.3600
0.002932
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APPENDIX A

ARTHROPOD ORDERS AND FAMILIES: SCIENTIFIC AND COMMON NAMES
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Table 11. Arthropod orders and families: scientific and common names.

Araneae
Coleoptera

Anthicidae
Carabidae
Chrysomelidae
Coccinelidae
Curculionidae
Staphylinidae

Spiders
Beetles

Ant-like flower beetles
Ground beetles
Leafbeetles
Lady bird beetles
Weevils
Rove beetles

Diptera
Chironomidae
Empididae
Lauxaniidae
Syrphidae
Tipulidae

Flies
Midges 
Dance flies 
Fungus flies, etc. 
Flower flies 
Crane flies

Ephemerida Mayflies

Hemiptera Plant bugs

Homoptera
Aphididae
Cicadellidae
Delphacidae

Hoppers, aphids, etc. 
Aphids 
Leafhoppers 
Plant hoppers

Hymenoptera
Formicidae
Tenthredinidae

Lepidoptera

Wasps, bees, ants, sawflies, etc. 
Ants
Common sawflies 

Butterflies and moths

Orthoptera Grasshoppers and crickets

Trichoptera Caddisflies
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Table 12. Percent germination of weed seeds.

Year Species Germination Notes

1998 Common Lambsquarters 74% cool, dark conviron
Redroot Pigweed 4094' alternating germinator* 2

1999 Common Lambsquarters 40% alternating germinator2
Redroot Pigweed 68% alternating germinator2
Wild Oat 75%

*88% of pigweed seeds were alive on a tetrazolium test.
2The alternating germinator had a light/dark cycle of 25° C/5° C.
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Each trap was constructed from a two liter pop bottle, a 16 oz disposable plastic 

drinking cup, an x-shaped set of metal stays, a disposable aluminum pizza pan and a rock. 

The circumference of the pop bottle was cut in two places: immediately before the body 

narrows into the neck (line A, Figure 43) and further up the neck before the cap (line B, 

Figure 43). This gives three pieces: the body of the bottle, a medium-sized funnel and a 

very narrow funnel. The narrow piece is discarded. To construct the trap, the body of the 

bottle is sunk into the ground so its rim is flush with the soil surface. The drinking cup 

filled with solution is set into the pop bottle and the medium-sized funnel is inverted and 

set inside the pop bottle, on top of the cup. The two part body of the trap allows the 

researcher to easily empty and reset traps without any digging. The funnel ensures that 

arthropods will be guided into the cup of solution. Each of the rectangular metal stays 

has a central slot into which another metal stay is inserted, forming an x-shape. An 

inverted pizza pan placed on the stays and secured with a rock serves as a rain guard, 

preventing overflow of solution.

r

Figure 43. Pitfall trap construction. The pop bottle is cut at lines A and B.
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Figure 44. Photographs of pitfall trap. Top: pitfall trap without rain guard, showing pop
bottle body, drinking cup reservoir and funnel top; middle: metal stays to support the
rain guard; and bottom: pizza pan rain guard secured with a rock.
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Figure 45. Mean spring wheat volume before and after spraying (1998). Standard errors are indicated on each bar. P-value
refers only to cultivated comparisons.
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Figure 46. Mean dicotyledonous weed volume before and after spraying (1998). Standard errors are indicated on each bar. 
P-value refers only to cultivated comparisons. Bars for each sampling period with the same adjacent letters are not 
significantly different at the 0.1 level.
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Figure 47. Mean monocotyledonous weed volume before and after spraying (1998). Standard errors are indicated on each
bar. P-value refers only to cultivated comparisons.
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Figure 48. Mean total plant volume before and after spraying (1998). Standard errors are indicated on each bar. P-value
refers only to cultivated comparisons.
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Figure 49. Mean plant species richness before and after spraying (1998). Standard errors are indicated on each bar. P-value
refers only to cultivated comparisons.
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Table 13. Plant community (1998): mean differences between treatments and standard errors. Monocultural 
treatment = M, Intermediate treatment = I, Weedy treatment = W. Standard errors in each plant by sampling period 
group were calculated based on a common mean squared error from analysis of variance. Different standard errors 
result from one missing observation in the pre-spray weedy treatment.__________________

Pre-spray Post-spray -  Pre-spray

Plant Variable Treatments Mean Difference Standard Error Mean Difference Standard Error

Spring Wheat Volume M-I 294.88 4256.29 10454.08 5124.39
M-W -6835.51 4597.32 -24946.24 5534.97
I-W -7130.39 4597.32 -35400.32 5534.97

Dicotyledonous Weed Volume M-I -901.50 288.05 2461.22 1918.11
M-W -54.90 311.13 -1490.79 2071.80
I-W 846.60 311.13 -3952.02 2071.80

Monocotyledonous Weed Volume1 M-I -2389.58 1841.52 -1493.44 1915.40
M-W 61.78 1989.07 1221.45 2068.86
I-W 2451.36 1989.07 2714.89 2068.86

Total Plant Volume M-I -2996.21 3395.39 11421.86 4818.68
M-W -6828.63 3667.44 -25215.59 5204.77
I-W -3832.42 3667.44 -36637.45 5204.77

Plant Species Richness M-I -0.5500 0.8258 0.2500 0.3561
M-W -0.4000 0.8920 -0.3833 0.3847
I-W 0.1500 0.8920 -0.6333 0.3847

Plant Species Diversity (D) M-I -0.0499 0.0362 0.0364 0.0267
M-W 0.0356 0.0391 -0.0071 0.0289
I-W 0.0855 0.0391 -0.0435 0.0289

1One replicate in the intermediate treatment contained an especially high volume of wild oats due to a seed bank from previous experiments.
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1998 GROUND-DWELLING ARTHROPOD COMMUNITY
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Figure 51. Mean number of ground-dwelling, chick-food insects per pitfall trap day before and after spraying (1998). 
Standard errors are indicated on each bar. P-value refers only to cultivated comparisons.
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Figure 54. Mean number of medium-sized Carabids per pitfall trap day before and after spraying (1998). Standard errors 
are indicated on each bar. P-value refers only to cultivated comparisons.
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Figure 56. Mean coleopterous family diversity per pitfall trap day before and after spraying (1998). Standard errors are
indicated on each bar. P-value refers only to cultivated comparisons. Simpson’s diversity index (D) has a minimum of 0 and
a maximum of I .



Table 14. Ground-dwelling arthropod community (1998): mean differences between treatments and standard errors. 
Monocultural treatment = M, Intermediate treatment = I, Weedy treatment = W. Standard errors in each arthropod by 
sampling period group were calculated based on a common mean squared error from analysis of variance.

Pre-spray___________  _______ Post-spray - Pre-spray

Arthropod Variable Treatments Mean Difference Standard Error Mean Difference Standard Error

Number of Medium-sized Carabids M-I -0.0578 0.0738 -0.7636 1.5669
M-W -0.0766 0.0738 -0.2663 1.5669
I-W -0.0188 0.0738 0.4973 1.5669

Number of Small Carabids M-I -0.5602 0.4319 -0.5602 0.4319
M-W -0.7070 0.4319 -0.7070 0.4319
I-W -0.1469 0.4319 -0.1469 0.4319

Number of Chick-food Insects M-I -0.6523 0.5476 -0.6523 0.5476
M-W -0.9055 0.5476 -0.9055 0.5476
I-W -0.2531 0.5476 -0.2531 0.5476

Number of Beneficial Arthropods M-I -0.7133 0.4243 -0.2528 2.0499
M-W -0.9758 0.4243 0.4276 2.0499
I-W -0.2625 0.4243 0.6804 2.0499

Coleopterous Family Richness M-I -0.4125 0.4800 -0.4125 0.4800
M-W -0.3125 0.4800 -0.3125 0.4800
I-W 0.1000 0.4800 0.1000 0.4800

Coleopterous Family Diversity (D) M-I 0.0544 0.0401 -0.0783 0.0323
M-W 0.0990 0.0401 -0.0899 0.0323
I-W 0.0446 0.0401 -0.0116 0.0323
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1999 PLANT COMMUNITY
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Figure 57. Mean spring wheat volume before and after spraying (1999). Standard errors are indicated on each bar. P-values
refer only to cultivated comparisons. Bars for each sampling period with the same adjacent letters are not significantly
different at the 0.1 level.
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Figure 58. Mean dicotyledonous weed volume in the cultivated plots before and after spraying (1999). Standard errors are 
indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent 
letters are not significantly different at the 0.1 level.
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Figure 59. Mean dicotyledonous weed volume before and after spraying (1999). Standard errors are indicated on each bar.
P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent letters are not
significantly different at the 0.1 level.
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Figure 60. Mean monocotyledonous weed volume in the cultivated plots before and after spraying (1999). Standard errors
are indicated on each bar. Bars for each sampling period with the same adjacent letters are not significantly different at the
0.1 level.
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Figure 61. Mean monocotyledonous weed volume before and after spraying (1999). Standard errors are indicated on each
bar. P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent letters are not
significantly different at the 0.1 level.
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Figure 62. Mean total plant volume before and after spraying (1999). Standard errors are indicated on each bar. P-values
refer only to cultivated comparisons. Bars for each sampling period with the same adjacent letters are not significantly
different at the 0.1 level.
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Figure 63. Mean plant species richness before and after spraying (1999). Standard errors are indicated on each bar. P-values
refer only to cultivated comparisons. Bars for each sampling period with the same adjacent letters are not significantly
different at the 0.1 level.
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Figure 64. Mean plant species diversity before and after spraying (1999). Standard errors are indicated on each bar.
P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent letters are not
significantly different at the 0.1 level. Simpson’s Diversity Index (D) has a minimum of 0 and a maximum of I .



Table 15. Plant community (1999): mean differences between treatments and standard errors. Monocnltnral treatment = M, 
intermediate treatment = I, weedy treatment = W. Standard errors (SE) in each plant by sampling period group were calculated 
based on a common mean squared error from analysis of variance._____________

Pre-spray Post-spray ■-  Pre-spray Post-spry

Plant Variable Treatments Mean Difference SE Mean Difference SE Mean Difference SE

Spring Wheat Volume M-I 865.98 699.58 12320.59 9539.13 13186.57 10136.07
M-W -1576.78 699.58 12189.22 9539.13 10612.44 10136.07
I-W -2442.77 699.58 -131.37 9539.13 -2574.13 10136.07

Dicotyledonous Weed Volume M-I -28.58 272.74 491.01 2336.09 462.44 2451.33
M-W -718.74 272.74 -17418.92 2336.09 -18137.66 2451.33
I-W -690.17 272.74 -17909.94 2336.09 -18600.10 2451.33

Monocotyledonous Weed Volume M-I -3906.60 2287.32 -9017.95 6720.05 -12924.55 8696.99 ~
M-W -6471.21 2287.32 -30228.94 672Q.05 -36700.14 8696.99 S
I-W -2564.61 2287.32 -21210,98 6720.05 -23775.59 8696.99

Total Plant Volume M-I -3069.19 2494.03 3793.65 10751.64 724.46 11846.08
M-W -8766.73 2494.03 -35458.64 10751.64 -44225.37 11846.08
I-W -5697.54 2494.03 -39252.29 10751.64 -44949.82 11846.08

Plant Species Richness M-I -0.6500 0.4778 0.4000 0.4103 -0.2500 0.5807
M-W -1.8000 0.4778 -1.4500 0.4103 -3.2500 0.5807
I-W -1.1500 0.4778 -1.8500 0.4103 -3.0000 0.5807

Plant Species Diversity (D) M-I -0.1231 0.0575 -0.0336 0.0631 -0.1567 0.0777
M-W -0.2421 0.0575 -0.1681 0.0631 -0.4102 0.0777
I-W -0.1190 0.0575 -0.1345 0.0631 -0.2535 0.0777
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Figure 65. Mean number of ground-dwelling chick-food insects per pitfall trap day before and after spraying (1999). 
Standard errors are indicated on each bar. P-values refer only to cultivated comparisons.
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Figure 66. Mean biomass of ground-dwelling, chick-food insects per pitfall trap day before and after spraying (1999). 
Standard errors are indicated on each bar. P-values refer only to cultivated comparisons.
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Figure 67. Mean number of small Carabids per pitfall trap day before and after spraying (1999). Standard errors are
indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent
letters are not significantly different at the 0.1 level.
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Figure 68. Mean biomass of small Carabids per pitfall trap day before and after spraying (1999). Standard errors are
indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent
letters are not significantly different at the 0.1 level.
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Figure 69. Mean number of beneficial arthropods in the cultivated plots per pitfall trap day before and after spraying (1999).
Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not significantly
different at the 0.1 level.
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Figure 70. Mean number of beneficial arthropods per pitfall trap day before and after spraying (1999). Standard errors are
indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent
letters are not significantly different at the 0.1 level.
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Figure 71. Mean number of medium-sized Carabids per pitfall trap day in the cultivated plots before and after spraying
(1999). Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters are not
significantly different at the 0.1 level.
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Figure 72. Mean number of medium-sized Carabids per pitfall trap day before and after spraying (1999). Standard errors are
indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling period with the same adjacent
letters are not significantly different at the 0.1 level. J
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Figure 73. Mean number of beneficial arthropods -  medium-sized Carabids per pitfall trap day before and after spraying 
(1999). Standard errors are indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling 
period with the same adjacent letters are not significantly different at the 0.1 level.
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Figure 74. Mean coleopterous family richness per pitfall trap day before and after spraying (1999). Standard errors are 
indicated on each bar. P-values refer only to cultivated comparisons.
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Figure 75. Mean coleopterous family diversity per pitfall trap day before and after spraying (1999). Standard errors are
indicated on each bar. P-values refer only to cultivated comparisons. Simpson’s diversity index (D) has a minimum of 0 and
a maximum of I .



Table 16. Ground-dwelling arthropod community (1999): mean differences between treatments and standard errors. 
Monocultural treatment = M, Intermediate treatment = I, Weedy treatment = W. Standard errors (SE) in each arthropod by 
sampling period group were calculated based on a common mean squared error from analysis of variance._____________

Arthropod Variable Pre-spray Post-spray ■- Pre-spray Post-spray

Treatments Mean Difference SE Mean Difference SE Mean Difference SE
Number of medium-sized Carabids M-I -0.0567 0.0217 0.0540 0.1138 -0.0027 0.1149

M-W -0.0433 0.0217 -0.4507 0.1138 -0.4940 0.1149
I-W 0.0133 0.0217 -0.5046 0.1138 -0.4913 0.1149

Number of small Carabids M-I -0.4700 0.5084 0.4917 0.4418 0.0217 0.1706
M-W -0.8067 0.5084 0.3654 0.4418 -0.4413 0.1706
I-W -0.3367 0.5084' -0.1264 0.4418 -0.4630 0.1706

Number of ground-dwelling, chick-food M-I -0.6933 0.6560 0.5759 0.6669 -0.1174 0.5396
insects M-W -1.1367 0.6560 0.7519 0.6669 -0.3848 0.5396

I-W -0.4433 0.6560 0.1759 0.6669 -0.2674 0.5396

Number of beneficial arthropods M-I -0.7033 0.5429 0.8115 0.4813 0.1082 0.3814
M-W -0.8633 0.5429 -0.5676 0.4813 -1.4310 0.3814
I-W -0.1600 0.5429 -1.3791 0.4813 -1.5391 0.3814

Number of beneficial arthropods - M-I -0.6467 0.5308 0.7575 0.4017 0.1109 0.3689
number of medium-sized Carabids M-W -0.8200 0.5308 -0.1170 0.4017 -0.9370 0.3689

I-W -0.1733 0.5308 -0.8745 0.4017 -1.0478 0.3689

Coleopterous Family Richness M-I -0.0500 0.2528 0.7500 0.5949 0.3000 0.4243
M-W 0.1500 0.2528 0.0500 0.5949 -0.3000 0.4243
I-W 0.2000 0.2528 -0.7000 0.5949 -0.6000 0.4243

Coleopterous Family Diversity M-I -0.0104 0.0341 -0.0179 0.0641 -0.0374 0.0377
M-W -0.0024 0.0341 0.0522 0.0641 0.0568 0.0377
I-W 0.0081 0.0341 0.0701 0.0641 0.0942 0.0377
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Biomass of small Carabids (g) M-I -0.0103
M-W -0.0155
I-W -0.0052

Biomass of ground-dwelling, chick-food M-I -0.0107
insects (g) M-W -0.0161

I-W -0.0053

0.0081 0.0105 O.O068 0.0003 0.0021
0.0081 0.0100 0.0068 -0.0055 0.0021
0.0081 -0.0005 0.0068 -0.0058 0.0021

0.0082 0.0108 0.0067 0.0001 0.0024
0.0082 0.0119 0.0067 -0.0042 0.0024
0.0082 0.0011 0.0067 -0.0042 0.0024



C/3_u

Itu
<u
O<u
m
O
I=*<u

-D
E
3
Z

5.8

5.4 

5.0 

4.6 

4.2

3.8

3.4
3.4 4.0 4.6 5.2 5.8 6.4

Number of Plant Species

Figure 76. Correlation between floral and faunal richness before spraying (1999). Lack of significance is possibly related to
using the measure of coleopterous family richness instead of insect species richness, p = 0.41.
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Figure 77. Correlation between floral and faunal richness after spraying (1999). Lack of significance is possibly related to
using the measure of coleopterous family richness instead of insect species richness, p = 0.25.



0.64

0.60

g  0.56 

'g
2 0.52

S

S 0.48cdPh

S 0-44
DQ

0.40

0.36 ----------- '----------- ■----------- ■----------- '----------- ------------ ------------ ------------ ------------
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

Plant Species Diversity (D)

Figure 78. Correlation between floral and faunal diversity before spraying (1999). Simpson’s Diversity index (D) has a
minimum of 0 and a maximum of I . Lack of significance is possibly related to using the measure of coleopterous family
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minimum of 0 and a maximum of I . Lack of significance is possibly related to using the measure of coleopterous family
diversity instead of insect species diversity, p = 0.19.
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1999 VEGETATION-DWELLING ARTHROPOD COMMUNITY
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Figure 80. Mean number of vegetation-dwelling, chick-food insects per sweep net sample in the cultivated plots before and
after spraying (1999). Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters
are not significantly different at 0.1 level.
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Figure 81. Mean biomass of vegetation-dwelling, chick-food insects per sweep net sample in the cultivated plots before and
after spraying (1999). Standard errors are indicated on each bar. Bars for each sampling period with the same adjacent letters
are not significantly different at 0.1 level.
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Figure 82. Mean number of vegetation-dwelling, chick-food insects per sweep net sample before and after spraying (1999). 
Standard errors are indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling period with 
the same adjacent letters are not significantly different at the 0.1 level.
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Figure 83. Mean biomass of vegetation-dwelling, chick-food insects per sweep net sample before and after spraying (1999). 
Standard errors are indicated on each bar. P-values refer only to cultivated comparisons. Bars for each sampling period with 
the same adjacent letters are not significantly different at the 0.1 level.



Table 17. Vegetation-dwelling arthropod community (1999): mean differences between treatments and standard errors. 
Monocultural treatment = M, Intermediate treatment = I, Weedy treatment = W. Standard errors (SE) in each arthropod by 
sampling period group were calculated based on a common mean squared error from analysis of variance. Change over time. 
is [(post-sprayi + post-spray2)/2] - pre-spray.___________________________________________

Pre-spray Post-spray, Post-Spray2 Change over Time

Arthropod Variable Treatments Mean SE Mean SE Mean SE Mean SE
Difference Difference Difference Difference

Number of vegetation-dwelling, M-I -20.50 7.42 . -24.00 26.34 -40.00 56.33 -11.50 32.08
chick-food insects M-W -40.25 7.42 -49.50 26.34 -148.50 56.33 -58.75 32.08

I-W -19.75 7.42 -25.50 26.34 -108.50 56.33 -47.25 32.08

Biomass of vegetation-dwelling, M-I -0.0143 0.0067 -0.0648 0.0386 -0.0824 0.0483 -0.0736 0.0372
chick-food insects (g) M-W -0.0208' 0.0067 -0.1812 0.0386 -0.2531 0.0483 -0.2171 0.0372

I-W -0.0065 0.0067 -0.1165 0.0386 -0.1707 0.0483 -0.1436 0.0372
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Figure 84. Number of ground-dwelling, chick-food insects per pitfall trap day versus distance from edge of fencerow (1998). 
The positive correlation between chick-food insects in the cultivated plots and distance from the edge of the fencerow may 
have been driven by a similar trend in small Carabids. Conversely, high levels of ground-dwelling, chick-food insects in the 
fencerow were caused by members of the group other than small Carabids.



Distance from Edge of Fencerow (m)

Figure 85. Number of ground-dwelling, chick-food insects per pitfall trap day in the monocultural treatment versus distance
from edge of fencerow (1998). y = 0.58 + 0.015x, p = 0.041, adjusted r2 = 0.17.
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Figure 86. Number of ground-dwelling, chick-food insects per pitfall trap day in the intermediate treatment versus distance
from edge of fencerow (1998). p = 0.41.
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Figure 87. Number of ground-dwelling, chick-food insects per pitfall trap day in the weedy treatment versus distance from
edge of fencerow (1998). p = 0.052.
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Figure 88. Number of small Carabids per pitfall trap day versus distance from edge of fencerow (1998).
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Figure 90. Number of small Carabids per pitfall trap day in the intermediate treatment versus distance from edge of fencerow
(1998). p = 0.14.



N
um

be
r 

of
 S

m
al

l 
C

ar
ab

id
s

1.8

1.4

1.0 

0.6 

0.2 

- 0.2
0 10 20 30 40 50 60 70 80 90

Distance from Edge of Fencerow (m)

Figure 91. Number of small Carabids per pitfall trap day in the weedy treatment versus distance from edge of fencerow
(1998). p = 0.50.
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Figure 92. Number of beneficial arthropods per pitfall trap day versus distance from edge of fencerow (1998).
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Figure 93. Number of beneficial arthropods per pitfall trap day in the monocultural treatment versus distance from edge of
fencerow (1998). p = 0.26.



Distance from Edge o f Fencerow (m)

Figure 94. Number of beneficial arthropods per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1998). y = 11.189 - 0.116x, p = 0.0014, adjusted r2 = 0.41.
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Figure 95. Number of beneficial arthropods per pitfall trap day in the weedy treatment versus distance from edge of
fencerow (1998). y = 9.093 - 0.076x, p = 0.012, adjusted r2 = 0.26.
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Figure 96. Number of medium-sized Carabids per pitfall trap day versus distance from edge of fencerow (1998).
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Figure 97. Number of medium-sized Carabids per pitfall trap day in the monocultural treatment versus distance from edge of
fencerow (1998). p = 0.26.



Distance from Edge o f Fencerow (m)

Figure 98. Number of medium-sized Carabids per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1998). y = 9 - 0.102x, p = 0.0017, adjusted r2 = 0.40.
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Figure 99. Number of medium-sized Carabids per pitfall trap day in the weedy treatment versus distance from edge of
fencerow (1998). y = 7.55 - 0.079x, p = 0.0028, adjusted r2= 0.37.
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Figure 100. Number of beneficial arthropods - medium-sized Carabids per pitfall trap day versus distance from edge of
fencerow (1998).
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Figure 101. Number of beneficial arthropods - medium-sized Carabids per pitfall trap day in the monocultural treatment
versus distance from edge of fencerow (1998). p = 0.36.
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Figure 102. Number of beneficial arthropods - medium-sized Carabids per pitfall trap day in the intermediate treatment
versus distance from edge of fencerow (1998). p = 0.11.
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Figure 103. Number of beneficial arthropods - medium-sized Carabids per pitfall trap day in the weedy treatment versus
distance from edge of fencerow (1998).
p = 0.73.



OJ_<D

I
IX,

<u<u
CQt4-lO
1—
D

-D

3
2

6.5

5.5

4.5

3.5

2.5

1.5 

0.5
-10 0 10 20 30 40 50 60 70 80 9(

* * •  +

A +  *  +

A A •  +

A A

•  •  □ jfj

■ □ •

□ + * + •

+ + + + •  +

□

+
A

monoculture
intermediate
weedy
fencerow

Distance from Edge o f Fencerow (m)

Figure 104. Coleopterous family richness per pitfall trap day versus distance from edge of fencerow (1998).
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Figure 105. Coleopterous family richness per pitfall trap day in the monocultural treatment versus distance from edge of
fencerow (1998). p = 0.19.
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Figure 106. Coleopterous family richness per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1998). p = 0.78.



N
um

be
r 

of
 B

ee
tle

 F
am

ili
e:

6.5

5.5

4.5

3.5

2.5

1.5 

0.5
0 10 20 30 40 50 60 70 80 90

Distance from Edge o f Fencerow (m)

<oON

Figure 107. Coleopterous family richness per pitfall trap day in the weedy treatment versus distance from edge of fencerow
(1998). p = 0.51.
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Figure 108. Coleopterous family diversity per pitfall trap day versus distance from edge of fencerow (1998). Simpson’s
diversity index (D) has a minimum of 0 and a maximum of I .
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Figure 109. Coleopterous family diversity per pitfall trap day in the monocultural treatment versus distance from edge of
fencerow (1998). Simpson’s diversity index (D) has a minimum of 0 and a maximum of I. p = 0.59.
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Figure 110. Coleopterous family diversity per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1998). Simpson’s diversity index (D) has a minimum of 0 and a maximum of I. p = 0.59.
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Figure 111. Coleopterous family diversity per pitfall trap day in the weedy treatment versus distance from edge of fencerow
(1998). Simpson’s diversity index (D) has a minimum of 0 and a maximum of I. p = 0.065.
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Figure 112. Number of ground-dwelling, chick-food insects per pitfall trap day versus distance from edge of fencerow
(1999).
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Figure 113. Number of ground-dwelling, chick-food insects per pitfall trap day in the monocultural treatment versus distance
from edge of fencerow (1999). p = 0.30.
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Figure 114. Number of ground-dwelling, chick food insects per pitfall trap day in the intermediate treatment versus distance
from edge of fencerow (1999). p = 0.096.
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Figure 115. Number of ground-dwelling, chick food insects per pitfall trap day in the weedy treatment versus distance from
edge of fencerow (1999). p = 0.189.
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Figure 116. Number of small Carabids per pitfall trap day versus distance from edge of fencerow (1999)
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Figure 117. Number of small Carabids per pitfall trap day in the monocultural treatment versus distance from edge of
fencerow (1999). y = 0.317 + 0.006x, p = .037, adjusted r2 = 0.18.
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Figure 118. Number of small Carabids per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1999). y = 0.285 + 0.006x, p = 0.027, adjusted r2 = 0.20.
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Figure 119. Number of small Carabids per pitfall trap day in the weedy treatment versus distance from edge of fencerow
(1999). p = 0.078.
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Figure 120. Number of beneficial arthropods per pitfall trap day versus distance from edge of fencerow (1999).
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Figure 121. Number of beneficial arthropods per pitfall trap day in the cultivated plots versus distance from edge of
fencerow (1999).
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F ig u re  122 . N u m b e r  o f  b e n e f ic ia l  a r th ro p o d s  p e r  p i tfa ll  t ra p  d a y  in  th e  m o n o c u ltu ra l  t re a tm e n t v e rs u s  d is ta n c e  from  ed g e  o f
fe n c e ro w  (1 9 9 9 ) . p  =  0 .2 7 .
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Figure 123. Number of beneficial arthropods per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1999). y = 2.026 - 0.01 lx, p = 0.039, adjusted r  = 0.17.

213



6

C/3-uO
CL
S
-C
<
.2"u
<uc<u

CQ

5

4

3

0
L-i
CUXi
1

2

I

O

■

10 20 30 40 50 60 70 80 90

Distance from Edge of Fencerow (m)

F ig u re  124. N u m b e r  o f  b e n e f ic ia l  a r th ro p o d s  p e r  p i tfa ll  t ra p  d a y  in  th e  w e e d y  tre a tm e n t v e rsu s  d is ta n c e  fro m  ed g e  o f
fe n c e ro w  (1 9 9 9 ) . p  =  0 .5 3 .
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Figure 126. Number of medium-sized Carabids per pitfall trap day in the cultivated plots versus distance from edge of
fencerow (1999).
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Figure 127. Number of medium-sized Carabids per pitfall trap day in the monocultural treatment versus distance from edge
of fencerow (1999). y = 1.367 - 0.017x, p = 0.000022, adjusted r2 = 0.62.
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Figure 128. Number of medium-sized Carabids per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1999). y = 1.353 - 0.017x, p = 0.000002, adjusted r2 = 0.71.
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F ig u re  129 . N u m b e r  o f  m e d iu m -s iz e d  C a ra b id s  p e r  p i tfa ll  tra p  d a y  in  th e  w e e d y  tre a tm e n t v e rsu s  d is ta n c e  fro m  ed g e  o f
fe n c e ro w  (1 9 9 9 ) . y  =  2 .1 3 6  - 0 .0 2 4 x , p  =  0 .0 0 0 6 8 , a d ju s te d  r  =  0 .4 5 .
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Figure 131. Number of beneficial arthropods after the removal of medium-sized Carabids per pitfall trap day in the
monocultural treatment versus distance from edge of fencerow (1999). y = 0.534 + 0.012x, p = 0.00079, adjusted r2 = 0.44.
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Figure 132. Number of beneficial arthropods after the removal of medium-sized Carabids per pitfall trap day in the 
intermediate treatment versus distance from edge of fencerow (1999). p = 0.11.
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F ig u re  133. N u m b e r  o f  b e n e f ic ia l  a r th ro p o d s  a f te r  th e  re m o v a l o f  m e d iu m -s iz e d  C a ra b id s  p e r  p itfa ll tra p  d a y  in  th e  w eed y
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F ig u re  134. C o le o p te ro u s  fa m ily  r ic h n e s s  p e r  p i tfa ll  t ra p  d a y  v e rs u s  d is ta n c e  f ro m  e d g e  o f  fe n c e ro w  (1 9 9 9 ).
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F ig u re  135. C o le o p te ro u s  fa m ily  r ic h n e s s  p e r  p itfa ll  tra p  d a y  in  th e  m o n o c u ltu ra l t re a tm e n t v e rsu s  d is ta n c e  fro m  ed g e  o f
fe n c e ro w  (1 9 9 9 ) . p  =  0 .2 1 . 5
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Figure 136. Coleopterous family richness per pitfall trap day in the intermediate treatment versus distance from edge of 
fencerow (1999). p = 0.081.
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F ig u re  137. C o le o p te ro u s  fa m ily  r ic h n e s s  p e r  p itfa ll  tra p  d a y  in  th e  w e e d y  t re a tm e n t  v e rs u s  d is ta n c e  f ro m  e d g e  o f  fe n c e ro w
(1 9 9 9 ) . p  =  0 .9 3 .
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Figure 138. Coleopterous familiy diversity per pitfall trap day versus distance from edge of fencerow (1999). Simpson’s 
Diversity Index (D) has a minimum of 0 and a maximum of I .
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Figure 139. Coleopterous familiy diversity per pitfall trap day in the cultivated plots versus distance from edge of fencerow
(1999). Simpson’s Diversity Index (D) has a minimum of O and a maximum of I.
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Figure 140. Coleopterous family diversity per pitfall trap day in the monocultural treatment versus distance from edge of
fencerow (1999). Simpson’s Diversity Index (D) has a minimum of 0 and a maximum of I. p -  0.24.
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Figure 141. Coleopterous family diversity per pitfall trap day in the intermediate treatment versus distance from edge of
fencerow (1999). Simpson’s Diversity Index (D) has a minimum of 0 and a maximum of I. p = 0.56.
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F ig u re  142 . C o le o p te ro u s  fa m ily  d iv e rs ity  p e r  p i tfa ll  t ra p  d a y  in  th e  w e e d y  tre a tm e n t v e rs u s  d is ta n c e  f ro m  e d g e  o f  fe n c e ro w
(1 9 9 9 ). S im p s o n ’s D iv e rs ity  In d e x  (D ) h a s  a  m in im u m  o f  0  a n d  a  m a x im u m  o f  I . p  =  0 .1 3 .
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