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Abstract

This is a two-part thesis. The first part is a literature review and analysis of the field of 

habitat management for pest control. The second part is a report on a farmscaping field 

project I conducted at Geraldson Community Farm in Bradenton, Florida. Habitat 

management refers to the set of techniques and practices designed to make a field habitat 

less attractive to pests, or more attractive to natural enemies, or both. It is a subset of 

conservation biological control, which seeks to augment the endogenous natural enemy 

fauna to achieve pest regulation. My literature review and analysis discusses this field in 

a wide-ranging context of agricultural and ecological theory. Case studies are 

emphasized.

The establishment and impact on beneficial biodiversity of a flowering strip was assessed 

at a South Central Florida organic vegetable farm. It was hypothesized that a gradient of 

enhancement of the beneficial insect activity would be observed, with the highest levels 

of enhancement closest to the strip, and the lowest levels farthest away. This hypothesis 

failed to be accepted or rejected, due to the lack of success in the field of the 

experimental design. Qualitative and quantitative data are presented which are 

nonetheless useful to the project of implementing conservation biological control within 

the farm's pest management plan. 



Introduction to Habitat Management Review 

The problem of pests has existed for agriculture since its inception. As soon as 

men and women began to sow seeds and tend fields, the inevitable  happened: the whole 

host of diseases, insects and other herbivores  arrived to dine upon the feast humans had 

so generously spread before them. Biblical accounts of the plagues provide written 

evidence that early civilizations grappled with sometimes devastating outbreaks of pests, 

which could lay waste to their hard-earned food supply and lead to widespread famine. 

But, on the whole, agriculture worked. Otherwise it would not have been so assiduously 

preserved by tradition, and the great civilizations would never have been built. What set 

of causes and conditions were at play when the fields yielded up their bounty unmolested 

by insect or disease? And what causes and conditions prevailed when pests thrived and 

decimated this yield? This is the scope and nature of the problem of pest management in 

agriculture. 

Ancient humans probably had widely varying depths of insight into the causes 

and conditions of health in their fields. The whole art of agriculture was surrounded in 

mystery-- the Greeks celebrated the Goddess Demeter as the patron of the bounty of their 

fields. For the Romans, this became Ceres. Both societies celebrated  with elaborate and 

mysterious rites to ensure a plentiful harvest with its boons of prosperity and health 

(Hamilton, 1942). But, their level of insight into the natural relations that underlie the 

shifting movement of insect populations is hard to gauge1.

1There is evidence from China, in fact, that people living thousands of years ago were able to recognize 
intricate natural relations impacting their prosperity as farmers. From a text dated at 300 years A.D.: 

    "A factor which increases the abundance of a certain bird will indirectly benefit a 
population of aphids because of the thinning effect which it will have on the 
coccinellid beetles which eat the aphids but are themselves eaten by the bird." 
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The approach to pest management which I am going to review in this thesis is 

called by various names, including “conservation biological control” and “habitat 

management”. These terms refer to the collection of methods used to promote  biological 

regulation of insect, weed and disease populations through modifying the cropping 

system and its environment, which together can be referred to as the agroecosystem 

(Altieri 1995). This use of ecological terminology is not accidental: a salient 

characteristic of this approach to insect pest management is a foundation in ecological 

thinking. 

The central insight is elegantly simple: take advantage of the myriad natural 

relations which characterize the ecology of life on this planet to achieve the regulation of 

undesirable insects (and other pests) in our fields. An adequate understanding of exactly 

how to do this is not yet defined. But the urgency for productive advances in this 

direction continues to grow, as crop loss pressures from diseases, weeds, and arthropod 

pests continues unabated, rising by one estimate from 34.9% in 1965 to 42.1% in 1988-

1990 (Oerke et. al, 1994). 

At the same time, the FAO is warning that total agricultural productivity is going to 

need to increase by a non-trivial amount in the near future in order to meet world food 

     (Vandermeer, in press). 
Indeed, it is remarkable that this level of ecological intelligence is only just now being re-discovered 

by modern scientific thinking and practice
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demand of an expanding population 

(http://www.fao.org/news/story/en/item/9962/icode/2). In order to meet these needs, it 

seems clear that agricultural research is going to have to advance in sophistication for 

managing pest pressures, especially given the rising cost of fossil fuel based inputs, and 

the necessity of developing techniques suitable for the worlds most destitute subsistence 

farmers to be able to feed themselves. 

Chapter 1 of my analysis of habitat management for pest control introduces the 

subject historically, and within the framework of Integrated Pest Management (IPM). 

Alternatives to the IPM framework are also presented. Habitat management is found to be 

central to the ultimate objectives of sustainability within these various frameworks. 

Habitat management is not at all mutually exclusive with chemical control options, and it 

is suggested that it may be economically competitive in some ways. 

Chapter 2 discusses some of the relevant background in ecological theory. The 

relative merits of  monocultures versus polycultures are introduced in the context of the 

enemies hypothesis and the resource concentration hypothesis. The various strategies of 

habitat management can be analysed from the perspective of both hypotheses; indeed, 

both hypotheses are associated with various mechanisms. If a reliable enough 

characterisation of these mechanisms were available, habitat management strategies 

could be designed and tested more precisely. A  discussion of colonization frameworks is 

presented, with emphasis upon a model called “cyclic colonization”. Natural enemies are 

seen to be cyclic colonizers, which yields a rationale for providing permanent refugia in 

2 accessed on April 24th, 2009, at 12:26 AM. 
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agricultural landscapes, and suggests more general implications for biological control. 

Finally, I argue that landscape ecology and metapopulation modeling together might be a 

fertile source for developing more powerful theory, and could be central to future 

innovation in this field. 

Chapter 3 reviews some basis biology of predators and parasitoids, with an 

emphasis on behavior. I briefly suggest the importance of unraveling the behavioral 

dynamics of plant-insect interactions, which could be central to refining habitat 

manipulation strategies. A case study of biological control of the citrus scale by two 

parasitoids is discussed. The case study is presented as an example of successful 

regulation by a natural enemy guild. I posit the guild as the appropriate ecological unit for 

engineering biological control, and suggest some connections to habitat management. 

Chapter 4 presents four case studies of successful habitat management in detail. I 

highlight the various features which seem to underlie their successes. This discussion is 

meant to give the reader a more concrete sense for how habitat management has been 

done in practice. I conclude Chapter 4 by discussing a mathematical movement model 

which explains some of the paradoxes of diversification, and offers insight into what 

conditions could cause a habitat manipulation to have a detrimental result. The 

mathematical details are given in an appendix. 
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Chapter 1: Integrated Pest Management  (IPM) and Conservation Biological Control 

History 

In this section, I provide a selective and brief discussion of a few major historical 

trends in the development of pest management as a field of study. 

As agricultural science began to come into its own throughout the 19th century, a 

few major methods of pest control began to crystallize. Chemical control was practiced in 

the form of simple poisons, such as the Bordeaux mixture, developed by Millardet and 

Gayon in 1885 (Pimentel and Marquez 1969), or the spraying of arsenates  (Pedigo and 

Rice 2006).  There were a variety of cultural techniques, such as crop rotation, a practice 

which is well known and dates back thousands of years.  A rudimentary knowledge of 

plant resistance was present, leading for instance to the abandonment of the susceptible 

variety of potato in the wake of the potato famine in Ireland ( see 

http://evolution.berkeley.edu/evolibrary/article//agriculture_02  3  .).

 Finally, there were several examples of introducing predators to affect biological 

control, culminating with the introduction of the Vedalia Beetle, Rodiola cardinalis, 

along with a parasitic fly, to control the devastating cottony cushion scale in California 

citrus. The beetle, in the Coccinellid beetle family commonly recognized as “ladybugs”, 

proved overwhelmingly successful, and controls cottony cushion scale quite handily to 

this day (Caltagirone and Doutt 1989). 

 As this plethora of methods suggests, farmers did not have recourse to “magic-

3 last accessed Friday April 24th, 2009, at 12:30 PM. 
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bullet” style solutions to pest problems for most of history. In the aftermath of World War 

II, the magic bullet seemed to have arrived. The ideal of a 'clean field', and total control 

of the insect population was enthroned. Pesticides, many developed during war-time for 

military use, found a new theater of deployment, as farmers in the US (and, by extension, 

the rest of the world) were sold on this new era of chemical agriculture (Vandermeer, in 

press). Those who promoted this vision prophesied a new era of 'better living through 

chemistry', where agricultural yields could flourish beyond the restraints of insect 

herbivores and rise to such abundances as had never before been seen. 

A hall-mark of this new approach was spraying on schedule. Researchers and 

extension services created and elaborated time-table approaches, organized around crop 

phenological events, dictating what chemicals should be sprayed and when (Averill, 

pers.comm.).Although prescriptions of course varied, the main theme here is that 

chemical sprays were deployed without reference to any understanding of a farming 

system containing complicated and important dynamic interactions. Ecology was 

virtually ignored in favor of the “clean field” ideal. 

By all accounts, pesticides are effective at killing insects. But in this very 

effectiveness lie the seeds of their shortcomings as management tools. Beginning in the 

1960's, and continuing into the 1970's, severe problems became apparent, including: 1) 

pest resistance, 2) pest resurgence, and 3) secondary pest outbreak (Pedigo and Rice 

2006). The first problem was noted almost immediately. It is a quite straight-forward 

consequence of a strong selection pressure on the expression of a population's gene pool. 
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The second two problems are really both consequences of the same fact-- that 

insecticides will also kill the natural enemies of the pest insects, thus releasing them from 

natural regulation and creating a condition where rapid re-growth of the population is 

possible (pest resurgence), or for an explosive growth of a hitherto unimportant non-

targeted  insect population whose predators were just killed (secondary pest outbreak) 

(Pedigo and Rice 2006). Although these consequences are a little more subtle, they are 

also not really surprising to someone thinking ecologically. 

Peruvian cotton growers experienced severe worsening of their pest problems 

after the introduction of organic phosphate pesticides in the 1940's and 1950's (Van Den 

Bosch et al. 1976). In one valley, they even saw the guild of destructive insect species 

double from 7 to 13! They were being devastated by both pest resurgence and secondary 

pest outbreaks. However, integrated control plans which sharply delimited pesticide 

usage resolved these problems resoundingly and in relatively short order (Ibid.). 

Integrated Pest Management (IPM) 

As a result of these significant problems, and such land-mark consciousness-

raising events as the publication of Rachel Carson's Silent Spring in 1962, the need for a 

more sophisticated approach to pest management became obvious. During the 1960's 

IPM, integrated pest management, thus came into its own, though the seeds of its 

philosophy can be traced much further back (see Geier and Clark 1961). The original idea 
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was to find a way to manage pest problems using an integrated set of tactics, recalling the 

diverse heritage of management tools, and thus to transition out of the need for chemical 

therapeutics with their problematic side-effects. However, this goal has proven to be 

easier said than done. 

IPM has been a success in many ways. Perhaps the biggest contribution it has 

made is the wide-spread implementation of the practice of “scouting”, sending trained 

personnel into the field to actually sample and assess insect population levels, as a basis 

for making management decisions about the deployment of chemicals (Pedigo and Rice 

2006). In a profession as typically dominated by thin profit margins as commercial 

agriculture, IPM practitioners have been able to work out sophisticated guidelines and 

rules of thumb regarding economic injury and threshold levels. These are defined as the 

level of a particular pest population in a particular crop which will lead to more economic 

damage to the grower than the cost of applying the relevant control measure-- usually a 

chemical 'therapeutic' (ibid.). 

IPM has indeed been successful in making the use of chemicals much more 

intelligent. However, this emphasis has so far failed to move mainstream pest 

management out of the grip of chemical dependency. Some even joke that IPM should 

really mean “intelligent pesticide management” (Altieri 1995).  Perhaps this is because it 

is too glib to assume that we can just reduce pesticide use in some linear way until we are 

not using them anymore. The very agro-ecosystems themselves need to be re-designed in 

order to work well without pesticides. The literature on transitioning from conventional 

8



to organic management is very clear on the frequently very difficult “withdrawal phase” 

when chemical controls are abandoned wholesale (e.g. see Bender 1994). 

      Habitat Management Approaches in the context of IPM and IFS (Integrated Farming 

Systems) 

Many researchers and theoreticians have envisioned several frameworks for what 

IPM is or should be. I would like to focus on three such frameworks to introduce 

conservation biological control and habitat management. The first is explained by Ronald 

J. Prokopy, of University of Massachusetts Amherst (Prokopy 1994). He envisions 

progress in IPM as consisting of an ascent up a 4-step ladder of levels of integration. The 

second frame-work, developed by Lewis et al. (1997),  argues that IPM is  too limited as 

a framework and that a more radical shift to a whole-system perspective is necessary to 

realize the goal of non-chemically-dependent pest management. Finally, I briefly 

introduce Integrated Farming Systems (IFS) as a third model for how a transition might 

happen from the current  status quo towards more sustainability and integration. 

Framework I: Prokopy's Ladder 

Prokopy (1994) discusses a step-wise framework for envisioning the approach of 

IPM practice towards its goals, and reviews how habitat modification can be assessed 

from the standpoint of each step with reference to apple orchards in North America. The 

ideal goals of IPM, which Prokopy cites from Dover (1985), are: 
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            a) 'optimization' of pest control in an ecologically and economically sound   

manner; 

b) emphasis on coordinated use of multiple tactics to assure stable crop 

production;

c)maintenance of pest damage below injurious levels while minimizing hazards to 

humans, animals, plants, and the environment.

As can be seen, this is what we might call the “strong form” of IPM: a broad, holistic 

framework that includes not only the more limited notion of pest population regulation, 

but integrates concerns for the broader human and natural community. As I noted earlier, 

however, these goals are belied by the continuing chemical dependency of most IPM-

managed operations. 

The first step on Prokopy's ladder is the use of multiple, ecologically sound tactics 

for a single class of pests (arthropods, diseases, weeds, or vertebrates). He conceives of 

integration at this level as comprising two half-steps. The first half-step is the exclusive 

use of targeted pesticides-- applications driven by actual population sampling and on an 

as-needed basis. This might be called “chemical IPM”. The second half-step is 

substitution of pesticides for alternative control practices, such as selection of resistant 

varieties or introduction of biological control agents. 

To climb to the second step, growers have to start integrating their management 

tactics across all classes of pests-- for instance, by considering how a weed management 

scheme impacts the arthropod pest populations. The third step is implementing this total 
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IPM in congruence with the overall agronomic and horticultural practices. The fourth and 

final step blends the IPM scheme of one grower with the manifold concerns of the 

neighboring community. For instance, this might include considering how a particular 

pest management practice may relate to on-going regional conservation efforts. 

Although this frame-work is a very helpful spring-board, it is unclear if this step-

wise sort of thinking is the best way to reach the goals of IPM. Prokopy concedes that: 

 it is doubtful that more than a few commercial fruit orchards in the world today
 are employing second, third, or fourth level IPM practices. Indeed, most are probably 
practicing little more than chemically-based IPM that emphasizes use of selective 
pesticides against key pests to minimize harm to beneficial natural enemies...Only a 
small number may be using non-pesticidal, biologically based tactics at the second 
half-step of first-level IPM. (Prokopy, 1994. pp3-4). 

Although it may be tempting to say that the problem is simply not climbing the ladder, 

this begs the question of why it is that everyone seems so stuck on the first half-step. 

Clearly, there has not been enough motivation to move higher, either due to lack of 

profitability, or perhaps equally significantly, because the ability to envision the further 

ascent in compelling and concrete terms is lacking. It may be that introducing this 

transition as a sort of linear ascent does not allow a radical enough change of thinking to 

even make higher levels of integration seem conceivable, let al.one practical! Afterall, 

Prokopy is the first to point out the myriad practical considerations which need to be 

addressed.

This ladder helps visualize the role and possible effects of habitat management, 

which in this case would be manipulation of the vegetation surrounding the field or 

orchard, or the modification of the vegetation within the orchard, such as the understory 
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vegetation. Although the goal of this habitat modification is most often to help control 

arthropod pest populations, Prokopy points out that the effects must be considered from 

all the levels of the ladder. For instance, it is normal practice to mow the understory 

vegetation in orchards in order to mitigate weed pressure. So clearly, any modification of 

this vegetation (e.g., to attract parasitic wasps) will also impact the weed management 

plan-- a second level concern. 

Prokopy considers each level of integration in turn, and points out how habitat 

modification may be beneficial or detrimental at each and every level. This has a lot of 

significance for the field of conservation biological control and habitat management, 

because as we will see in later chapters, there is a lack of a strong unifying theoretical 

framework to help guide the selection process in terms of being able to predict what sort 

of a modification will be beneficial under what conditions, and what modifications could 

be detrimental under other conditions4. 

 With Prokopy's framework, habitat modification efforts could play a key role in 

reaching  the ideal of IPM. They are applicable at every step on the ladder. Moreover, and 

most importantly, more extensive use of habitat management could boot-strap more and 

more operations out of the first half-step of level 1 chemical IPM.

The Total System Framework 

4A good theory should generate useful, falsifiable hypotheses (sensu Popper (1959) The Logic of 
Scientific Discovery); moreover, those which hold up under empirical testing should begin to 
provide a certain level of predictive confidence.
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In the paper, “A total system approach to sustainable pest management”, Lewis et 

al. (1997) present a seemingly completely different framework for understanding 

progress in pest management, and for diagnosing the shortcomings of IPM. The central 

argument  is that pest management efforts have been overly determined by a treat-the-

symptoms, therapeutic sort of approach. In contrast, the authors posit a radical framework 

which asks such questions as “why is the pest a pest?”, and  prescribes management 

schemes which work with the ecology of farming systems to keep pest damage tolerable, 

imposing symptomatic (or therapeutic) treatments only as a last resort. 

The central critique of the reigning paradigm of pest management is that it fails to 

recognize that farms are in fact agro-ecosystems, composed of interacting parts with 

complicated self-regulation and feedback cycles. In this context, human intervention has 

to be understood as acting on this whole dynamic, and not on a static assemblage. Various 

systemic 'counter-moves', such as pest resurgence, have to be considered when a 

therapeutic intervention is applied. Although this is, indeed, a radical shift in thinking, it 

is also quite obvious from an ecological point of view. 

 The authors critique the usual order of action wherein the first step is usually a 

“rear and release” approach. The goal is first to inundate a field with natural enemies to 

achieve rapid control of an economically damaging pest population. The second line of 

defense is to import natural enemies. Conservation and enhancement of the existing 

natural enemies is typically an after-thought. Instead, the authors suggest that an 

ecologically-based management plan would reverse this sequence, focusing on enhancing 
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the endemic guild of natural enemies, then patching holes with importation, and finally, 

using rear-and-release inundation as a last resort therapeutic. 

With a central goal of conserving and enhancing endemic natural enemies, it is 

quite natural that one of their three main  recommendations for this new direction is what 

they call “ecosystem management”. Although they also discuss crop attributes and multi-

trophic level interactions, in addition to how to use therapeutics as back-ups, it is their 

vision of ecosystem management that is most compelling. It is the foundation of their 

proposed new approach. 

Ecosystem management implies a certain, distinct level of integration, in the 

natural world and in our conceptualizations, which needs to be carefully distinguished 

from more specialist approaches.  Particularly, it implies looking not just at one crop, or 

one particular population of herbivores-- indeed, not even multiple crops and multiple 

herbivores as long as these are being considered as discrete objects of study-- rather, it 

implies looking at how all the crops, herbivores and predators are interacting with each 

other and with their shared environmental parameters, such as nutrients, water supply, 

etc. This sort of philosophical clarity is necessary, because these kind of assumptions 

powerfully determine how research agendas are established, organized, and executed. 

Lewis et al. (1997) state: 

Because of political and funding channels, scientific teams are typically 
assembled around commodities across geographical areas. Therefore, the 
informational base relative to a particular crop as an interactive component 
of a farming ecosystem is very limited. For example, cotton specialists focus 
their interactions toward other cotton specialists, often within their own 
discipline, across the cotton belt. However, both cotton and vegetable production
are increasing in the same area and sometimes on the same farms in the 
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southeastern United States. These crops share many of the same pests and natural
enemy fauna. Therefore, pest management practices on one crop can directly or 
indirectly affect the other. A redirection of pest management is needed to 
incorporate year round soil, weed, cropping, water, and associated practices
at farm and community levels and to consider the effects of these practices 
on the overall fauna, nutritional state, and balance of local ecosystems.

 Organization around more specialist, or reductionist, lines has led to research which 

often lacks coherency at the ecosystem level of integration. However, the actual state of 

affairs on farms-- the increasing co-occurrence of cotton and vegetable cropping-- is 

crying out for this different sort of approach to management. This is  partially because of 

shared herbivore and natural enemy fauna, and also partly because the large-scale effects 

of the practices on one type of system affect the other one, and the whole bio-region, in 

an increasingly apparent manner. In order to manage these effects, Lewis et al. propose 

their ecosystem level approach. 

Lewis et al. thankfully provide many examples of how a revisioned approach 

would look in practice. One practical example they provide, which suggests the power of 

this level of thinking, is the results of efforts at combating soil erosion by conservation 

tillage and winter cover cropping in cotton crops.  In the Southeast United States, crimson 

clover and other legumes have proved valuable not only as cover crops to condition and 

enrich the soil, but also when cotton is strip-tilled into a stand, these cover crops act as a 

potent bridge or refugia for natural enemy populations (Phatak 1993). One mechanism 

here is an alternative prey species, the green cloverworm, acting as a winter and spring 

host for the parasitoid  Cotesia marginiventris. Having alternative hosts covering a full 

seasonal cycle conserves these parasitoid populations which then help stabilize pest 

populations during the growing season, a concept to be explored in greater detail in a 
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later chapter. 

Another example of ecosystem management is the encouragement of two weeds, 

fleabane and horsetail, as host plants for plant bugs (order Hemiptera) and their natural 

enemies. These commonly grow on field margins and ditch banks, and Lewis et al. 

(1997)  note that “serious infestations of plant bugs occur primarily where cotton is 

planted 'ditch bank to ditch bank', along with clean cultivation apparently caused by 

exclusion of such preferred alternate host plants”. The mechanism in this case is 

presumably similar to the previous example: lack of host plants for alternative prey 

means that natural enemies run a greater risk of running out of prey and abandoning a 

field. 

This correlation of vegetative community composition and significant arthropod 

population behavior is intuitively obvious inside a framework of ecosystem management 

or engineering, but   would seem impossibly remote, at least 3rd level IPM, under a more 

specialist approach to within-field pest control. Thus, this suggests the enormous promise 

of developing an informational basis about habitat modification practices for pest 

management schemes throughout the Southeast. 

In terms of Ronald Prokopy's step-wise framework, these are examples of level 3 

IPM-- integrating agronomic and horticultural practices, such as tillage regimes and 

vegetation management, with management plans for multiple arthropod pests. However, 

the point I am stressing is that under the Lewis et al. framework, this was not arrived at 
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by a series of steps ascending an IPM ladder. Rather, it can be seen as a direct 

consequence of adopting a different way of thinking about the whole problem of pest 

management on farms, i.e. the ecosystem management framework. This relatively radical 

shift in philosophy can generate effective solutions. This also suggests that finding more 

and better concepts from the ecosystem management and landscape level (and ways of 

research to advance these concepts) is a promising avenue for developing these sorts of 

conservation biological control and habitat modification technologies.  I shall have more 

to say about this in a later chapter. 

Ultimately, I suspect that both Prokopy's and Lewis et al.'s frameworks are 

important and useful. Beyond their merits in understanding pest management and IPM, 

per se, they both serve as outstanding bases for thinking about and devising habitat 

management schemes, and in being alert to possible adverse consequences.  Both 

perspectives obviously value habitat modification as an integral part of reaching their 

differently conceived ideals of IPM. They are two different ways to think about how 

habitat management arises from and relates to pest management more generally. 

Integrated Farming Systems as One Way Forward 

To conclude this chapter, I will briefly discuss one way in which this sort of 

thinking has been practically implemented in the modern world. Both the Prokopy and 

the Lewis et al. framework will be used to understand the crucial transition period 

between conventional and what I shall call “integrated management5”. 

5 For our purposes, let integrated management refer to total-system management as Lewis et al. conceive 
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A framework called Integrated Farming Systems or Integrated Production 

Systems has been developed in Western Europe (Hani et al. 1998). It began in the 1970's 

as a way to transition out of the limitations of the IPM school of thought. Thankfully, this 

transition has been marked by coordinated, institutional efforts to facilitate grower 

adoption of this more ecologically-oriented agricultural methodology, and has also 

spawned several important research projects which have assessed the economics as well 

as the ecological aspects of this approach (Hani et al. 1998, Lewis et al. 1997).  Although 

these experiences can serve as case-studies to inform  much wider discussion of 

agricultural sustainability, for our purposes what is significant is that these represent a 

fantastic way to appreciate the role that habitat management can play in economically 

viable farming systems. 

Under the Integrated Farming Systems paradigm, the ecological service of the 

vegetation surrounding production fields for the pest situation within the fields has been 

recognized, and the creation and designation of “Zones of Ecological Compensation” 

(ZECs)  has been encouraged. These are areas, such as hedgerows, and field margins, 

which are planted to a certain set of flora, and are maintained to some degree (Hani et al. 

1998). The beneficial role of this habitat management in supporting populations of 

predators and parasitoids is recognized to the point that parasitoid levels, for instance, are 

sometimes used as a metric for gauging the intensity of weed control and the diversity of 

flowering plants around a field (ibid.). This implies that european researchers have begun 

it, or as 4th level IPM under the Prokopy framework. This term thus does not exclude chemical 
therapeutics altogether, in contrast to terms such as “organic”, or “biodynamic”. 
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the work of amassing the practical knowledge of the particular assemblages which 

support beneficial diversity for their agroecosystems. The Swiss Federal Agroecology 

Research Station has even developed  tailored mixtures of flowering plants for use in 

strips along cultivated fields specific to certain bioregions (Pfiffner et al. 2004). A key 

feature of all these efforts has been active governmental financial support to off-set any 

increased up-front costs (ibid.)

The Netherlands has adopted a protocol called Integrated Production Systems 

(Lewis et al. 1997). Experimental farms were set up to evaluate this integrated 

management philosophy in terms of effectiveness and economic viability. Soil fertility 

was maintained by organic manures in lieu of fertilizers.  General pest pressures were 

managed by augmenting natural enemy populations backed up with careful, level 1a-style 

IPM chemical treatments. Their significant findings include a 90% reduction in pesticide 

usage over a 15 year period! Additionally, net short term profitability was found to be 

equal to those of conventionally managed farms. The Dutch Ministry of Agriculture has 

adopted the integrated management framework as an enforceable standard in recognition 

of its superior long-term characteristics (ibid.).  

Further justification of the integrated management framework comes from some 

of the emerging strands of evidence that plant resources  may play a greater role in 

determining the abundance and effect of natural enemies than either type of production 

system, i.e. organic versus conventional, or prey population density (Landis et al. 2005). 

Thus, although the elimination of chemical usage  is a reasonable goal, it is not necessary 
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in order to begin reaping the significant benefits of habitat management practices. Again, 

the key is the integrated framework from which management decisions are made. 

Conclusion 

Habitat management for conservation biological control has a rich philosophical 

heritage, and represents a complicated collection of techniques and practices. Effective 

implementation requires consideration of the whole farming system context. This holism 

is indispensable pragmatically, and is not simply an ideological luxury.  
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Chapter 2: 

Conservation Biological Control and Habitat Management: Ecological Theory and 
Mechanisms 

This chapter examines how some of the concepts coming from ecological theory 

apply to habitat management.  What dynamics underlie arthropod population response to 

various field conditions? How does manipulating the vegetative communities affect 

predator-prey dynamics? Is there an underlying theoretical framework to guide habitat 

manipulation? This chapter explores these kinds of basic questions, and  the following 

chapter presents more specialized knowledge of insect biology and plant-insect 

interactions. 

Vegetative Diversity and Insect Pests

As discussed in Chapter 1, one of the motivating problems for the development of 

IPM was the emergence of the pesticide treadmill of resistance, resurgence and secondary 

pest problems. An additional troubling trend appeared which implicated not just 

pesticides, but something about the underlying nature of the large-scale monocultures: 

more and more serious outbreaks of pests were noted at large monocultural operations as 

opposed to smaller farms practicing polyculture (Pimentel 1961). This raised questions 

which relate to wider ecological issues such as the role of vegetative diversity, per se,  in 

maintaining stability of arthropod populations, in turn part of the larger diversity-stability 

debates (Odenbaugh 2006). The goal is to understand how agriculturally relevant 

diversity can be strategically enhanced to achieve greater regulation of pest herbivore 
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populations. 

The early term  for the lower susceptibility of crops in polycultures was 

“associational resistance”.  Plants associated with a diverse taxa of other plants seem to 

suffer less pest outbreak than plants in monocultural stands (Tahvanainen and Root 

1972). This observation crystallized into two types of explanations: resource 

concentration and natural enemies (Pedigo and Rice 2006).  The basic idea is that 

herbivore populations are regulated by these two overarching factors-- the population's 

response to its available resources (i.e., the crops), and the population's regulation by 

predation (and parasitism)-- resource concentration and natural enemies, respectively. 

In particular, Root's enemies hypothesis (Root 1973) predicts that both generalist 

and specialist natural enemies will be both more abundant and exert more herbivore 

regulation in polycultures as opposed to monocultures. Andow (1991) provides the 

following  reasons, amongst others, for this prediction: 1) prey switching (i.e. the natural 

enemies can switch to more alternative prey that become available at different times in a 

polyculture regime and thus have less risk of depleting all available food), 2) a greater 

variety of hosts and prey  in the more diverse habitat mosaic of polycultures, 3) hosts and 

prey are more abundant, and 4) refugia  where both predator and prey populations can 

persist stabilizing predator-prey relationships. Although  it is not possible to review the 

enemies hypothesis more thoroughly here (but see Russell 1989), another interesting 

prediction is that specialist parasitoids may be less abundant in polycultures because the 

structurally-complex vegetation could impair host-finding (Perfecto and Vet 2003). 
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Root (1973) also formulated the alternative hypothesis, resource concentration, 

predicting that herbivore populations will be lower in polycultures because of less 

favorable environmental patterns for herbivore movement and reproduction. As reviewed 

in Russell (1989), both hypotheses were seen as being complementary rather than 

mutually exclusive from the beginning. Field studies found clear-cut examples of both 

types of regulation. Nevertheless, these hypotheses are such distinct explanations that it 

has been natural to ask which one is stronger. If one is more true generally, it would then 

be a more useful springboard for designing and researching habitat management 

strategies.  

Andow (1991) provides an impressive review of the literature on the effect of 

vegetational diversity on arthropod populations. He organizes his data by contrasting 

monocultures and polycultures, monophagous and polyphagous herbivores, and specialist 

and generalist natural enemies. Through the lens of these categories, he brings the 

empirical data to bear on the general questions of arthropod response to vegetative 

diversity. The categorical data was organized in an attempt to weight the relative 

importance of the resource concentration and the enemies hypothesis. 

Table 1: Numbers of arthropod species with particular responses to additive and 
substitutive design. Population density of arthropod species in polyculture compared to 
monoculture. 

Variable (%) Higher (%) No Change (%) Lower  (%) 
Herbivores 58 (20.2) 44 (15.3) 36 (12.5) 149 (51.9) 
Monophagous 42 (19.1) 17 (7.7) 31 (14.1) 130 (59.1) 
Polyphagous 16 (23.9) 27 (40.3) 5   (7.5) 19   (28.4) 
Natural Enemies 33 (25.6) 68 (52.7) 17 (13.2) 12   (9.3) 
Predators 27 (30.3) 38 (42.7) 14 (15.7) 11   (12.4) 
Parasitoids 6   (15.4) 30 (75.0) 3   (7.5) 1     (2.5) 
(Andow 1991). 
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The general hypothesis of associational resistance gathers support from Andow's 

data-- in 52% of cases, polycultures show lower arthropod herbivore density, and only in 

15.3% of cases are herbivore populations actually more dense. Of course, such gross 

measures can be misleading: in practice, the 15.3% of cases where pest problems were 

presumably worse in polycultures acquires an additional significance. If the management 

decision to diversify is implemented, the potential risk of increasing pest populations 

must be tightly controlled. Although a 15.3% risk may seem small compared to the much 

larger probability of decreased pest problems, the profession of modern farming, with 

very small profit margins, is highly risk-averse.  Additionally, these sort of categorical 

summary statistics yield very little mechanistic insight, a theme I address in more detail 

later in this chapter. 

Of greater interest is what these data bring to bear on the relative weighting of 

resource concentration and natural enemies in explaining herbivore population response. 

Although  investigating  this sort of theoretical question is tricky, Andow  analyzed a 

range of data restricted to additive designs6 to suggest some answers. 

6 The reason being that additive designs do not confound overall abundance and density with diversity, 
unlike a substitutive design, say replacing every other Maize row with a row of Soybean. 
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Table 2. Numbers of herbivore species with particular responses to additive polycultures 
for monophagous and polyphagous species. Population density of arthropod species in 
polyculture as opposed to monoculture. First 3 rows are for all additive polycultural 
designs, the second 3 are from additive polyculture designs which were statistically 
rigorous. 

Variable Higher No Change Lower
Herbivores 28 (20.6) 24 (17.6) 14 (10.3) 70 (51.5)
Monophagous 21 (20.6) 8   (7.8) 11 (10.8) 62  (60.8) 
Polyphagous 7   (20.6) 16 (47.1) 3   (8.8) 8   (23.5) 
Herbivores 24 (30.0) 10  (12.5) 14  (17.5) 32 (40.0) 
Monophagous 18  (30.5) 3   (5.1) 11  (18.6) 27  (45.8) 
Polyphagous 6    (28.6) 7   (33.3) 3    (14.3) 5    (23.8) 

(Andow 1991). 

The distinction between a monophagous and polyphagous herbivore allows a test 

of the resource concentration hypothesis. A monophagous herbivore is expected to have a 

lower abundance in polycultures regardless of which hypothesis is more correct, but a 

polyphagous herbivore would, on the other hand, be expected to have a higher abundance 

in polyculture by the resource concentration hypothesis, and a lower abundance by the 

natural enemies hypothesis. However, as can be noted in the data table, for the plurality 

of arthropod herbivore species, abundance is higher in polycultures as opposed to 

monocultures, which suggests the strong relative influence of resource concentration. 

Unfortunately, this reasoning does not exclude a compelling alternative 

conclusion, suggested by Helenius (1998): natural enemies are important generally, and 

regulation from resource concentration mechanisms is simply weaker for polyphages 

compared to monophages. Andow (1991) also presents data for perennial versus annual 

systems, but the same interpretive difficulty is present. The general lesson is that it is 

enormously difficult to piece apart causal weights for factors which, in natural systems, 
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are deeply interactive. 

Andow (1991) also provides a wealth of valuable case studies to flesh out this 

discussion. What becomes increasingly clear is that both hypotheses-- resource 

concentration and natural enemies-- are correct as far as they go. In the end, the project of 

assigning relative weights to their influence, analogous to the partitioning of variance in 

ANOVA, may not make much sense. When two factors strongly interact, the partitioning 

of variance remains merely a local analysis yielding little theoretical insight (sensu 

Lewontin 1978). The vegetative diversity indexed by putative resource concentration 

mechanisms may equally well effect natural enemies directly-- for example through 

habitat searching and predation behaviors—and not just herbivores.

  These data  suggest the general value of diversity, and the particular need to be 

careful about polyphagous herbivores when diversifying.  However, what we really need 

is a more dynamic understanding of what conditions tend to delimit pest populations, and 

what conditions support pest outbreaks. Such an understanding must presuppose 

interaction between the various features of an agro-ecosystem, and not take the form of 

categorical summary statistics or variance partitioning (see Levins and Vandermeer, 

1990). Russell (1989) concludes his review of the enemies hypothesis with a call to 

investigate the exceptions to the rules, and the various mechanisms of both hypotheses, 

because that sort of information is likely more useful for practical pest management than 

highly generalized patterns. 
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Dispersal, Colonization and Life History 

Ecology has developed several conceptual frameworks for analyzing the 

phenomena of dispersal, colonization and succession of organisms within habitats. These 

represent very large areas of study, and unfortunately, it has not generally been clear how 

to apply these concepts to the agroecological situation in the interest of pest management. 

For instance, there is a certain superficial similarity between the process of arthropod 

colonization of crop fields and the dispersal processes examined by island biogeography 

theory. It is tempting to view the crop field as a collection of suitable habitat 'islands' and 

then to extrapolate the predictions of island biogeography. However, even a cursory 

review of the subject reveals the inadequacy of such an approach (see Tscharntke and 

Brandl  2004). Insect dynamics within crop fields behave altogether differently than the 

dispersal of propagules from a main-land source to various island sinks . 

Another dead-end approach to conceptualizing dispersal and colonization of crop 

fields by pest species would be the bulk of theory and empirical data amassed by 

ecologists on the successional  patterns observed in disturbed or degraded habitats. 

Frameworks arising out of this study, such as the concept of  pioneer species (often 

considered to be “r-selected”) are tempting to apply when thinking about what makes a 

pest successful in a crop field. Unfortunately, much of this work concerns successional 

processes which embody directionality, i.e. a progression from a more disturbed habitat 

colonized by highly vagile species to a more healthy, “climax” community dominated by 

less vagile species (often described as “K-selected”)7. Annual agroecosystems, on the 

7 I am well aware that the concept of a climax community has come under criticism. However, the 
essential point is that vegetative communities and their associated fauna do undergo a successional 
process of some sort, which seems to unfold with a certain orderliness, even if there is no static end-
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other hand, are subject to routine soil -disruption and de-vegetation.  

Wissinger (1997)  developed an innovative conceptual category for the annual 

agroecological situation for understanding the dispersal and colonization processes: 

cyclic colonization of regularly ephemeral habitats.  The crux of his proposal is to view 

an annual crop system (ACS) as a predictably ephemeral habitat, because it is disrupted 

several times a year due to tillage, cultivation, etc. The profound effects of tillage are 

well-known in agricultural circles, and the ecological effect is that  species need regularly 

to disperse from the fields and then recolonize when favorable conditions (i.e., their 

preferred crops) return. If they are to be successful, arthropod species must be capable of 

adapting to this regime. This framework is an intuitively pleasing alternative to island 

biogeography or directional succession models. 

Having documented the ubiquity of cyclic colonization, noting its particular 

importance  amongst natural enemies, Wissinger then considers the life-history and 

ecological characteristics of a cyclic colonizer. He specifies four overarching 

requirements for cyclic colonizers: “1) dispersal from permanent or overwintering 

refugia, 2) establishment in the ephemeral habitat (microhabitat selection, host location, 

mating, rapid reproduction leading to multiple generations), 3) emigration back to 

overwintering habitats, and 4) survival in winter refugia” (Wissinger 1997). Cyclic 

colonizers have life-cycles with distinct phases corresponding to which habitat they are 

point towards which this process should be seen as leading. Open-endedness does not eliminate 
directionality in principle. Additionally, it is worth noting that the  r, and the K of the “r-K continuum” 
(see Stiling 2005) properly describes parameters of density-dependent population growth, and are not 
direct quantifiers of any particular life-history strategy. 
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occupying, and, of course, require the availability of suitable overwintering refugia, a 

powerful rationale for habitat management to accomplish biological control. There has 

been a lot of effort to define life history traits of successful biological control agents; this 

framework seems like a promising basis for advancing that work. Thus, this template not 

only offers ecological insight, but also has potential practical applications. 

By studying natural communities with cyclic colonization dynamics, primarily 

ephemeral aquatic habitats, Wissinger was able to identify some of the interesting 

features possessed by organisms deploying this sort of life-history strategy. His findings 

include polymorphism for wing presence/size, an example being water-striders whose 

long-winged adults overwinter in permanent waters or adjacent terrestrial habitats, and 

then fly to the ephemeral habitats in spring. During the spring and summer, several 

generations of wingless or near wingless striders develop (Wissinger 1997). Apparently, 

this pattern is also endemic to terrestrial insects, including aphids, leafhoppers, seed-

eating bugs, crickets, butterflies, and many beetles (including Carabidae and 

Coccinellidae, important natural enemies). The most generalizable pattern for cyclic 

colonizers (which doesn't necessarily include the wing dimorphism as in the water 

striders) is an alternation between a generation with delayed reproduction and a tendency 

for dispersal, and another generation with reproductive maturation and a sedentary habit 

(ibid.). 

 I would like to emphasize that Wissinger's (1997) analysis is especially relevant 

to natural enemies, most of which have a cyclic life-history strategy by necessity. Due to 
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annual tillage and crop harvest, natural enemies generally have little choice but to 

abandon the crop field. Therefore, their capacity to recolonize and exert biological 

control in subsequent seasons is dependent upon adequate refugia in the surrounding 

landscape to maintain viable populations.  As Wissinger sums it up: 

“Thus, the dominant theme that emerges from the terrestrial insect ecology 
literature is that many, if not most, of the predatory insects that are potential natural 
enemies in ACS's migrate cyclically between fields and surrounding permanent habitats 
(hedgerows, woodlots, and other field boundaries).” (Wissinger 1997) 

Landscape Ecology, Metapopulations and Conservation Biological Control 

Integral to Wissinger's formulation of cyclic colonization is the concept that 

agroecosystems are annually disturbed habitats. In thinking further about the landscape of 

farming, it becomes clear that different types of habitats are distributed in a 'patchy' way, 

both spatially and temporally, in agroecosystems. That is, not only are cropping fields 

surrounded by a matrix of more permanent habitats (drainage ditches, wood-lots, etc.), 

they are also characterized by a shifting pattern of crops; suitable habitats for any given 

organism are thus most likely to be distributed in patches across the landscape, 

temporally and spatially. 

This 'patchiness' is an example of one important concept from ecological literature 

on landscape structure; it is a concept connecting landscape structure and population 

dynamics, along the whole trophic chain (Tscharntke and Brandl 2004). The literature on 

this subject is obviously useful to the efforts of conservation biological control, especially 

within the habitat management framework. I contend that landscape ecology and meta-
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population modeling together represent the most promising theoretical framework for 

understanding and improving habitat management. In this section, I briefly review some 

of the salient results, theoretical and practical, illustrating this foundation.  This literature 

especially deepens the discussion on the role of diversity in arthropod population 

response. 

In a seminal study conducted in temperate rape-seed agroecosystems in Germany, 

Thies and Tscharntke (1999) reported that landscape structure significantly affected 

parasitism rates within crop fields. Particularly, they investigated the rape pollen beetle 

(Meligethus aeneus) and its larval parasitoids. They found that parasitism increased in the 

center (but not the edges) of crop fields with old field margins as opposed to young field 

margins. The same effect was noted at a slightly larger scale with old fallow fields 

boosting the density and eveness of parasitism across adjacent crop fields. 

Regression analysis indicated that the main significant predictive factor in the 

field margin strips was age, and this was hypothesized to be related to the increasing 

suitability of these strips with age as overwintering refugia for hibernating parasitoid 

generations. Significantly, plant diversity and vegetation cover did not seem particularly 

relevant. Adjacent wheat fields also showed little benefit to parasitism. The greatest 

effect was seen from adjacent large fallow fields (in which natural vegetational 

succession was allowed). 

On the larger landscape scale, complexity was indexed by percentage of non-crop 
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fields. It was found that as the percentage of non-crop area decreased, rape pollen beetle 

populations and damage rose. Additionally, it was found that the edge-center difference 

in parasitism noticed as an effect of the old field margins and adjacent fallows only held 

in structurally poor landscape. In the more complex landscapes, with more non-crop area, 

overall parasitism was higher, and the edge-center gradient did not appear. 

These patterns suggest several interesting possibilities. The first is that landscape 

structure is, in fact, rather important for biological control. Secondly, it appears that in 

structurally poor landscapes, small and medium scale habitat strategies may be critically 

important. The finding that it was habitat age that most boosted parasitism makes perfect 

sense in the Wissinger framework. The goal is to create suitable habitat for cyclic 

colonizers, specifically nearby habitat for the overwintering generation. Adjacent older 

habitats have had more time to build up robust populations of cyclic colonizers. However, 

great caution is needed in generalizing, as certain studies have had less clear-cut results 

relating parasitism to landscape complexity (e.g. Menalled et al. 1999). 

An interesting variant of this general finding nevertheless also appears to extend 

to predators (Schmidt et al. 2005). Schmidt et al. found that landscape complexity (also 

indexed by percentage non-crop area) was strongly predictive of spider species richness, 

whereas more local management practices affected mainly the population density. 

Obviously, if both landscape and within-field diversity were maximized, greater diversity 

and abundance of spiders (and probably many other organisms) could be expected. 
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 Metapopulation theory is a powerful heuristic and mathematical approach to 

understanding how 'patchiness' of distribution affects population dynamics. As originally 

developed by Levins (1969), the formal requirements for a meta-population include: 

multiple patches of population across a landscape, a non-trivial probability or rate of 

extinction in each patch, and a rate of colonization of patches. Additionally, to 

demonstrate that a system is really a metapopulation and not simple a spatially patchy 

population, it must be shown that the patches fluctuate asynchronously.  Levins' 

encapsulated the dynamics of a metapopulation with the following differential equation: 

dp/dt = m p (1 - p) - e p (1) 

where 'p' is the proportion of population patches, 'm' is the colonization rate, and 'e' is the 

extinction rate for the local patches. Equation (1) encodes logistic-type (quadratic) 

growth for p proportional to m, and a linear decay of p proportional to e.  The Levins 

model leads to the following equilibrium: 

     P* = 1 – (e/m)   (2) 

By (2), the equilibrium proportion of patches P*>0, only when e<m.  This gives the 

general result that a metapopulation can exist in a landscape as long as colonization of 

empty patches balances extinction. This is actually a remarkable fact: it suggests, for 

instance, that a fragmented population of natural enemies across an agricultural landscape 

could persist with relative stability even in the face of local patch extinction. The 

metapopulation survival would depend on sufficient 'connectivity' to allow dispersal 

across the landscape and re-colonization of declining or extinct patches8.

8 I would note however that Levins' most prominent applications of his own model was on agricultural 
pest populations, not natural enemies (see Ives and Settle 1997). 
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Several variants of the Levins model and further developments of metapopulation 

modeling have occurred (see Hanski I, and Gilpin ME, eds. Metapopulation Biology: 

Ecology, Genetics and Evolution). Ives and Settle (1997) review how metapopulation 

heuristics have informed IPM policy in tropical rice agriculture, and provide an updated 

model. 

One of the short-comings of the metapopulation approach is that it effectively 

only considers the habitat patches themselves, considering the surrounding landscape 

matrix to be non-significant, although more recent work has moved towards resolving 

this issue. Landscape ecological approaches on the other hand explicitly consider 

landscape features such as spatial arrangement, heterogeneity of habitat types, 

connectivity, etc.  In a landmark review article, “Plant-Insect Interactions in Fragmented 

Landscapes”,  Tscharntke and Brandl  (2004) synthesize metapopulation modeling and 

landscape ecology. 

Tscharntke and Brandl (2004)  stress the relation between trophic-level position 

and the spatial scale of relevant habitat features. For instance, a large, generalist predator, 

with a high foraging capacity, can obviously make use of multiple habitat types and 

thereby survive better a patchy, fragmented landscape regime than a habitat-specialist 

parasitoid. This means that landscape complexity and diversity are expected to have 

different effects at different scales, and that the response of particular arthropod 

populations should correlate to the spatial scale experienced by that species (Thies et al., 

2003). One specific prediction is that disturbance (i.e. high level of non-habitat matrix) is 
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predicted to have a greater effect for the species higher on the trophic chain (ibid.). 

As Prokopy (1994) discussed in his review of IPM integration (see Chapter 1), it is 

obviously also possible for landscape diversification to yield unproductive results for 

biological control. One example given by  Schmidt et al. (2004) is the overwintering of 

cereal aphids in perennial habitat, and their re-dispersal into crop fields as aerial 

plankton. Thus, higher rates of aphid colonization were found in landscapes with greater 

structural complexity. However, this same complexity also positively impacted the aphid 

parasitoid guild, so that by later in the season aphid abundance was no longer correlated 

to landscape complexity, presumably owing to their effective suppression by natural 

enemies. The important lesson is that landscape processes can obviously have multi-

faceted, apparently contradictory effects-- it is important to practice vigilance for 

untoward side-effects of landscape diversification. 
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Chapter 3: Arthropod Biology and Biological Control 

Introduction 

This chapter presents a summary of relevant biological and ecological detail on 

natural enemies. As in the rest of this thesis, the focus is explicitly on arthropods, and 

within the arthropods, on predators and parasitoids. .

 Conservation biological control, and habitat management in particular, deals with 

how to conserve and augment the conditions and resources needed to obtain favorable 

population levels of all the arthropod fauna. In previous chapters, I pointed out the need 

to focus on beneficial biodiversity, rather than just biodiversity per se. This leads directly 

to the need to screen modification efforts for whether they create conditions conducive to 

beneficial biodiversity. In turn, this arguably requires a knowledge of the relevant details 

of the biology of the organisms  affected by these modifications.

 Since biological control efforts often concentrate on the use of natural enemies, 

this chapter summarizes their relevant biology. A few strategies, such as trap cropping, 

are meant to act directly on the pest population itself. However, the over-riding goal of 

habitat management is to reconstitute the ecosystem services of the third trophic level, 

and obtain regulation of insect populations accordingly. The discussion of particular 

strategies is left to chapter 4. 

Predators  

Representatives of important insect predators are available from a wide range of 
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taxa, and are incredibly important to biological control. Representative taxa include 

Hemiptera (the true bugs), Coleoptera (the beetles), and Neuroptera (the lacewings). 

Predators tend to be larger in body size than other insects, especially other 

entomophagous insects, and their prey tends to be sized proportionally  (Daly et al. 

1998). Predators can get quite large, think dragonfly large, or can be more modest in size, 

like the ladybird beetles. 

 Predators can be predaceous in only one stage of their life-cycle, usually the 

larval, or throughout all stages. For instance, field study has revealed that about half of 

lacewing species in the genus Chrysopa are predaceous as adults, with large mandibles. 

The other half have smaller mandibles and survive by feeding off of plant food such as 

nectar, or homopteran-secreted honeydew (Daly et al. 1998). Honeydew feeding confers 

the added advantage of attracting egg-laying females to sites with potentially abundant 

prey for their voracious larvae. 

The anatomical composition of the different stages of the life-cycle 

strongly reflects these different adaptation strategies. For instance, if the larval stage is 

the primary feeder, and the adult stage is primarily for dispersal it will be evident in 

relative allocation of resources to mouthparts, digestive organs and movement organs. 

Since the adults tend to lay eggs near prey-rich habitats, they have better developed 

compound eyes, chemoreceptive organs, and flight capacity to search out these more 

optimal locations for their more feeding-oriented larvae (Daly et al., 1998). The larvae, 

which tend to move around more randomly, show a correspondingly increased investment 
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in digestive organs. 

Predators can be monophagous, oligophagous or polyphagous. There are a few 

putative corresponding ecological correlates to these habits (Daly et al. 1998). It is 

speculated that polyphages should be more abundant in more disturbed, or early-

succession habitats, because there would be a greater diversity of prey species available 

to feed on. Monophages, which would form a more density-dependent predator-prey 

relationship with a particular prey species (see Case 2000), are expected to be more 

prevalent in more stable, later-succession habitats. Recalling Andow (1991), this is 

parallel to the monoculture/ polyculture distinction for the monophagous/polyphagous 

herbivores. It is likely to be true as a generality, and it is equally likely to be true that it 

glosses more interesting dynamics and important exceptions. 

Broadly speaking, there are 4 kinds of hunting strategies used by predators. These 

include, 1) hunting, 2) ambush, 3) trapping, and 4) random searching. These are broad 

categories of predaceous behavior, and a given species will deploy one of them 

predominantly. These behavioral categories have correlations at the morphological level, 

with insect body types strongly reflecting which type of hunting strategy is used (Daly et 

al. 1998). A given predator's hunting strategy could be very important for understanding 

and developing targeted habitat modification efforts. 

The random searchers (e.g. ladybird beetles) are likely the most common type of 

predators, although describing their movement as truly random is not really accurate. 
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They will modify their movement based on memory of past success, and also tend to 

favor particular habitats (Daly et al., 1998). For instance, ladybird beetles spend a lot of 

time searching around leaf edges, veins and stems in search of the homopteran sap-

feeders which are their preferred prey. Other important 'random searchers' are the 

predatory carabid beetles. We will return to the subject of the predatory carabids in a later 

chapter in the context of a particular habitat strategy called 'beetle banks'. It is worth 

noting that important work has been done on modeling their movement that has had 

practical ramifications for biological control (Corbett 1998). Random searchers will 

attack a prey species based on mechano-chemical stimuli from forelegs and antennae 

(Daly et al. 1998). 

The hunters are distinct from the random searchers in using sight and other stimuli 

to track down prey from a distance. These include aerial predators such as dragonflies, as 

well as ground-based predators such as ants, which use chemical and tactile receptors to 

detect prey. Ambush strategists by contrast conserve energy and wait for their prey to 

happen by. A well-known example of this is the preying mantis, whose toothed forelegs, 

in coordination with well-developed depth perception, quickly strike prey that has 

wandered into their range. Trapping specialists are rare, but one prominent example 

would be the 'ant lion' larvae of the  Myrmeleon genus (order Neuroptera) (Daly et al., 

1998). 

Many spiders, as is well-known, trap prey in webs and are quite generalist. They 

are important agents for biological control on farms (Riechert 1998). In particular, they 
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appear to be especially responsive to habitat quality. There is very strong evidence that 

spider abundance increases with increasing structural complexity of the habitat, and 

decreases as the structure is simplified (Langellato and Denno 2004). I myself have 

observed this in gardening projects in which I've been involved here in Florida. My 

observation is that spider's have an easier time building and maintaining webs when there 

is a diversity of growth habits in the plants, and relatively close spacing. I hypothesize 

that this has to do with the provision of attachment points for their webs. The difference 

in density of spider webs between a garden which has densely planted, even tangled 

plants, and one which has wide spacing is often dramatic. 

Parasitoids 

Parasitoids are confined to the class of 'holometabolous' insects, meaning they 

undergo complete metamorphosis. They are primarily from the Orders Hymenoptera (the 

wasps, bees, and ants) and Diptera (the flies; Daly et al. 1998). Some important families 

include the Ichneumonidae, which has at least 60,000 species worldwide and at least 

3,100 species in North America alone! These wasps are characterized by long abdomens 

and very long ovipositors, and have hosts in nearly every insect family (Flint 1999). 

Another important family are the Braconidae, which are important internal parasites of 

the larvae of beetles, caterpillars, flies, and sawflies. These also have relatively long, 

slender abdomens, but are smaller than 1/2” in total length (ibid.)! 

The term “parasitoid” specifically means an insect which parasitizes a host during 
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its juvenile (larval) phase, eventually killing its host, and is free-living as an adult. In 

contrast, the more general term “parasite” applies to organisms that usually live 

parasitically for more than one phase of life cycle, but don’t necessarily kill their host in 

the process.

There are many different kinds of parasitoids, encompassing both specialists and 

generalists in feeding habit. Nonetheless parasitoids do tend to have a more specialized 

relationship with their host partially because there is a rather sophisticated set of 

behaviors which has to happen in order to complete a life-cycle. The egg-laying female 

has to identify a promising habitat in which to search out potential hosts. Within the 

habitat, there is a fairly complicated and intricate set of processes by which she accepts or 

rejects potential hosts, influenced not only by the species of host, but also by factors such 

as previous parasitism. 

Broadly speaking, there are two major classes of parasitoid: endoparasitoids 

which oviposit their eggs inside the host and there complete larval development, and 

ectoparasitoids which oviposit their eggs on or next to their hosts and complete 

development on the outside (Godfray 1994). A close corollary of these categories are the 

idiobionts, which are parasitoids that arrest host development and are generally 

ectoparasitoids and koinobionts, which allow the host to develop and feed further and are 

generally endoparasitoids (ibid.). These are crucial distinctions for outlining basic guild 

structure in parasitoids, a subject of some importance for biological control (Ehler 1994). 
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Parasitioids can be solitary, developing one to a host, or gregarious, multiple 

individuals per host (Daly et al. 1998). Moreover, there are both primary parasitoids, 

parasitizing phytophagous insects, and hyperparasitoids, parasitizing other parasitoids! 

Hyperparasitoids are thus in the fourth trophic level and it is important to consider this in 

biological control (Mills 1994), because hyperparasitoids could obviously mitigate the 

regulation provided by primary parasitoids. 

A situation called multiple parasitism exists when more than one species of 

parasitoid parasitizes the same host at the same time. This has lead to an interesting 

strategy whereby some gregarious parasitoids have eggs hatching inside the host earlier 

than the rest. These larvae then play a defensive role against other parasitoid species, 

dying before they can complete development (Godfray 1994). This allows the other 

larvae to complete development without as much competition and is an interesting 

example of altruistic behavior9. A rather simpler situation called superparasitism exists 

when there are more larvae of a single species than can complete development inside the 

host. 

An interesting parasitoid behavior called 'host feeding' happens when the adult 

egg-laying female consumes some of the fluid which comes out of the host she has 

punctured with her ovipositor (Daly et al., 1998). Sometimes parasitoid females will do 

this when they detect that a particular host has already been parasitized by another 

parasitoid. This may have a sort of competitive effect, by off-setting host resources. 

9 for those who put stock in the selfish/altruistic distinction...
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I emphasize all of these biological and behavioral distinctions to convey a sense 

of the richness of potential interactions in which parasitoids can be involved. They have 

been important model organisms for community ecology for quite some time and a good 

deal of the research interest has been agricultural in focus (Godfray 1994). Parasitoids 

have several interesting features for the purposes of biological control, stemming from 

their tendency to specialize, either in host or in habitat. 

Plant-Insect Mechanisms

One important new area of research concerning predators and parasitoids 

especially is multi-trophic interactions. Plants respond to herbivore damage by emiting 

volatiles which often serve to attract natural enemies of the herbivores (Dicke et al. 

2002). From the enemies hypothesis, it was hypothesized that specialist parasitoids might 

be more disrupted in polycultures by competing plant cues (see Chapter 2). However, 

Perfecto and Vet (2003) point out that generalist parasitoids might be expected to be more 

disrupted by competing plant cues because they are sensitive to a wider range of cues, 

and provide experimental evidence of this phenomenon. An added complexity is the 

documented learning behavior of parasitoids, which affects foraging efficiency and can 

interact with plant resources in surprising ways (Perfecto and Vet 2003). It is clear that 

continued work in unraveling the complexities of plant-insect interactions is necessary to 

design more targeted habitat manipulation strategies, and suggest more robust and 

predictive theory. 

 In the next section a very interesting case study in biological control utilizing 
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parasitoids is discussed. I will highlight several features of interest and relate them to a 

few broader topics important for conservation biological control and habitat modification. 

Biological Control of the Citrus Arrowhead Scale in Japan 

Introduction 

The arrowhead scale,  Unaspis yanonensis (Hemiptera, Diaspididae), a destructive 

pest of citrus and other fruit, was introduced into Japan from China in 1907. By 1930, it 

had spread over all of the citrus growing area in Japan. Damage from U. yanonensis 

includes development of necrotic spots and lesions, limb malformation, and premature 

fruit drop10. In short it is a serious, economic pest. How the Japanese eventually gained 

control of the pest is an instructive lesson for biological control, and highlights some 

important themes for this chapter. 

The lifecycle of U. yanonensis in Japan involves 2-4 generations per year. The 

small eggs are laid underneath the female's protective armoring. Live 'crawlers' emerge 

from beneath this armoring during May through June, after which they settle on host 

plants and develop through a few successive stages by moulting (Takagi and Hirose 

1994). This development consists of two successive moults for the females before they 

are adults. They continue to grow, however, and therefore the new adults are called 

“immature adults”. The males, by contrast, go through a kind of pupation after two 

10 see www.invasive.org Invasive.org is a joint project of The Bugwood Network, USDA Forest Service 
and USDA APHIS PPQ. The University of Georgia - Warnell School of Forestry and Natural Resources 
and

College of Agricultural and Environmental Sciences - Dept. of Entomology
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instars, emerging winged and ready to copulate (ibid.). 

After maturation and copulation, the females produce their crawlers. So the initial, 

overwintered generation begins sending crawlers out between May and June, followed by 

the first11 generation of females sending crawlers out between July and September 

(Takagi and Hirose 1994). Some of the second generation females may produce another 

round of crawlers between September and October but most of these progeny will be 

killed by the winter cold in the more northerly citrus growing areas (ibid.). Nevertheless, 

since each female lays about 200 eggs at a time, it is not hard to see how populations of 

this insect could get really large in a short period of time. 

After at least one unsuccessful introduction of a natural enemy, the Japanese were 

finally able to scout the endemic regions of this pest in China in 1972, as by then 

diplomatic relations between the two nations had finally been restored. Japanese 

scientists found two species of parasitoid parasitizing the arrowhead scale in Szechwan 

province: C. fulvus and A. yanonensis. They swiftly introduced these two parasitoids into 

the Japanese citrus areas and rapid, effective, and lasting control was gained. U. 

yanonensis  has not since been an economic pest. 

Some Theory 

Before I discuss the findings of Takagi and Hirose (1994), who reported on the 

success of the biological control program, I want briefly to introduce a couple of 

11 Takagi and Hirose use the term first to designate this generation, although it is not the 'initial' 
generation! This is a little confusing, but it follows sound convention in ecological demography so I've 
chosen to follow suit in this discussion. 
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theoretical points which are highlighted by what they have to say. 

The practice of biological control has been split into two camps, sometimes 

referred to as the predictive and the empiric positions. The predictive school tends to 

think that potential control agents should be introduced slowly, one at a time, in order 

carefully to measure and assess the impact and interactions between pest and natural 

enemy. The empiric school believes that, within the parameters of classical biological 

control, it is better to introduce all of the potential natural enemies at once, or as soon as 

possible, in order that the most favorable situation be allowed to work itself out in the 

field (Mills 1994; Takagi and Hirose 1994). 

The empiric position is intuitively appealing, and has certainly known its 

successes, although its success rate has not improved much in a hundred years and 

remains often discouragingly low. The problem simply is that it is harder to build 

understanding doing introductions this way, and thus refinements to the practice are more 

of an art than a science. Predictive approaches link field results to a theoretical 

framework, or at least to more specific hypotheses. The result is more scientific progress. 

The catch is that biological control advisors and researchers would be more often in a 

position contrary to their own brand of Hippocratic Oath: intentionally refraining from 

introducing a natural enemy, in spite of their judgement that it could be helpful. Since a 

large part of this research is in an applied setting, this ethical question is non-trivial. 

Ehler (1994) advocates the predictive position, but situates his discussion in the 
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context of parasitoid guild ecology. He defines a guild as “two or more sympatric species 

which exploit a given developmental stage of the host such that they interact directly with 

one another”. Briefly, he recognizes three types of guilds: natural, restructured, and 

synthetic. The natural guild is defined as that assemblage which has worked itself into its 

present form through evolutionary time. A restructured guild is more or less natural, in 

the above sense, except that one or two dominant members are comparatively recent 

exotic introductions. A synthetic guild is constituted by exotic and novel species, such as 

might be expected as a result of intensive biological control efforts. 

The point is that, at least with parasitoids, biological control should be thought of 

as arising from the combined effect of a set of guilds, and that there are several types of 

guild, each with its own success stories. Most importantly, processes at the guild level 

need to be considered, in addition to the interaction of guilds at the community level. 

Laboratory and controlled investigations sometimes reveal that the guild member with 

the highest potential for regulation of a pest population sometimes has a rather 

suppressed population in the field. The inference is that this is due to guild interspecific 

competition. This could lead to the rather peculiar stance of aiming to eliminate a species 

from a field in order to enhance population regulation. A functional knowledge of this 

more sophisticated community ecology is clearly of great relevance to biological control. 

Ehler (1994) suggests that researchers and practitioners bring all their resources to 

bear on the creation of effective guilds, which might involve seemingly paradoxical 

efforts, such as removing a hyperparasitoid. He eschews taking seriously the dichotomies 
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of empiric versus predictive tactics, or reductionistic versus holistic considerations. In the 

absence of well-defined direction from the study of parasitoid community ecology, 

biological control will have to proceed on a case-by-case basis. 

Lessons from Regulation by a Synthetic Guild 

The study of Takagi and Hirose (1994), introduced above, provides an excellent 

example of successful regulation by a synthetic parasitoid guild or community. Although 

not strictly a guild, per se, because the two species prefer different stages of the host, they 

actually do have some overlap, and thus interact in both a guild-like (sensu Ehler 1994) 

and community-like sense. Thankfully, the authors are  able also to point out useful 

lessons, which bear on the parameters of effective guild and community regulation 

generally. 

 Given developmental thresholds and temperature requirements, it is estimated 

that the potential number of generations annually for A. yanonensis is 10-12, and for C. 

fulvus is 5-6 (Takagi and Hirose 1994). Contrasted to the 2-3 generations per year for U. 

yanonensis it is clear why these two parasitoid species have good numerical potential for 

regulation. Every additional generation of parasitoid over and above the break-even level 

compared to pest generations represents an additional cohort of egg-laying females 

parasitizing a given pest population, so that good, quick coverage and therefore overall 

population suppression can be expected. 
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Since both parasitoids were introduced from the same area, where they had 

already been effectively regulating  U. yanonensis, the Japanese were blessed with a 

functional parasitoid community that took to their new home region voraciously. 

Regulation of arrowhead scale populations was not only swift, but durable. But why? The 

answer has to do with the community ecology of these two species. 

 A. yanonensis is an ectoparasitoid, preferring to oviposit on the host's ventrum. 

The scale armor of the mature adults prevents this oviposition, however, so A. yanonensis 

almost exclusively parasitizes the immature adults. C. fulvus, an endoparasitoid, can 

oviposit successfully in both immature and mature adult female scales (recall that the 

adult males are winged dispersers) (Takagi and Hirose 1994). Interestingly, its 

parasitization of immatures was only detected in laboratory study, because it only ever 

emerges from the mature scale. In other words, it is a koinobiont. However, this fact is 

quite important because it means that the two species must often constitute a guild (sensu 

Ehler 1994). 

In controlled study, A. yanonensis has been shown to be a strong competitor in 

situations of multiparasitism (Takagi and Hirose 1994). In addition to its shorter 

generation time, and thus higher reproductive potential, this seems like it would lead to a 

displacement of C. fulvus. However, because C. fulvus females live longer  and thus can 

better search for sparse or hidden prey, they can persist at low host densities more 

effectively than can A. yanonensis. Time-course data from 1981-1985 provided by Takagi 

and Hirose show that A. yanonensis percent parasitism was initially quite high relative to 
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C. fulvus. By the second year, however, C. fulvus percent parasitism was predominant, 

and at the end, it was well above that of A. yanonensis. 

As a duo, then, these two parasitoids are able to exert impressive population 

regulation because one of them, A. yanonensis, can rapidly tackle any large population of 

the scale, whilst the other, C. fulvus imposes a steady mortality rate on the lower density 

populations. This more 'background' sort of mortality is probably significant for 

preventing the scale population from building the numerical “momentum” to have a 

population explosion. Even if such “momentum” were to begin, A. yanonensis would be 

waiting in the wings...

The lesson here for the question of single versus multiple introductions is also 

important. In the context of elucidating the guild and community dynamics of the natural 

enemies, the debate is resolved. Biological control researchers should do what will work 

the best, but in such a way that understanding can be advanced as well. This obviously 

requires the skillful blending of holistic and reductionistic approaches. With more 

research, scientists should be able to better identify the factors and conditions which 

promote guild effectiveness and those which hinder it, and this could predictively guide 

introductions. 
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Habitat Management and Biological Control 

Why does the A. yanonensis population persist, even when its preferred stages are 

sparse and  scale density is low? Quite simply because it is polyphagous and has alternate 

hosts nearby on which to feed, particularly other scale pests. Although I don't have 

enough details to discuss this case with complete confidence, it stands to reason that the 

availability of such alternate prey would be more likely in a more diverse habitat mosaic. 

In turn, this could encourage management of environmental features and vegetation 

surrounding the grove, or it could mean greater diversity of the cultivars. 

Thus, if the guild or community of natural enemies which provide the necessary 

pest regulation is sufficiently well-characterized, it might often be possible to implement 

strategic diversification and habitat management to augment biological control. As 

emphasized throughout this thesis, such options would of course have to be pursued 

sensibly in the overall agroecological and economic context. 
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  Chapter 4: Case Studies in Habitat Management for Pest Control 

Introduction 

 Habitat manipulation can be seen not only as a subset of conservation biological 

control, but also as a special form of what has been called “ecological engineering” (Gurr 

et al. 2004). This refers to the palette of strategies available to modify the operations of 

an ecosystem and to harness ecological services, and was initially defined and articulated 

by Howard Odum. Other prominent examples include wastewater recycling, aquaculture, 

restoration efforts, etc. From this perspective, habitat manipulation for pest control is a 

particularly low-input form of ecological engineering, and is therefore quite useful and 

instructive. 

The general mechanisms by which habitat manipulation effects pest populations 

can be seen within the two categories of top-down (i.e. natural enemy hypothesis) and 

bottom-up (i.e. resource concentration hypothesis) (see Chapter 2). Some of the specific 

mechanisms include: provision of pollen and nectar to natural enemies, thus enhancing 

fecundity (egg-laying) and searching efficiency; provision of refugia to natural enemies; 

provision of alternate hosts or prey for natural enemies; disruption of resource continuity 

for pest as in intercropping; trap cropping, etc. (Gurr et al. 2004, Landis et al. 2000, 

Nicholls and Altieri 2004).

I do not discuss each potential mechanism comprehensively, as the utility of doing 

so is questionable. The treatment in Chapters 2 and 3 of underlying ecology and insect 
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biology should be sufficient so that the context of these mechanisms should be clear. 

These factors interact in complex, dynamic ways in the field, and so the ideal is not to 

build up a simplistic 'building blocks' type of theory, but to be aware of the operation of 

particular mechanisms within an holistic view of the agroecosystem, and the nature of the 

problems to be addressed (see e.g. Levins and Vandermeer 1990, Nicholls and Altieri 

2004). I argue that while the mechanistic studies are valuable in their own right,  most 

important is whether and how they advance our understanding at the “big picture” level. 

After all, therein lie the problems. 

With that in mind, this chapter is motivated by case studies of the types of habitat 

manipulation strategies that have so far been employed.  A few case studies are 

considered in some detail, to convey how habitat modification plays out in practice. I 

present a few main types of habitat strategies: intercropping variations, beetle banks, and 

field-edge vegetation management, particularly weedy or flowering strips. Alternately, 

this could be viewed as 'within field' diversification (in the cases of intercropping and 

beetle banks) versus 'extra-field' diversification (for the boundary vegetation).

Intercropping 

Intercropping can succinctly be defined as the growing of two or more crops in 

the same field at the same time. Some writers restrict the usage of this term to those 

situations where both plants are useful crops of some sort, but I use it in a more general 

sense. There are many types of and motives for intercropping. Intercropping is often done 
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to maximize productivity and profit, when two crops arranged in a certain way can utilize 

local site conditions and resources more effectively than can only one. It is also widely 

practiced, especially in the  tropics, as a way of ensuring diversity of diet and stability, 

the logic being a straight-forward application of the “don't put all your eggs in one 

basket” principle (Vandermeer 1990). 

Intercropping has gained attention from pest management researchers (recall the 

discussion earlier of monoculture versus polyculture). In this context, it represents a type 

of habitat management strategy, because the effect of intercropping is to diversify and 

modify the available resources for both pest and natural enemy organisms. The main 

limitations of intercropping approaches for this purpose have to do with the ephemerality 

of the added habitat (sensu Wissinger 1997). Nevertheless, some of the most impressive 

results in conservation biological control have come from applications of intercropping. 

Intercropping Cotton in Australia 

Cotton is one of Australia's biggest crops, valued at least at $1.7 billion annually. 

In recent decades, the practice of edge-to-edge monoculture in cotton fields has become 

dominant, and attendant pest problems manifest (Mensah and Sequeira, 2004)12. 

Although natural enemies have doubtless been present all along, their effects were 

inadequate to prevent the growth of dependence on chemical insecticides. This prompted 

researchers to consider IPM tactics based on intercropping to augment their effectiveness 

12 This recalls the findings of Lewis et al. (1997) where ditch-bank to ditch-bank cotton monoculture in 
the American South was associated with increased infestations of plant bugs (see Chapter 1). 
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for the sake of greater sustainability in Australian cotton, reported by Mensah and 

Sequeira (2004). 

The efforts centered around interplanting refuge and trap crops into cotton 

monocultures. The rationale is to provide sources of natural enemy colonization and sinks 

diverting pest populations, although this must include consideration of the possibility that 

one and the same interplanting may be either a source or sink of pests or natural enemies 

depending on prevailing conditions. Since the research was aimed at dealing with highly 

migratory pests such as Helicoverpa spp. and Creontiades dilutus, the goal of the 

interplanting was to achieve high enough densities of natural enemies before the pests 

colonized, so that they could respond to and control the migrant pests before economic 

damage was sustained (Mensah and Sequeira 2004). 

Field trials of several candidate plants identified lucerne, or alfalfa, as the most 

promising candidate for enhancing natural enemy populations. Its beneficial effect is 

probably due to providing a combination of floral nectar, alternate prey, shelter, mating, 

and oviposition sites. Its other desirable agronomic feature is being a perennial, easily-

managed by cutting (which provides valuable hay). This perennial habit also means that it 

provides long-term habitat for natural enemy populations. 

Strips of alfalfa were found to augment predator numbers in the cotton crop along 

a gradient, up to 300 meters in distance (Mensah and Sequeira 2004). Thus, 

recommendations to plant a strip 8-12 meters wide every 300 meters were developed. 
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However, the biggest increases in predator numbers are seen within the alfalfa strip itself. 

So whether or not it acts as a source or sink will depend on the timing of the maturing 

adjacent crop (ibid.). If natural enemies are well-established in the alfalfa before the 

crop's major development, the strip will likely be a source of natural enemies for the crop. 

If they develop simultaneously or the alfalfa develops later, it may be more likely to act 

as a sink diverting natural enemies away!  This result is supported by spatially-explicit 

meta-population modeling (Ives and Settle 1997).  Nevertheless, management practices 

such as natural enemy attracting yeast sprays, or alternate mowing of the strip could be 

used to encourage dispersal of a built-up natural enemy population from the alfalfa into 

the crop (Mensah and Sequiera 2004). 

The other part of this research program investigated the interplanting of trap 

crops, acting to divert pest populations away from the main crop. The researchers have so 

far tested alfalfa, lablab, pigeon pea, and other crops. One studied example is the 

movement of green mirids (C. dilutus) from cotton into the alfalfa. The source-sink 

problem was solved by strategic mowing of the alfalfa stand during critical 

developmental stages of the cotton crop in order to keep it in the vegetative growth 

phases attractive to the green mirids. Studies have found reduced pest densities where 

intercropping in cotton is practiced, and in at least some areas in Australia the practice is 

now routine (Mensah and Sequeira 2004). 
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Push-Pull Maize Stemborer Management in Kenya 

 One of the most compelling stories in intercropping for biological control comes 

out of the East African country of Kenya. In this case study, which I will trace in some 

detail, both a trap crop and a repellent crop have been employed together to act as a 

“push-pull” management strategy against a key, devastating pest problem. The success of 

this program is decisive, well-characterized and quantifiable both ecologically and 

economically. It is a paragon case study of how careful, scientific research can be 

integrated into an agroecological situation with frankly astonishing results. 

The initial impetus for this project, and many other similar projects in the “third 

world”, was that the recommended chemical controls for stemborer management are 

expensive, capital-intensive, require expert knowledge for safe and sustainable usage, and 

pose human-health and environmental risks. Additionally, in Kenya full chemical control 

is very elusive because the main pests, a pyralid stemborer Chilo partellus and a noctuid 

Busseola fusca tend to have nocturnal, cryptic habits as adults, and are concealed in the 

grass stem as larvae (Khan and Pickett 2004). Resistance breeding efforts had been 

ineffective, as had some simple cultural methods such as burning maize stalks and nearby 

wild hosts. Thus began the search for a deeper IPM protocol. 

To assess the wild host-range of cereal stemborers,  researchers destructively 

sampled vegetation from three agroclimatological zones in Kenya, a sufficiently 

representative sample of the targeted agricultural areas. They sampled for both stemborer 
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numbers and also experimented on susceptibility to parasitism. Out of these efforts, four 

candidate plants for a push-pull strategy were identified: napier grass (Pennisetum 

purpuream), sudan grass (Sorghum vulgare sudanense), molasses grass (Melinus 

minutiflora), and silverleaf desmodium (Desmodium uncinatum). The former two are 

particularly attractive to the stemborers, and the latter two are strongly repellent. Thus, 

the 'push-pull' strategy consists of combining a repellent intercrop with a strategically 

placed trap crop. 

As in all agroecological research, these plants had to fulfill multiple criteria, 

especially economic usefulness. All of them are valuable livestock forage foods, which is 

promising for the critical dairy farming in the region. Socioeconomists have documented 

possible benefits to the social fabric arising from the increased opportunities for women 

to market seed, for instance of silverleaf desmodium (Khan and Pickett, 2004). In short, 

these plants were excellent candidates. 

The four plants have different agroecological properties. For the repellent crops, 

silverleaf desmodium is an N-fixing legume, whereas molasses grass has been shown to 

attract parasitic hymenoptera (probably owing to its floral resources and small flowers). 

As far as the trap crops are concerned, the napier grass secretes a sticky substance as a 

wound response to stemborer feeding. This traps the larvae and prevents their 

development, thereby reducing larval numbers tremendously. The sudan grass on the 

other hand probably supports a more diverse community of parasitoids, as more larvae of 

the various instars are available to parasitize. Khan et al. (1997) report a 70-80% rate of 
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parasitism of stemborer larvae on sudan grass stands (see Khan and Pickett 2004)! This 

plurality of properties is useful agronomically, as it should allow more flexible 

customization of the push-pull strategy to suit unique needs. 

The first round of field trials examined the effects of intercropping these four 

species individually, whereas the latter rounds pursued combinations. The early results 

were impressive, and the latter outstanding. After I discuss the data, I will comment on 

this sequence and make some general observations. 

The first trials examined maize grown in 40mX40m plots, either as a monoculture 

or bordered by a 1m strip of sudan grass or napier grass as trap crops. The napier grass 

attracted considerably more oviposition from the stemborers than the maize. Only 20% of 

the larvae survived the sticky-sapped napier grass compared to 80% on the maize. In 

1997, scientist-managed small-scale trials showed that the napier grass gave consistent 

improvements of maize yield of about 15-18% (Khan and Pickett, 2004). The sudan grass 

border attracted 8 times more larvae than was present in the maize! In 1998, on farms in 

poor yielding areas, both sudan grass and napier grass improved yields by about 20-25% 

(ibid.). These are pretty impressive numbers for a very straightforward tactic. 

Intercropping molasses grass reliably results in reduced stemborer larvae in 

adjacent maize. Initial experiments had it planted in every other row, and found an 

average reduction of  pest larvae per maize stem from 80 to 5! Subsequently, the 

interplanting density was reduced to a 1:10 ratio while retaining excellent effect. This 
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compares favorably to the traditional intercrop cowpea (Vigna sinensis), which only 

reduced average larval density in maize stems to 45 (Khan and Pickett, 2004). Although 

reportedly not quite as effective, interplanting the silverleaf desmodium also resulted in 

statistically significant reductions in damage to the maize crop. 

The full push-pull trials have  been quite impressive at all stages. The maize-

silverleaf desmodium-napier grass system was investigated on a small, poorly yielding 

farm amidst the long rainy season of 1999. The results were yields of 1.8tonnes/ha for the 

control plots and 4tonnes/ha for the test plots, which was statistically significant. At the 

same time, in a different area in Kenya, more productive farms also saw salutary 

increases, from 4-5tonnes/ha to 6-7 tonnes/ha (Khan and Pickett, 2004). Finally, in 2003, 

data from more than 1500 farms were available, and showed robust improvements in 

yield across 10 districts in Kenya. Socioeconomists have estimated a cost-benefit return 

ratio of at least 2.2:1, compared to the Maize monoculture at 0.8:1, and pesticide-

managed systems at less than 1.8:1 (ibid.). 

The natural enemy effects included increased parasitization for both sudan grass 

borders and molasses grass intercrops. In the former case, 18.9% of C. partellus and 

6.17% of B. fusca were parasitized with the grass border compared to 4.8% and 0.5% 

respectively parasitized in the monoculture. When interplanting with Molasses grass, the 

number of stemborers parasitized increased from 5.4% to 20.7% (Khan and Pickett 

2004). 
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 Although Khan and Pickett (2004) do not detail this, I suspect that the increase in 

the first case can be attributed to dispersal from the Sudan grass. The idea is that the trap 

crop attracts higher levels of the pest stemborer and also other kinds of hosts, stemborer 

and otherwise, and therefore supports a  more diverse, larger and more active community 

of parasitoid populations. Given the right conditions, these populations will tend to 

disperse into the adjacent field. Khan and Pickett (2004) report that experiments have 

implicated a semiochemical, nonatriene, for both the repellent effect on stemborers and 

the increased foraging of parasitoids when molasses grass is interplanted. Doubtless, 

greater understanding of the chemical signaling will be useful and interesting. 

Khan and Pickett (2004) report a sequence of intercropping trials that starts with 

experimental plots, than moves into scientist-managed fields and finally farmer-managed 

fields. Additionally, the early experiments involved just one component of the strategy, 

and the latter ones combined the components. This sequence accomplishes many 

important goals scientific and social. It allows the results to be built up such that 

interaction terms can be identified, and potential problems quickly isolated, identified and 

corrected. It also allows immediate feedback on whether the strategy being pursued is 

viable in the big picture. These are all necessary conditions for good agroecological 

research (discussed in Altieri 1995). 

 The sequence of research began with ecological research into important variables 

of the key pests' host ranges and preferences, prompted by the observation of the 

importance of interaction with the surrounding vegetative communities. The 
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breakthrough happened, therefore, precisely when the effort to control the pests by 

simplistic, direct interventions failed, and the determined search for an ecological 

solution arose. Out of this search arose a very elegant, and rigorous solution. 

Intercropping Conclusion 

In light of both the Kenyan and Australian examples detailed here,  I speculate 

that this type of intercropping strategy may become more and more mainstream wherever 

agriculture devoted to one or a small handful of crops is practiced. It appears that 

monocultures are often beset by very particular, well-characterized pest problems. This 

prescribes, in a sense, the effects necessary from an ecological engineering strategy. 

Researchers can thus have a clear goal in mind, and can investigate a strategy in a piece-

wise manner, which aids tremendously in cutting through the complexity of ecological 

situations.

 

Flowering Strips: The Swiss Example 

Another tactic for enhancing farm-land biodiversity and pest management 

services is to plant strips of flowering plants on the edges or down the middle of the 

cropping fields. This is closely related to a similar practice, in which “weedy strips” are 

cultivated, either by introducing species or by letting the autochthonous vegetation 

regenerate itself with minimal maintenance. These weedy strips have been used in 
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orchard situations and elsewhere. But, this section focuses on strips which have been 

sown with particular flowering plant species. 

This tactic responds directly to the concerning reduction of biodiversity and 

habitat simplification omnipresent in agricultural areas. When intense landscape 

fragmentation occurs it is known to result in significant biodiversity loss, and also to 

correlate with a reduction in pest management services (Fahrig 1997, Kruess and 

Tscharntke 1994). The implementation of these flowering strips can be isolated efforts, or 

more optimally, integrated into an overall landscape management plan, with attention to 

such features as connectivity. Ideally the sown wildflower strips connect to adjacent 

“ecological compensation zones” (see Chapter 1), or other natural features, thus 

enhancing dispersal of wildlife (Kinross et al. 2004). 

Since 1993 the Swiss government has subsidized low-input and sustainable 

farming practices, including planting wildflower strips. Not only has there been a subsidy 

structure in place, but a good deal of government-sponsored research in agroecology has 

been done, including a substantive program to develop an officially-recommended seed 

mixture for wildflower strips, especially adapted to the Swiss Plateau (Pfiffner and Wyss 

2004). 

These efforts began by screening around 100 plants for desirable properties, both 

for natural enemies and for conservation value. Based on field trials indicating better 

establishment and maintenance characteristics locally-adapted species were used 
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preferentially. Two mixtures were eventually formulated-- one for annual crops and the 

other for perennials-- and refined based on the experience of hundreds of farms. The 

Swiss Federal Research Station for Agroecology and Agriculture has now developed both 

basic (25 species) and full (37 species) mixtures, and has partnerships with commercial 

seed companies to distribute these seeds. (Pfiffner and Wyss 2004). The mixtures are 

composed of annual, biennial, and perennial species, and are generally sown in strips 3-

10 meters wide, in suitably prepared seedbeds. 

In practice, initial diversity of the flowering strips was found to be higher when a 

more diverse seed mixture was planted (Pfiffner and Wyss 2004). This correlates well 

with research in prairie ecology conducted by the Land Institute in Salina, Kansas. In 

Kansas farmlands, the researchers found that more diverse mixtures of native prairie 

plant seeds resulted  in better establishment, richness and suppression of non-target, 

resident vegetation (Piper and Pimm 2002). Management practices such as mowing 

and/or tillage have been found to be necessary modifications to the natural succession. 

They help maintain adequate community diversity and structure in the wildflower strips 

which otherwise can tend towards simplification and less diversity. These characteristics 

are important both to ensure the abundance of resources for natural enemies, and to 

suppress potential agronomic weeds, which have to be strictly controlled in such strips to 

prevent invasion into surrounding cropland (Pfiffner and Wyss, 2004). 

Flowering strips seem to augment both generalist predator populations as well as 

specialists. There has been some debate, both theoretically and practically, as to the 
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merits of generalists versus specialists for pest regulation. Nevertheless, the most-

balanced view seems to be the obvious one in this case: that both are necessary and have 

a role to play (Symondson et al. 2002, but see Helenius 1998). As was illustrated in 

Chapter 3 in the citrus scale example, both generalist and specialist habits can be 

complementary. Pfiffner and Wyss (2004) also cite a complementary effect which can 

happen when specialists displace herbivores from a plant to the ground, where they are 

more vulnerable to the foraging of generalist predator beetles. 

Spider and Carabid beetle density13 has consistently been higher in the flowering 

strips than in adjacent cropland. How the distribution and dispersal dynamics are affected 

is less clear, at least from the data presented by Pfiffner and Wyss. They do not comment 

on this, but from their data it appears there is a slight gradient from the edge to the center 

of the cropland surrounded by the wildflower strip (recalling Thies and Tscharntke 1999). 

The data on specialists is a little harder to interpret. Minimally,  increased activity of 

aphidophagous syrphids in response to flowering strips has been shown. 

So, what have been the net effects on pest management? To begin with, there is 

some evidence of net pest regulation benefits on fields with strips compared to fields 

without strips (Hausammann 1996 in Pfiffner and Wyss 2004). There is also evidence 

that dispersal of carabids and spiders into fields is enhanced, and that these strips can 

effectively act as source populations for these natural enemies (Lemke and Poehling 

2002). Pfiffner et al. (2003) (see Pfiffner and Wyss 2004) found that parasitism rates on 

lepidopteran cabbage pests were higher near diverse wildflower strips than in fields 

13 the dominant types of epigaeic predatory beneficials in these studies.
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without strips (varying from 10-64%), and that both diversity and abundance indices 

were higher in the strips than in the adjacent cabbage crop. 

I would be remiss not to mention possible deleterious effects arising from the 

planting of these flowering strips in association with crop fields (in the spirit of Prokopy 

1993). Many of the same mechanisms which support natural enemies can also support 

herbivores, e.g. pollen and nectar. There is some evidence that certain types of herbivores 

are sustained in the flowering strips, and some of them can be pest species. There is a 

risk, therefore, of supporting a source population of pests. However, it is important to 

balance this risk assessment with the following, a) these populations often serve as 

supplementary of complementary food for beneficials, b)  most studies have found that 

pest densities are never higher in the strips than the surrounding crops, and c) the only 

studies showing increased damage arising from the strips find these effects confined to 

the edge and not systemic in the crop field (Pfiffner and Wyss 2004). 

Much more work needs to be done to advance precise scientific knowledge of the 

agroecological dynamics of sowing wildflower strips. The Swiss experience is certainly 

encouraging, not only because it has shown some benefits for pest management and 

biodiversity conservation, but because it is a precedent for a coordinated and effective 

research program designing locally-adapted habitat manipulation tactics. I shall have 

more to say about the elements of effective research in the next section, which takes a 

look at a close cousin of flowering strips, called “beetle banks”. 
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Beetle Banks

Introduction 

Aphids are a major pest of cereal crops, such as wheat. Crucially, several of the 

important aphid predators overwinter in field margins. Therefore, the predators' rate of 

colonization from field edges to a large extent determines whether or not biological 

control will be effective. Especially with polyphagous predators, numerical regulation is 

most important at the early stages of a pest infestation, as discussed previously. Because 

cereal crop fields are often quite large, and therefore have a low margin:area ratio, the 

creation of additional in-field habitat became an obvious requirement for promoting 

biological control.

 Thomas et. al. (1991) argue for the creation of 'grassy strips' in the middle of such 

fields as just such refugia habitat for these cyclically colonizing natural enemies. These 

strips became known as “beetle banks” (Sotherton 1995), because they tend to satisfy the 

overwintering requirements of beetles, particularly Carabidae (predaceous ground 

beetles) and Staphylinidae (rove beetles). They should also provide a good source of 

alternative prey (e.g. scales, aphids) for Coccinellidae (ladybird beetles). Additionally, 

depending on the structural integrity of the habitat, beetle banks also serve as a good 

source of Araneae (spiders). 

Both Carabidae and Staphylinidae beetle families are predaceous as both larvae 

and adults, consuming eggs, larvae, pupae and some soft-bodied adults (e.g. scales and 

aphids). Some species are parasitic, but most are polyphagous predators. The Carabidae 
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are nocturnal as adults, and their larvae dwell in litter or soil. They take about one year to 

complete the egg to adult cycle, and generally live 2 or 3 years as adults. They are mostly 

ground dwelling, but will climb up plants and shrubs to prey on various insects (Flint and 

Dreistadt 1998). 

Creation and Rationale 

Several long-running studies have documented increase in beetle diversity and 

population within such beetle banks. Their role in conservation of biodiversity in 

agroecosystems is thus well-established (Kinross et al. 2004, MacLeod et al. 2004). In 

addition, there has been some good fieldwork demonstrating a positive effect in 

biological control, particularly in the regulation of aphid populations of winter wheat in 

Britain, where their benefits to game-bird conservation are also appreciated (Kinross et 

al. 2004). 

Beetle banks are generally made by two-way ploughing such that a raised 'bank' is 

created. This varies in width from a couple feet to a couple meters. A good, weed-free 

seedbed is, of course, desirable. The bank is planted to tussock-forming grasses. The 

reasoning behind all this is to create a raised, relatively dry year-round environment 

compatible with the ground beetle's preferences, having evolved from wetlands to a dry 

grassland environments (G. Ellen pers.comm.). 

The tussock grasses do a good job creating mounds of organic matter, which is 

good habitat for the beetles, particular Carabid larvae. A desirable agronomic feature of 

68



the tussock grasses is their low level of invasiveness into adjacent crop fields, unlike 

stoloniferous or rhizomatous grasses. The grass is managed by different types of mowing 

regimes, to mitigate against rodents and to ensure good establishment when a multi-

species mixture is used (G. Ellen pers.comm.). 

Empirical and Theoretical Work 

The seminal experiment of Collins et al. (2002) is the main, rigorous empirical 

test of the effect of beetle banks on pest regulation per se thus far reported in the 

literature, although close cousins of this idea have been tested (as described in the 

flowering strip section above). Corbett (1998) provides a mathematical model which 

helps elucidate the all-important movement and dispersal dynamics. 

A Field Study 

Collins et al. (2002) examined the impact of a beetle bank on cereal aphid 

predation in a winter wheat system. This experiment was conducted over the course of 

one growing season on one half of an 18.3ha field in Leicestershire, UK. The 2.5m wide, 

0.5m tall beetle bank had been established in 1992 right in the middle of the field. It was 

seeded to a mixture of Dactylis glomerata L. and Holcus lanatus L. The bank was thus 

well-established by the time this experiment was conducted. 

The experimenters assessed the polyphagous predator impact on cereal aphids by 
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establishing 4 100m long blocks in the Northern half of the field. Within each block, one 

'predator-exclusion zone' and one 'control zone' were randomly designated at 4 distances 

from the beetle bank-- 8, 33, 58, and 83 meters.  Previous experiments had supported the 

technique of using polyethylene enclosures to exclude polyphagous predators, and the 

experimental data revealed that parasitism was an unimportant source of mortality for 

these aphids. Sampling was done over the whole season both on the aphid populations 

(assessed in both tagged and then randomly selected untagged tillers of wheat) and the 

polyphagous predator populations, including Carabidae, Staphylinidae, Linyphiidae and 

Lycosidae, assessed by pitfall trap data. However, the aphids were only significantly 

present from July through August, during a mid-season population explosion. 

This experimental design allowed the statistical testing of several factors. 

Population densities could be tested against both distance from the beetle bank, and 

treatment versus control. In addition, sample date provided a repeated measures factor. 

Basic statistical methods, including ANOVA linear regression, and mixed models were 

used to analyze these data. 

The statistically significant results included a higher aphid density (by 34%) in the 

predator-exclusion zones during the aphid peak. A close corollary was that polyphagous 

predator densities were significantly lower, by from 24 to 57%, in the exclusion zones at 

those times. Finally, there was an interaction between distance from the bank and aphid 

density, although this result only rose to statistical significance (at p=0.05) on two 

different dates. At those times, aphid density was highest at the furthest distance and 
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lowest at the closest. 

The corollary of this was that polyphagous predator density also varied with 

respect both to distance from the beetle bank and time . There was a shift in dominance 

from the boundary-type carabids to the open-field-type carabids as the season progressed. 

This was accompanied by a slow wave of net emigration of the boundary-type carabids 

from the beetle bank further into the crop field. By July, the open-field type carabids were 

significantly more abundant, and probably account for a good deal of the aphid mortality. 

The Staphylinidae rose to a peak in June (significantly more abundant further from the 

beetle bank), and then declined. Of the spiders, the Linyphiidae responded most 

vigorously, increasing in the control zones from an average of 6.44/pitfall-trap in April to 

33.25 in August. 

Interpreting these data is a little tricky, but it can reasonably be inferred that 

natural enemy mortality significantly reduced the aphid population from their mid-season 

peak. However, the aphid density did reach economic status at its peak, so the natural 

enemy control would have been inadequate to totally prevent pesticide usage by most 

farmers. The aphid lifecycle is well-adapted to colonizing ephemeral habitats and having 

rapid population explosions. Unfortunately for the aphids, the Linyphiid spiders evidently 

are similarly well-adapted. 

Recalling the case-study of the citrus scale (Chapter 3), what appears to be lacking 

in this instance is a natural enemy that can rapidly track aphid numbers, so that when the 

71



aphid  population begins to build momentum, its numerical response is swift enough to 

ensure economic regulation (see exploratory model in the appendix). Generalist predators 

may be too slow for this task. Alternately they could have just been inadequately dense or 

distributed to show a strong enough functional response to regulate the aphid population 

in this field. There are many questions left to investigate. 

This sort of design can explore very basic questions, but unfortunately cannot 

yield much dynamical insight. For instance, what if polyphagous predation was enhanced 

due to the beetle bank, but the dispersal of the natural enemies showed no neat distance 

gradient relationship to the beetle bank?  This seems plausible assuming any sort of 

patchy dynamics for the aphid population. This experiment obviated some of this 

difficulty because carabid dispersal lends itself readily to this sort of analysis. 

Even still, there are two big problems. The absence of baseline data renders it 

rather difficult in principle to assess the net beneficial impact of the beetle bank in this 

instance. Also, the very fact of a distance gradient, with a significant tendency of 

polyphagous predators to cluster closer to the beetle bank, introduces a new dynamical 

condition into the agroecosystem. The implications of this go  beyond statistical 

hypothesis testing. 

Statistical results, and partitioning of variance, are useful up to a certain point, and 

then they are not. For example, the results of this field study do not seem to yield any 

clear information for prediction or heuristic purposes. As a designer I'm not sure I know 
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anything more about how I should implement the beetle bank tactic. I may have a little 

more confidence that it can be a useful strategy. But when and how it is useful remains 

nearly as opaque as before. 

This field-study was important and had some significant results. Nevertheless it is 

only a first step, as I'm sure Collins et al (2002) would whole-heartedly agree. Much 

more thought and careful experimentation is needed to develop this tactic so that it can 

more widely and successfully be used

A Mathematical Model 

Corbett (1998) discusses a mechanistic model of movement which yields insight 

into two major problems, including one discussed throughout this thesis: 1) 

understanding when and why a diversification tactic could be detrimental rather than 

beneficial, and 2) illustrating the expected spatial patterns around an interplanted strip. I 

will briefly describe his approach and major results and implications, but I will leave the 

mathematical details to an appendix. 

Corbett works from a modified form of the well-known diffusion equation in one 

dimension. A diffusion equation applies in general when three assumptions are made: 1) 

there is a probability that an individual, or “particle”, moves, 2) it is equally likely to 

move in any given direction, and 3) there is a rate of movement, or speed. Thus, although 

the path of any given individual natural enemy is unknowable, if we assume these 
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conditions then we can predict the aggregate pattern of the whole population. 

To modify the 1-d diffusion equation for this purpose, Corbett has to specify three 

additional assumptions, which have many corollaries and consequences: 1) There are two 

stages of the insect-- a mobile adult stage, and an immobile immature stage, 2) There is a 

constant rate of colonization of the field by adult natural enemies at all locations and 

across time, and 3) The birth and death rates are similarly constant14. These conditions 

are, of course, very restrictive. But this same restriction allows it to unveil the general 

qualitative dynamics of natural enemy movement in response to diversification quite 

readily.  Levins (1966) proposed that modeling always involves a certain trade-off 

between the criteria of generality, realism, and precision. In this instance, a certain 

amount of realism and precision  has been traded off in favor of a powerful, and useful 

generality. 

Corbett considers three different roles these interplanted strips could play for 

natural enemies within crop fields. Letting these strips be 10m wide and planted at 100m 

intervals, he separately considers the effect if the strips act as, a) overwintering refugia, b) 

resource banks, or c) both overwintering habitat and resource banks. These 

considerations are built in to his modeling exercise by modifying the various 

components, for instance by decreasing the probability a natural enemy chooses to move 

when in a resource-enriched strip. He examines three different natural enemies of varying 

14 Corbett points out that these three conditions imply at least four additional assumptions, including: 1) 
there is no directional preference at the interface of the interplanting and the crop, 2) both crop and 
interplantings provide adequate resources to prevent long-range dispersal, 3) there is no significant 
effect of temporal patterns in resource availability upon diffusion rates, and 4) there is no long-range 
dispersal prior to oviposition...
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dispersal ranges: 1) a predatory spider mite which ranges across 1m^2/day, 2) A ladybird 

beetle ranging across 10m^2/day, and 3) a parasitoid ranging across 100m^2/day. These 

are biologically realistic assumptions. 

In the first scenario, when the strips are only overwintering refugia, the model 

predicts that all three natural enemies will be enhanced. The spatial scale of enhancement 

varies dramatically, however, with the parasitoid showing no gradient, and the other two 

having a steep enhancement close to the strips, but falling off rapidly. This result shows 

that biologically realistic variation in mobility is likely to have profound consequences 

for the effects of diversification tactics. 

More disturbingly, scenario two, with strips providing resources but no 

overwintering, predicts a significantly lowered abundance of natural enemies over most 

of the crop field. Scenario three shows an enhancement effect, but it is definitely muted. 

In congruence with optimal foraging theory (see Case 2000), these results are due to the 

accumulation of natural enemies in the interplanted strips. If the natural enemies have to 

recolonize the crop field every season, and the strip and the crop are providing resources 

at the same time, we could expect the strip to act as a net sink of the natural enemies. 

This result seems to be consistent with the field-work and is the rationale for mowing the 

interplanted alfalfa in the cotton case study presented above15. 

Corbett's discussion includes a natural objection to his model results. If the 

15 Mowing to encourage natural enemy dispersal from an interplant to a crop is a widely practiced tactic. 
This model is a powerful heuristic for when and why to do this. 
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interplanting results in increased natural enemy fecundity, which happens for instance 

when parasitoids feed on pollen and nectar as supplementary foods, the sink effect could 

be compensated for by a greater overall population. Corbett's calculations reveal that only 

a 5% increase in fecundity is needed in his model to off-set the sink effect. A 10% 

increase yields a powerful net enhancement of natural enemies in the crops. Although it 

is well-known that supplementary foods increase parasitoid fecundity, the field-scale 

effects are still basically unknown. This would be an excellent area for research. 

There are many other important implications of this effort. Research designed to 

test statistical hypotheses about whether or not a given tactic works at all, often fail to tell 

us why a tactic didn't work, or how to make it work better next time. Modeling work can 

complement the short-comings in statistical work, providing heuristics necessary to 

understand dynamical relations, and to generate better hypotheses. For instance, Corbett's 

results suggest it should be possible to gain a good amount of control over the possibility 

of introducing a diversification tactic to detrimental effect. Clearly, further work in 

modeling could help advance the research agenda of habitat management. 
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Conclusion: Farmscaping and Habitat Management

The term “farmscaping” has gained some currency to describe the management of 

farmland for enhanced ecological services. Farmscaping specifically means taking the 

perspective and experience of ecologically-minded landscaping and applying it to 

agroecosystems16. Generally, it connotes paying attention to the  features of the farm and 

its surrounding site, such as drainage ditches, windbreaks, etc. with an eye to improving 

or otherwise modifying some 'ecosystem service'. For our purposes, this could very well 

mean augmenting biological control (e.g. Bugg et al. 1998). Farmscaping is thus closely 

related to, but still somewhat distinct from habitat management, as that was defined in 

this thesis. 

Why should we take up habitat management for pest control within the framework 

of farmscaping?  Although it is intuitively evident that the desired ends and means of the 

two are closely aligned, it is useful to consider habitat management, insofar as it is to be a 

practical matter, within the jurisdiction of farmscaping. Agroecology is, afterall, just as 

much about agriculture as it is about ecology, and the implementation of ecologically-

sound techniques on farms only happens in the context of the agronomic management 

framework and its sundry practical concerns. In the next section of this thesis, where I 

describe my own work at an organic farm, I illustrate how management concerns play a 

decisive role in this kind of research. 

Farming is, on the whole, a risk-averse profession, as noted throughout this thesis. 

This has several ramifications for the evaluation of ecological techniques. The first is that 

16 It is worth noting that I've not found any attempt at precise, technical definition in the literature. 
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the potential for damage must be minimized at all costs. The second is that the cost of 

implementating some ecological tactic in terms of labor, energy, and money must be 

recouped. In many cases, then, merely a modest reduction in pest pressure will probably 

not justify the enterprise of habitat management. However, a modest reduction in pest 

pressure, combined with several other side-benefits, perhaps enhanced biodiversity of 

butterflies and birds, improved microclimate, and reduced weed invasion, seems likely to 

be far more attractive to more kinds of growers.

 A single habitat manipulation technique is far more likely to offer such a suite of 

benefits if it is conceived in concert with an overall farmscaping plan. This is the crux of 

my argument for farmscaping as the appropriate frame of research and discourse for 

future innovation in habitat management. 

Ecological theory will play a big role as well. But the true power of theory 

is in suggesting  strategies, and clarifying the possible dynamics of what can happen to 

pest and beneficial populations when a given strategy is implemented. If the search for 

powerful general theory in pure ecology has been difficult (Odenbaugh 2006), it is even 

more difficult in agroecology. Practically, therefore, it seems likely to remain an eclectic 

discipline, relying on the combination of knowledge, experience, reasoning, modeling, 

and intuition to get good results.

In conclusion, if this literature review has seemed at times rather 

philosophical, this is due both to personal preference and to the fact that this field is as 
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young as it is eclectic. Gurr et al. (2004) point out that habitat management has 

represented only 2-3% of the literature on biological control to date! In young fields of 

study the importance of reflective thought is inestimable. It is not enough to attempt 

simply to follow along  some already cut-out and defined research agenda. In all 

likelihood, the agenda is going to be under quite frequent revision. 

If  nothing else, I hope to have strongly conveyed the sense that this sort of research 

will always, in a crucial respect, be irreducibly particular to a specific locality. It would 

be foolish to ignore this in favor of some glib effort at “generality”. The goal should be to 

have robust, well-tested tools of habitat management, and an intelligent framework of 

farmscaping, in the hands of the landowners and growers as soon as possible. This is a 

challenging, but attainable goal. 
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Farmscaping at Geraldson Community Farm 

Abstract 

The establishment and impact on beneficial biodiversity of a flowering strip was 

assessed at a South Central Florida organic vegetable farm. It was hypothesized that a 

gradient of enhancement of the beneficial insect activity would be observed, with the 

highest levels of enhancement closest to the strip, and the lowest levels farthest away. 

This hypothesis failed to be accepted or rejected, due to the lack of success in the field of 

the experimental design. The important reasons for this shortcoming are presented and 

discussed. In the discussion, I argue that this design is viable, and could successfully be 

implemented given improved conditions and tighter coordination with farm management. 

Additionally, qualitative and quantitative data are presented which are nonetheless useful 

to the project of implementing conservation biological control within the farm's pest 

management plan. 
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Introduction 

 Geraldson Community Farm is an organic, CSA (community-supported 

agriculture) vegetable farm. It is owned and managed by a non-profit group, Florida West 

Coast Research, Conservation, and Development (FWCRCD, hereafter 'RCD'). The CSA 

model of agriculture enlists financial support in the form  of an annual membership fee 

entitling the member to a 'share' of the farm's produce. Usually this means that members 

pick up an assortment of vegetables once per week during the growing season. 

Because I had already completed one research project at Geraldson Community 

Farm (hereafter 'Geraldson'), and was therefore familiar with the workers and staff,  I 

decided to conduct my thesis research there as well. Plans were discussed and incubated 

over the Spring and Summer of 2008.  Finally, in late September of 2008, formal 

arrangements were completed between me and the Geraldson managers. 

My research involves the field of conservation biological control, particularly 

habitat manipulation for pest management. This includes strategically diversifying and 

augmenting the habitat quality at within-field, whole-farm, and landscape levels to 

promote populations of natural enemies and deter populations of pests (Landis et al. 

2000). This is a young, but expanding field of research(Gurr et al. 2004). Several 

theoretical underpinnings support general arguments about the benefits of diversity at the 

within-field level, e.g. polycultures (see Andow 1991), and also arguments from natural 

enemy lifecycles and habitat needs (see Wissinger 1997). 
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 For my field project I planted a diverse strip of flowering plants with features 

known to be attractive to parasitic and predatory Hymenoptera, Diptera, and other natural 

enemies. Flowering strips are one reasonably well-characterized strategy in the arsenal of 

habitat manipulation (see e.g. Pfiffner and Wyss 2004). My interest was primarily in 

establishing the practice at Geraldson Community Farm. I wanted to begin screening 

acceptable plant species, assess the practical management issues in creating such a 

landscape feature, and to characterize the biodiversity effects associated with the strip. 

Methods and Rationale 

 The original experimental design involved a quantitative hypothesis: that a 

gradient of enhancement in natural enemy activity would be detected, with the highest 

enhancement closest to the experimental strip, and the lowest enhancement farther away. 

This enhancement was to be measured in terms of net pest regulation benefit, and rate of 

parasitization, rather than numerical estimation of the population size or behavior.  For 

various reasons, outlined in the discussion section, this experiment did not work. 

Despite the failure of the statistical experiment, I collected some interesting 

qualitative and quantitative data. The methods I used and the data generated are presented 

and discussed. My discussion focuses on how these data could be useful to Geraldson. 

This project implies a more lengthy (multi-year) process than this research could possibly 

have encompassed.  Therefore, at the end of my discussion section, I address future 
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directions for farmscaping research at Geraldson. 

a) Experimental Design for Natural Enemy Gradient Associated with Flowering Strip 

The flowering strip was planted to the commercial Good Bug Blend  mixture on 

October 7th, 2008.  The Good Bug Blend is a product of Peaceful Valley Farm Supply 

(Grass Valley, California). The packing information stated that the seed mixture I 

received contained: CA Buckwheat, Celery, Fennel, Parsley, White Yarrow, Chervil, 

Sweet alyssum, Baby's Breath Elegance, Caraway, Nasturtium, Semi-dormant Alfalfa, 

and Non-dormant Alfalfa. These plants provide floral resources thought to be attractive to 

natural enemies, for instance a profusion of small flowers. 

Before planting, the formerly grassy bed, approximately 60m long by 2m wide, 

had been prepared by mowing and then spading.  A small amount of a balanced, general 

fertilizer was applied. The Good Bug Blend was direct seeded at recommended rates, 

broadcast by hand. After broadcasting, the seeds were lightly raked in. 

The statistical design was set up to test for a gradient of enhancement effects from 

the flowering strip. A test brassica crop (broccoli) was established, by transplanting 49 

broccoli seedlings into  2-gallon black plastic pots, at the rate of one per pot. The soil 

used in the pots was dug up from the ground, and mixed with bagged compost. 

 These 49 pots were then distributed into 7 rows, with 7 pots per row. These 7 rows 
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were situated at 7 distances from the flowering strip. The closest row (which was right up 

against the strip vegetation) was a 'reference' row, in that other distances would at least all 

be compared to it, if not amongst each other. 

{Diagram 1. 7 
rows of potted 
test crops and 
their spatial 
relation to the 
grass/clover 
matrix and crop 
beds.}

In order to avoid conflict with the farm's activities, the pots were placed in the 

small strips of grass constituting irrigation risers. At Geraldson, there are three full-width 

crop beds per irrigation riser. This allowed a natural spacing of my test crop rows. The 

pots were placed into the field in late October, to take advantage of the long, dry and cool 

growing season. It was expected that the plants would begin reaching reasonable enough 
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maturity for sampling to begin in January. 

 (Picture 1. From 11/18/08: Study site. Irrigation risers, with black sprinklers,  at regular 
spacing.) 

Sampling was designed to employ more or less standard IPM scouting procedure 

(Pedigo and Rice 2005) A certain number of leaves were to be harvested from each plant 

on a given date, determined by the vigor of the foliage, and these leaves would  be 

visually inspected for the presence of lepidopteran larvae, and also for the signs of 

parasitization. At the end of the experiment, presumably when all the plants have reached 

marketable broccoli head size, the whole plant would be cut and dunked into buckets of a 
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saline solution. After a few minutes, the plant feeding insects attached in the various 

crevices detach and float in the salt water, and can be counted. 

The resulting data set is ideal for analysis with both ANOVA (analysis of 

variance) and regression methods. This particular design had both a sufficient number of 

distance treatments (7) and sufficient replication within each treatment (7) to allow both 

types of analyses. Depending on the number of sample dates, this design could also yield 

various types of time-series data. 

For this design, the ANOVA tests would be one-way (Gotelli and Ellison 2004) 

There is one predictor variable (distance), and one response variable (pest population). 

Tests could be done for the sampling data at each date, not only on all the pairwise 

combinations of distance treatments, but could also be grouped together in various ways. 

For instance, the farthest three rows together could be compared against the reference 

row. Then, the closest three rows could be compared against the reference row. If the 

former rose to significance, but the latter did not, the inference would be that there was 

indeed some enhancement effect from the strip. Various such combinations could be 

tried. 

 Similarly, the regression model would be linear. The degree of 'fit' from the data 

onto the regression line  provides a measure of the amount of variation 'explained' by the 

predictor variables (the distances). This type of statistical analysis allows the detection of 

the 'trend' of the data. The resulting correlation coefficient, 'r', provides a metric of the 
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strength of this correlation, and is the numerical estimate of the amount of 'explained' 

variance. 

Both types of statistical models allow a test of the hypothesis. Designing an 

experiment to use both makes sense as a strategy to maximize the utility of the precious 

field data, as a result may seem insignificant under one type of analysis, but under the 

other is shown to be clearly part of a trend. Of course, if data are significant under both 

types of analysis, then the results can more confidently be interpreted. 

For example, suppose that on one sample date, the pest population data set, when 

plotted as a regression, has only a very weak correlation coefficient, r. The slope of the 

best-fit line is therefore quite low. However, there could still very well be one of the 

distances (treatments) which, when analysed as a one-way ANOVA with the row closest 

to the strip, yields a low p-value. Thus, the regression trend is weak, but there might still 

be a very suggestive (if not significant) p-value, for at least one of the treatments. Over a 

long enough sampling time, especially given the complexities of field research, a number 

of such incidents might be expected. Combined with plenty of observational data from 

the field, this finer level of resolution could be informative. 
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Design of Qualitative Establishment and Biodiversity Experiments 

b) To assess the establishment of the Good Bug Blend mixture, I laid down 6 0.5 

meter quadrats in the flowering strip on March 11th, 2009. By this point, the strip had 

been substantially invaded both by white and yellow sweet clover. Accordingly, the strip 

could be classified into two types of vegetation: 1)pure clover stand, where the apparent 

vegetation was almost entirely clover, and 2) clover-invaded mixture, which was a more 

diverse stand including both the Good Bug Blend plants and generally substantial clover. 

Since the density of the clover and its growth habit made numerical counts of the 

species within the quadrats practically infeasible and meaningless, a qualitative scale was 

designated to better  represent vegetation structure. In each quadrat, species were 

designated as present/absent. Each present species was then assigned a value of: 1, 2, 3, 

4. On this scale, a 4 represents ubiquitous presence and dominance, and 1 represents 

minimal presence, i.e. maybe just 1 or 2 individuals. For the intermediate values, a 2 

means that a species was present but at a low level, and a 3 means that a species was 

relatively abundant but clearly not dominant. 

Since the composition of the flowering strip had substantially changed over time, 

an additional experiment was initiated at this same time. All of the quadrats were weeded 

out and re-seeded to Good Bug Blend. The  seedling establishment rate was assessed on 

April 11th, 2009, by counting the number of each species present, or providing a 

qualitative assessment. This experiment tested the seedling recruitment of the Good Bug 
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Blend for this later spring (March-April) time-period. 

c) To survey the insect biodiversity associated with the various types of vegetation 

present in the study area, three standard pitfall traps were established on March 14th, 

2009. One was placed in a clover-dominated part of the flowering strip, and another in 

the clover-invaded mixture. A third pitfall was placed in the adjacent grass/clover matrix. 

Thus, the traps spanned the three major types of vegetative structure in the study area. 

Insect numbers in each major taxon were counted.  Finally, these three sites were sampled 

by sweeping on April 10th, 2009.. I used a standard insect sweep net, and swept an area 

approximately 9m^2. The sweep-net areas were at the same spots as the pitfall traps. 

I hypothesized that the grass/clover mixture would have a higher abundance of 

coccinelids than either the clover-dominated or clover-invaded portions of the strip 

(hypothesis 1). A second hypothesis was that the clover-dominated portions of the strip 

would have a greater abundance of wasps and beetles than the clover-invaded portions of 

the strip (hypothesis 2).  

Results 

a) As explained above, the potted test crops were not systematically sampled. 

By February, it had become clear that they were not thriving. An emergency dose of fish 

emulsion fertilizer was applied. The plant's showed a small response, but not enough to 

justify repeated, costly applications. On two separate occasions, I closely inspected the 

plants for herbivorous insects and signs of herbivore damage. Only a few plants were 
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positive, and those that were had aphids. Interestingly, I observed ladybird beetles on the 

inside rim of several pots. These occurrences were rather patchy. I only observed one 

lepidopteran larvae on a test plant, and it was clearly dead. 

{Picture 2. Test crop on April 11th, 2009. Note tiny main head, and small size after 6 

months!} 

b) The vegetation sampling results to assess establishment are reported in 

table form below and clearly indicates that clover represents the dominant vegetation 

type. Its presence on the farm is ubiquitous and it clearly grows well during our long, 

cool, growing season. The two main types are white and yellow sweet clover (Melitotus 
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spp.). The clover dominance estimate also includes a modest amount of semi and non-

dormant alfalfa, which was part of the Good Bug Blend. The sweet clovers were 

decidedly dominant, but the alfalfa did grow! 

Table 1: Qualitative dominance of flowering strip vegetation. 1 is minimal presence, 4 is 
maximal dominance. 2 and 3 are intermediate values.  
Species Quadrat 1 Quadrat 2 Quadrat 3 Quadrat 4 Quadrat 5 Quadrat 6 Row Sum

clover 4 3 4 2 3 3 19

chervil 1 1 0 3 1 0 6

fennel 2 3 1 2 2 2 12

nasturtium 0 1 0 0 0 0 1

daikon 2 1 1 1 2 2 9

carrot 1 2 0 1 0 0 4

radish 0 0 1 1 0 0 2

Of the other plants present, chervil, nasturtium and fennel are from the original 

seeding of the Good Bug Blend, and the others were unplanted: daikon, carrot, and 

radish. It is speculated that some of these 'volunteer' crops arose from seeds dispersed 

from the previous year's growing season. Before this sampling occurred, a long period of 

time had elapsed in which sweet al.lysum, from the Good Bug Blend, was rather 

dominant. It appeared to be quite attractive to the hymenoptera. 

The re-vegetation experiment results are presented in table form below.
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(Table 2. Species counts from re-seeding experiment.) 

Plant Daikon Fennel Nasturtium Clover Chervil
Quadrat 1 0 0 some some
Quadrat 2 22 1 0 0 2
Quadrat 3 25 0 some some 0
Quadrat 4 9 0 some some 0
Quadrat 5 0 0 some some 0
Quadrat 6 25 0 0 some 0
Total 81 1 n/a n/a 2

{Picture 3. Experimentally re-seeded quadrat at time of sampling.} 

In addition to being numerically dominant, the daikon also had a marked 

clumpiness in its growth habit. Since daikon was not supposed to be part of the seed 
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mixture I had been interpreting its presence in the flowering strip as a sign that it is 

present in the weed seed bank. However, closer inspection revealed that it is confined to 

the flowering strip; it is not appearing in other parts of the field. Combined with the 

clumpiness of growth habit, which suggests recent, dense seeding, I infer its presence in 

the seed mixture as an unlisted contaminant of the Good Bug Blend. 

c) The pitfall trap data is presented in table form below. Hypotheses 1 and 2 are 

supported. 

(Table 3: Traps were labelled “1” (clover invaded area), “2” (clover-dominated area), and 
“3” (grass/clover matrix). Total number of specimens included many tiny insects, 
particularly Dipterans, counted visually with the aid of a hand lens. The results from the 
three different dates are presented separated by slashes (/): 3-18/3-28/4-7.) 
Pitfall Coccinelid 

(adults)

Coccinelid 

(larvae)

Large bees 

and wasps

Small 

wasps 

Spiders Beetles and 

Bugs

Aphids Total

1 0/0/0 0/0/0 0/0/0 6/3/1 0/3/1 0/1/7 0/0/0 46/21/20
2 1/0/0 0/0/0 1/1/0 5/14/2 0/2/1 0/1/0 0/0/0 42/20/13
3 0/3/0 3/2/0 0/0/0 2/1/0 1/3/1 0/0/1 3/0/0 27/17/10
Total 4 5 2 34 12 10 3

{Picture 4. A Scarabid beetle found in 

Pitfall 1, sample 3}

Costs 

The cost of 3 lbs. worth of Good Bug Blend, amply more than required for my 
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2X60m strip, was $21 plus shipping and handling. The only other dollar cost to this 

project was the small amount of diesel fuel used up in preparing the bed, and the 

similarly modest amount of general fertilizer. Likewise, the labor invested was 

reasonable. One person with a spare hour could broadcast and rake-in the seed. 

Most of the labor involved in maintaining such a strip is weeding. Depending on 

the thoroughness desired, this could amount to quite a large task, as the weeder would 

have to be familiar with every plant in the blend and take care to only pull undesired 

plants.  

If a short-term, low-maintenance flowering strip, such as this one, were all that 

was desired, it would not amount to any more labor than growing any other crop. Since 

weeding would not be necessary for a diverse, one-season strip, it should actually be 

considerably less labor than most crops. Thus, were a suitable short-term mixture 

developed, this could represent a very easy strategy for diversifying floral resources in 

agroecosystems

Preparing the potted test crops was considerably more labor intensive than 

planting the flowering strip. Digging up enough soil to fill 49 2 gallon plastic pots, 

mixing compost into each and every one, and then transplanting, required a several hour 

work shift. Purchasing sufficient potting soil would have made this a little easier, but not 

much. 
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Discussion

Main field project

By March of 2009, it had become clear that the original experiment was not going 

to work as planned. No sampling on the test crop was conducted. There were multiple 

reasons for this failure,  including, 1) failure of the potted test crop to thrive, 2) 

confounding effects from the surrounding vegetation due to an unexpected management 

decision to let most of my study area lie fallow, and 3) unusually successful suppression 

of the lepidopteran populations by the use of organic pesticides. I conclude my discussion 

of these factors by drawing lessons for future student research at Geraldson, and at 

similar agricultural operations. 

 The most visible factor was the failure of the potted experimental brocolli to 

thrive. The transplants came from an extra seed tray left over after the Geraldson crew 

had tranplanted brocolli into their own beds. Those transplants developed normally. Since 

both sets of transplants had been prepared identically, this unexpected disparity probably 

had to do with differing conditions in the field. The most obvious difference was the use 

of pots rather than having the plants in the ground.

 It is possible that somehow the plants suffered more nutrient stress in the pots 

than they would have in the ground. Although the soil was mixed with compost, the 

limited volume in the pots perhaps provided too little fertility, or it was leached out or 

used up too quickly. The use of a more enriched potting mixture is recommended for 

future studies, although this would represent a substantial additional cost. 
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Another possible factor was that the study area had a more irregular watering 

regimen than the rest of the farm. This was due simply to poor coordination. When the 

watering schedules were set or adjusted, the study area was sometimes overlooked. 

Water-logging was not observed, nor did there seem to have been an unusual propensity 

of the potted soil to dry out faster than the surrounding soil. Indeed, my observation is 

that the pots had water retention superior to the adjacent bare soil. I would recommend 

future researchers pay more careful attention to customizing a watering regimen for their 

particular crops. 

 In terms of my experimental design, this lack of plant vigor mainly set back the 

the time-table, and ruled out the possibility of sampling well-developed broccoli heads. 

This would not, in itself, have ruined the experiment. The key problem was that the pest 

populations simply did not develop. 

 At the outset of this study, I was given the impression that the crop rows in my 

study area would be put into production sometime later in the Fall growing season. That 

this did not happen constitutes the second major reason for the lack of success. The 

flowering strip, and my test crops, were not spatially associated with the  relevant 

agroecology of the crop rows. 

The grass/clover stand was very dense, and had a substantial effect on the resident 

biodiversity, as suggested by pitfall data, and personal observation. The clover was in 
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bloom starting in February, and attractive to honeybees, wasps, and ladybird beetles. The 

confounding effect this may have had on my study cannot be overemphasized. Instead of 

being amidst crops and their attendant pest problems, my test plants were in this very 

distinct matrix. The insect dynamics, for instance my observation of ladybird beetles in 

pots and occasional aphid  infestations, were likely local effects arising from the 

surrounding grass/clover matrix; these dynamics probably had nothing to do with the 

flowering strip. If that land had been put into production, there would have been far fewer 

resources for beneficial insects, and the confounding of merely local effects with 

flowering-strip-associated effects would have been less problematic. 

A third important factor impacting my project was a new management plan for 

applying organic pesticides, particularly Bt-insecticides. Bt was sprayed earlier and more 

vigorously than last year, resulting in a drastically more effective suppression of the 

lepidopteran pest populations. It is quite likely that this spraying worked so well as to 

prevent colonization of my test plants by lepidopteran larvae. 

One of the common denominators behind this lack of success in the field is 

effective integration with the farm's management. This integration is absolutely essential 

for the success of agroecological research. A better way to have conducted this 

experiment would have been to more closely associate the test crops, which would ideally 

be crops grown in the rows themselves, with the flowering strip. A better experimental 

layout would involve no substantial intervening vegetative matrix,  and both a sufficient 

concentration of resources and a lack of chemical intervention so that a more significant 
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pest population could develop. One of the paradoxes of conservation biological control is 

that some level of  a pest population is necessary to attract and conserve the natural 

enemies which can regulate it. 

In this experiment, the agricultural management was somewhat ill-balanced with 

the research agenda. I could expect no significant trade-offs for the sake of facilitating my 

research. This can be attributed to the understandable necessity for the farm to prioritize 

their own scarce resources and labor. Nevertheless, this lack of effective coordination 

between me and the farm's management stands out as perhaps the principal short-coming 

in how this project was envisioned and executed. My advice for future research by New 

College students at local farms is to make sure to conduct a project which involves the 

farm management, and any other specialist assistance, in an integral way at every step, 

from beginning to end. When all parties have a vested interest in the success of a project, 

and participate accordingly, success is much more likely.  This may be a lot to ask, but 

the alternative, of attempting to make it happen largely alone and unaided, is perhaps 

impossible. For me, it was an invaluable learning experience, for which I am ultimately 

grateful. All the same, I would wish others more favorable circumstances. 

Vegetation Establishment  

 Although the flowering strip was invaded rather quickly, it nevertheless gave 

decent results in the initial growing season. But by the time the Fall growing season had 

transitioned into the Spring growing season, the strip was significantly compromised. In 

terms of management, my recommendation is to plan such a flowering strip to be a one-
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season feature. The germination experiments imply that many of the species present in 

the Good Bug Blend require the cooler temperatures of the Fall growing season to 

germinate. 

If a more permanent farmscaping feature is desired, I recommend developing a 

customized mixture. In line with the research of the Swiss Federal Research Station for 

Agroecology and Agriculture (see Chapter 4), the ideal formulation would probably be a 

locally-adapted mixture of perennials, biennials, and annuals. This task is, of course, 

much easier said than done. The Swiss funded a multi-year, coordinated research 

program in order to develop their official mixture. Similar funding and support will be 

required if this is to happen in Florida, or anywhere else for that matter. 

The development of an effective, customized flowering strip as a permanent 

landscape feature at a given site represents a significant investment in management.  The 

establishment of the strip requires adequate site preparation. This entails sufficient 

weeding and tillage (to disrupt the weed seed-bank), and the provision of adequate 

compost and fertilizer to ensure fertility. After the species are transplanted or seeded in, 

further management is necessary to ensure sufficient water supply and to manage weed 

invasions. Finally, the strip may require periodic mowing and re-seeding to maintain 

adequate diversity (see Chapter 4). 

With all this in mind, future student research might profitably investigate 

particular candidate plants for inclusion in such a mixture. For instance, a mixture of 2 or 
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3 native asters could be planted, and their effects on beneficial insect populations studied. 

The native asters are already noted resources for butterfly conservation; it is likely that 

the same floral resources attract beneficial natural enemies. However, the successional 

dynamics of a flowering strip mixture require a more lengthy period of study than is 

likely feasible for student research.  

Based on my results, it appears that sweet al.yssum, fennel, chervil, nasturtium 

and the alfalfa were the most successful plants of the original Good Bug Blend. I would 

recommend their inclusion in future flowering strip plantings at Geraldson. They could 

be mixed with other shorter-lived species for a one-season mixture, or could be part of 

the annual component of a more permanent planned feature. 

Insect  Biodiversity 

The biodiversity sampling revealed some interesting insect population dynamics. 

Both hypotheses were supported by the data. It appears that the grass/clover matrix 

supports a high abundance and activity of coccinelids, probably owing to the 

development of aphid populations. The clover-dominated parts of the strip may have 

more wasps than the clover-invaded portions probably because of the greater amount of 

nectar provided by the clover. Additionally, the increased vegetative density may provide 

a more favorable microclimate. 

The main beneficials detected by this study were various forms of wasps, 
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coccinelids, and bees.  No ground beetles were detected, and neither were any of the 

predatory hemiptera. The floral diversification strategy discussed in this thesis seems 

therefore well-justified, as parasitic wasps are well-known to respond favorably to the 

provision of floral resources. Future farmscaping efforts at the farm could be focused on 

the beneficials already present, or could be aimed at attracting wider diversity.

In collaboration with the current crop manager, I have conceptualized a usage for 

the irrigation risers which punctuate the crop beds throughout Geraldson's fields. We 

envision planting many of these strips to native, tussock-forming grasses, which can 

readily be managed by mowing. In addition to solving a very important agronomic 

problem-- the invasion of rhizomatous grass weeds from the risers into adjacent crop 

beds-- this would also constitute the strategy called “beetle banking” (see Chapter 4).

 Although it appears that ground beetles are not particularly abundant at 

Geraldson, this same perennial habitat could at least serve as refugia from tillage and 

cultivation for the lady-bird beetles already relatively abundant. According to Peck et al. 

(2005), there are 341 species of Florida carabid beetles; 278 of these are considered to 

have temperate affinity, and are progressively less abundant towards the southern tip of 

Florida. Around 35 species are endemic and  28 are of tropical affinity. The endemic 

species are concentrated toward the center of the peninsula, possibly reflecting ancient 

distributions on islands.  If this habitat is provided, it could reasonably be expected that 

the diversity and abundance of the carabidae will increase at Geraldson. Alternately, once 

the habitat is established a few carabid species could be introduced to the farm17.

17 Kromp (1999) gives a level-headed review of the value of Carabidae for sustainable agriculture. 
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Conclusion 

This field study had an eclectic character. Despite the lack of performance from 

the main experimental hypothesis, a few useful results were obtained. More importantly, I 

learned several lessons about the true practical complexities of agroecological research. 

My results suggest some  modifications for future attempts at planting flowering strips at 

Geraldson. Additionally, they have helped characterise some of the features of the 

relevant biodiversity at the farm. It was always tacit  that this project would constitute 

only a beginning. It is my hope that, if nothing else, I have succeeded in opening a greater 

sense of the possibilities for conservation biological control and IPM at Geraldson. I am 

as convinced as ever that this type of research is one of the keys to a successful transition 

to more sustainable agriculture, a transition which Florida surely needs, now more than 

ever. 
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{Picture 5. The Geraldson Ground Crew. From L to R: Adam, William, Lee, Emily. Not 

pictured: Lauren, Dave, Becka, and others!} 

103



Appendix 

As discussed in Chapter 4, Corbett (1998) provides a movement model for natural 

enemy response to implementing diversification in agricultural fields. The original intent 

of the model was to explore  why diversification can sometimes result in beneficial 

effects on the natural enemy population in the field (see Chapter 2) and other times be 

detrimental. If an added strip is highly attractive to natural enemies they might be more 

tempted to move into and remain in the strip rather than forage amongst the crops. If this 

happens at a crucial time for the crop, the results can be detrimental. However, added 

strips can also act as overwintering refugia, or otherwise be colonized before crop 

germination. In this case, the strips would be expected to be beneficial overall, as long as 

the built-up natural enemies  disperse into the adjacent crops. 

 Corbett's (1998) model supposes a transect punctuated every 100m by 10m wide 

strips. These strips can act as (1) preferred resources, as (2) overwintering refugia, or (3) 

both. Corbett considers three different types of natural enemies: 1) those that disperse an 

average of 100m^2/day), e.g. a parasitoid, 2) those that disperse an average of 

10m^2/day, e.g. a ladybird beetle, and 3) those that disperse only an average of 1m^2/day, 

e.g. a predatory spider mite. 

The mathematical basis for this model is presented in Corbett and Plant (1993). 

The basic idea is to use the classical continuous diffusion equation in 1D to model 

movement. A response variable, indexing predator density in the crop portion of the 

transect, was created so that data on relative predator abundances could be obtained for 

104



the different assumptions (e.g. whether or not strips support overwintering). The model 

assumes an immobile, immature stage and a mobile adult stage. Finally, the model builds 

in preference for the strips acting as resources by simply varying the spatial diffusion 

coefficient D. A lower diffusion rate in a given interval on x indicates preference for that 

interval. 

The spatial dynamics of a predator population in an agricultural field are modeled 

as: 

∂ i
∂ t

= fn  x , t −mi  x , t −di  x , t                                                1 

∂ n
∂ t

=di  x , t −mn  x , t − sn  x , t ∂ 2

∂ x 2 {D  x n x , t }c            2 

o xW           0 tT

where: x is the distance from field edge in meters, W is the width of agricultural field, t is 

the time in days, T is the length of the simulation, i(x,t) is the density of immature 

predators, n(x,t) is the density of mature predators, D(x) is the spatially varying diffusion 

coefficient, f is the oviposition rate, d is the developmental rate of immatures, m is the 

extrinsic mortality rate, s is the intrinsic mortality rate, and c is the colonization rate. 

The parameter values from Corbett and Plant are reproduced in a table below. They are 

held constant for all simulations. 
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Parameter Definition Value Interpretation
f Oviposition rate 0.5 One egg every 2 d
d Development rate 0.461 10 d to adult
m Extrinsic mortality 0.077 93% daily survival 
s Intrinsic mortality 0.23 20-d adult lifespan
c Colonization 0.02 1 adult/50m every 

d

To specify overwintering or not in strips, two different initial conditions are used: 

1) Natural enemies not present at crop germination

n(x, 0)=0; 

2) Natural enemies present before crop germination 

n(x,0)= 0 (when crop occupies x), 10 (when interplanting occupies x)

The following boundary conditions are fixed for all simulations: 

1) n(0,t)=0;

2)n(W,t)=0. 

The spatial diffusion coefficient D(m2 /day) is evaluated for three different scenarios by 

Corbett and Plant (1993):

1) Dinterplantings = (1)*Dcrops 

2) Dinterplantings=(1/5)*Dcrops          

3)Dinterplantings=(1/10)*Dcrops         (i.e. interplants greatly preferred to crops)

106



The following pages reproduce figures and diagrams from Corbett (1998). These 

are images from the simulation with interplanted strips spaced at 100m. Diagram 1 

provides data on the relative abundance for different scenarios. Diagram 2 demonstrates 

how an increase in fecundity dramatically boosts enhancement of predator population 

abundances. It is easily powerful enough to overcome the adverse sink effect when the 

strips act as preferred resources for the predator populations. Figures 1-3 provide intuitive 

graphic illustrations of the population distributions around the interplanted strips for the 

different scenarios of predator mobility (i.e. low, medium, high), and strip nature (i.e. 

overwintering, resources, overwintering+resources). 

From figures 1-3, the Gaussian distribution from the continuous diffusion equation is 

obvious. 

Diagram 1: Effect of mobility on the abundance of natural enemies on crop vegetation in 
a diverse agroecosystem.  “Relative abundance” is the ratio of natural enemy abundance 
predicted for the diversified system to that predicted for a crop monoculture.  Relative 
abundance is calculated only got crop vegetation more than 20m from interplantings. 
Effect of diversification is shown for three different situations: where the interplanting act 
solely as an overwintering refuge; where they provide additional food resources but no 
overwintering sites and where interplantings provide both.
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Diagram 2: Effect of increase in fecundity (due to resources in interplantings) on the 
abundance of natural enemies on crop vegetation in a diversified agroecosystem. 
Abundance of natural enemies is shown relative to an undiversified system.  

Figure 1: Spatial patterns predicted by model for field with interplanted strips that serve 
solely as an overwintering refuge.  Peak abundance occurs at interplanted strips.  Patterns 
are shown for hypothetical natural enemies of three different mobilities: low mobility 
(1m2/day), moderate mobility (10m2/day), high mobility (100m2/day). 
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Figure 2: Spatial patterns predicted by model for field with interplanted strips that 
provide additional food resources but do not serve as an overwintering refuge.  Peak 
abundance occurs at interplanted strips.  Patterns are shown for hypothetical natural 
enemies of three different mobilities: low mobility (1m2/day), moderate mobility 
(10m2/day), high mobility (100m2/day).

Figure 3: Spatial patterns predicted by model for field with interplanted strips that serve 
as an overwintering refuge and also provide additional food resources.  Peak abundance 
occurs at interplanted strips.  Patterns are shown for hypothetical natural enemies of three 
different mobilities: low mobility (1m2/day), moderate mobility (10m2/day), high 
mobility (100m2/day).
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The results of this model are powerful and suggestive (see Chapter 4 for greater 

discussion). Nevertheless, certain extensions or modifications are possible. For instance, 

with the greater computational power developed in the last 15 years, discrete modeling is 

now more readily accessible. One advantage of discrete modeling is that it is, biologically 

speaking, more intuitive and realistic. Another advantage of this approach is greater 

plasticity in assigning initial conditions. 

The author is presently at work on a computer simulation using discrete, 

iterative population equations obeying discrete diffusion dynamics. The results of this 

work will be reported elsewhere. These efforts will particularly evaluate how various 

initial population configurations and colonization patterns, in interaction with the 

geometry of the strips, affects the qualitative results of the model. In other words, are the 

relative abundance results robust under more sophisticated assumptions? 
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