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I. Introduction 

Integrated pest management (IPM) has been defined and interpreted in various ways, 
usually to suit the specific situation, which has led to confusion and misinterpretation of 
the concept. A generally accepted definition is �...a desirable approach to the selection, 
integration, and use of (pest-control) methods on the basis of their anticipated economic, 
ecological, and sociological consequences� (1, 18, 33). Two recent publications, the spe-
cial issue of Bioscience, Volume 30, No. 10, 1980, on �Integrated Pest Management� and 
the Weed Science Supplement to Volume 30, 1982, on �Integrated Weed Management 
Systems (IWMS)� provide excellent reviews on integrated pest management systems. 
The IPM concept is complex and involves basic research, control methods research, vari-
ous levels of integration, extension (delivery), education and economic analysis. 

The IPM systems concept is relatively new to the Weed Science discipline. In recent 
decades herbicides have been the mainstay of weed control, but development of herbicide 
resistance, registration problems, and environmental concerns have helped spawn a 
greater interest in integrated weed management systems (IWMS). Shaw (33) defined 
IWMS as �...directed agro-ecosystem approach for the management and control of weed 
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...populations at threshold levels that prevent economic damage in current and future 
years.� IWMS includes all methods of control: preventive (such as use of weed-free 
seed), managerial (techniques used to favor growth of crop species and to the detriment 
of weed species, such as optimum plant populations, timely fertilizer applications and 
appropriate crop rotations), physical (such as suitable seedbed preparation and timely cul-
tivation), chemical (effective herbicide application) and biological (use of insects and 
pathogens). The integration of various control methods against one weed or a complex of 
weeds is termed vertical integration. Horizontal integration involves the integration of 
management systems across more than one class of pests. IWMS can be focused on a 
weed, a crop or an agroecosystem with the following objectives: a) to reduce losses 
caused by weeds, costs of control, energy, and labor requirements; b) to reduce tillage 
and soil erosion caused by water and wind; c) to assure an adequate supply of quality 
food, feed, and fiber-safeguarded against poisonous weed seeds and contaminants; d) to 
improve environmental quality and reduce hazards to man; and d) to maximize producer 
profits (33). 

The objective of an integrated management system for leafy spurge would be to man-
age leafy spurge populations below certain economic thresholds by using any or all con-
trol methods available in a sound ecological and sociological manner. This objective can 
only be realized through a comprehensive understanding of the population biology of 
leafy spurge, an awareness of the advantages and limitations of various methods of con-
trol, and the development and implementation of the optimum control strategy or man-
agement system to prevent further spread of this noxious weed and to reduce leafy spurge 
infestations in North America. 

The implementation of an IWMS for leafy spurge requires supportive information on 
the importance of the problem and potential threat, detailed information on the population 
biology of the species, awareness of the strengths and weaknesses of available control 
technology, and the resources to operate the program. 

II. Leafy spurge problem 

Leafy spurge is a major noxious weed in the northern Great Plains of the United 
States and the bordering prairie provinces of Canada. This aggressive perennial weed in-
fests nearly 2 1/2 million acres in North America (22) and although capable of prolific 
seed production, the persistence of leafy spurge is due to the reproductive capacity of the 
numerous vegetative buds on its extensive, well-developed root system (8, 9). The biol-
ogy of leafy spurge has been widely studied and reported (3, 4, 12, 19, 32, see also Chap-
ter 5). The aggressive noxious nature of leafy spurge has been referred to in most 
publications concerning this species. For example, in 1934 Hanson (11) stated, �Many 
fields have become solid patches of leafy spurge...� and �...that other kinds of plants, 
even alfalfa and sweet clover, cannot compete with leafy spurge.� In a review on the bi-
ology of leafy spurge, Best et al. (4) stated �...it is difficult to grow crops in infested ar-
eas� but no further discussion of yield losses attributable to leafy spurge was given. 
Derscheid and Wrage (10) suggested that leafy spurge infestations caused 10 to 100% 
reduction in crop yields, and Baker [as reported by Reilly and Kaufman (26)] observed a 
75% reduction in rangeland carrying capacity due to leafy spurge with 50% yield reduc-



Page 3 of 18 

tion and 25% loss in forage utilization due to presence of leafy spurge. The effect of leafy 
spurge on grass yield is illustrated in Figure 1. It is unfortunate that more comprehensive 
data on yield loss and the combined detrimental effects of leafy spurge are not available. 
Perhaps this deficiency can be explained or accounted for by the lack of resources in 
weed science to provide the necessary data to support the obvious. The seriousness of this 
weed and further justification for directing resources into an IWMS for leafy spurge con-
trol is evident by legislation in Canada and the United States directed toward the reduc-
tion of leafy spurge spread and its control. 

 

 

 

 

Figure 1. Effect of increasing leafy spurge density on grass yield. Redrawn with permission 
from Bowes (unpublished). 

 

Because of the noxious nature of leafy spurge, major effort has been directed toward 
its control. Preventive methods are required to reduce the spread of this weed into habi-
tats prone to invasion, whereas eradication should be the objective for small, localized 
infestations of leafy spurge. However, for the majority of leafy spurge infestations in 
North America, the only practical program objective is control. In any control program it 
is important to define the level of control desired, and with leafy spurge the level of con-
trol, or population threshold to be tolerated, will vary depending on such socioeconomic 
factors of an area as land value, land use, method of control, costs of control, control effi-
cacy and so forth. 

The different control strategies used to combat leafy spurge have their strengths and 
weaknesses. The progress of cultural, chemical and biological control of leafy spurge has 
been described in detail in the previous three chapters. The goal of an IWMS for leafy 
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spurge is to utilize the available control technology to reduce infestations and prevent fur-
ther spread of this weed. This integration of control technology is complex and must be 
supported by an understanding of the population dynamics of the weed. 

III. Population dynamics 

Models are commonly used to illustrate the interacting elements of a biotic system, 
and these models can be relatively simple or complex. A simple or general model illus-
trates the more important elements interacting in the system and does not include all the 
complexities involved. Therefore, a general leafy spurge model should effectively illus-
trate the major factors affecting the size of the leafy spurge population, which include the 
influence of man, interference with associated vegetation, the effect of the abiotic envi-
ronment, and the effect of herbivores (Figure 2). 

 

 

Figure 2. A general leafy spurge population model [adapted from Zwölfer (39)]. 

 

Man has a major impact, both positive and negative, on the spurge system. These in-
fluences range from the initial introduction of leafy spurge into North America and sub-
sequent spread to control with herbicides, cultural practices and introduction of biological 
control agents. Management practices that either increase or decrease the competitiveness 
of associated vegetation influence the spurge population and, conversely, the negative 
influence of the leafy spurge population on crop species, are also illustrated in Figure 2. 
The negative impact of weed-feeding organisms (sheep and phytophagous insects) and 
disease on spurge populations, as well as the positive and negative influences of the 
abiotic component of the environment on the system, are illustrated in this model. Obvi-
ously, the overall goal of a control program would be to maximize the negative influ-
ences on the spurge population, and therefore the success of any control program may 
ultimately depend on an understanding of the mechanisms that regulate the size of the 
weed population. The importance of a comprehensive knowledge of the life cycle and 
population dynamics of a weed species has been stated by many authors (14, 21, 27, 28, 
29, 30). 
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IV. Simulation of leafy spurge populations 

Modeling techniques have had limited application in weed research in North America 
(23, 30), but Bowes and Thomas (6) used a population model as the basis for their discus-
sion of leafy spurge control. Their model was a flow diagram, which represented the rela-
tionships among the various components (seeds, roots and shoots) of a leafy spurge 
population but was not designed to predict the flux of individuals from one component to 
another over time. 

Using demographic data, Mortimer and colleagues from the University of Liverpool 
have described a modeling approach for predicting weed populations and evaluating 
weed control practices (17, 20, 21). A life table is prepared, composed of the various age 
states of the weed population, and then translated into a modified Leslie matrix model 
consisting of a transition matrix and column vectors. When the transition matrix is multi-
plied by the column vector of the number of individuals in each age state at one time pe-
riod, the number of individuals in each age state present in the next time period is given. 
Through repetitive multiplication of successive column vectors by the transition matrix, 
the dynamics of the population can be simulated. The development and use of the Leslie 
matrix model has been described in detail elsewhere (35, 37). 

The model presented here for leafy spurge utilizes the approach of Mortimer et al. 
(21) and McMahon and Mortimer (17). The diagrammatic life table uses the five age 
states (seeds, seedlings, vegetative shoots, flowering shoots and root buds) within the life 
cycle of leafy spurge (Figure 3). The life table also depicts the changes that may occur 
between the different age states. For example, �Ps� represents the proportion of seeds 
that remain as seeds and �a� represents the proportion of seeds that germinate and be-
come seedlings. Similarly �e�, �f� and �g� are fecundity values of the number of seeds and 
root buds produced per shoot. The life table is translated into a matrix model consisting 
of a transition matrix and column vectors (Figure 4). When, this matrix is multiplied by 
the number of individuals in each age state at one time period (1st column vector), the 
result is the number of individuals in each age state at the next time period (2nd column 
vector).  

Despite the many studies on the biology and ecology of leafy spurge, much of the 
demographic data required for the model are incomplete. Values used in the simulation 
were obtained directly from the literature or calculated from data presented in the litera-
ture (3, 4, 5, 6, 7, 12, 19, 31, 32, 34). Simulations were aided by the use of a microcom-
puter with six transition matrices that changed throughout the season, which simulated 
the development of the spurge population throughout the year (Figure 5). The initial age 
state distribution (Figure 6) represents the number of seeds [from Bowes and Thomas (6)] 
and the number of root buds per m2 in the top 30 cm of soil (determined in a local popu-
lation at Ste-Anne-de-Bellevue, Quebec) in the field prior to the commencement of 
growth in the spring. 

Although the model is not very sophisticated and does not include density-dependent 
functions, a feature in the program partly accounts for this limitation. Because of the tre-
mendous reproductive capacity of leafy spurge, populations that have been suppressed 
by herbicide treatment or some other form of control quickly return (often within 1 year) 
to the carrying capacity of the habitat after the control is removed (5,7,32). Values ex-
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ceeding the carrying capacity are not realistic and can quickly be obtained through simu-
lation of the spurge population. Therefore, limits on the maximum number of seeds, seed-
lings, vegetative shoots, flowering shoots and root buds were incorporated into the 
computer program. Values of 300000, 1000, 1000, 500, and 20000 per m2 for seeds, 
seedlings, vegetative shoots, flowering shoots and root buds respectively were used in the 
program. 

 

 

 

Figure 3. Diagrammatic life table of a leafy spurge population, where 

       Ps - proportion of seeds surviving as seeds 

Psl - proportion of seedlings surviving as seedlings 

Psh - proportion of vegetative shoots surviving as vegetative shoots 

Pfl - proportion of flowering shoots surviving as flowering shoots 

Prb - proportion of root buds surviving as root buds 

a - proportion of seeds germinating 

b - proportion of root buds germinating 

c - proportion of seedlings surviving to become vegetative shoots 

d - proportion of vegetative shoots surviving to become flowering shoots 

e - number of seeds produced by each flowering shoot 

f  - number of root buds produced by each flowering shoot 

g - number of root buds produced by each vegetative shoot 
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Figure 4. A matrix model of the life table of leafy spurge, where 

St and St+ 1 - the number of seeds at time t and t + 1. 

SLt and SLt+ 1 - the number of seedlings at time t and t + 1. 

SHt and SHt+ 1 - the number of vegetative shoots at time t and t + 1. 

FLt and FLt+ 1 - the number of flowering shoots at time t and t + 1. 

RBt and RBt+ 1 - the number of root buds at time t and t + 1. 

 
Infestation. To illustrate the use of the model in predicting the spread or population 

growth of leafy spurge, values of 10 seeds/m2, 1 seed/m2, 1 seed/1000m2 and 1 seed/ha 
were used to simulate various levels of seed introduction into a previously uninfested 
area. This was accomplished by placing the appropriate value for the seed age state in the 
initial age state distribution (see Figure 6) with all the remaining age states, including the 
root buds being zero. A similar simulation was performed with root buds as the intro-
duced propagule. 

Results of these simulations (Figures 8 and 9) demonstrate the rapid colonizing ability 
of this noxious, aggressive weed. An initial introduction of 1 seed/m2 theoretically will 
reach the carrying capacity within 6 years, and even when only 1 seed/ha is introduced, 
the leafy spurge infestation will reach the carrying capacity in 10 years (Figure 7). Be-
cause of the greater survival of shoots arising from root buds compared with seedlings, 
the corresponding time to reach the carrying capacity of the habitat is reduced when root 
buds are the introduced propagule (Figure 8). When 1 root bud/m2 is introduced, the re-
sulting spurge population will attain the carrying capacity in 4 years, and when only 1 
root bud/ ha is introduced, the spurge population will reach the carrying capacity in 8 
years (Figure 8). 
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Figure 5. Transition matrices for the simulation of a leafy spurge population. 

 

 

 

Figure 6. Initial age state distribution of leafy spurge representing the numbers present (per 
m2) in the field prior to commencement of growth in the spring. 
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Figure 7. Time required for a simulated leafy spurge infestation to reach the carrying ca-
pacity of the habitat (1500 shoots/m2) when 10 seeds/m2 are introduced (A), 1 seed/m2 is in-
troduced (B), 1 seed/1000 m2 is introduced (C), and 1 seed/ha is introduced (D). 

 

 

 

 

 

 

 

Figure 8. Time required for a simulated leafy spurge infestation to reach the carrying ca-
pacity of the habitat (1500 shoots/m2) when 10 root buds/m2 are introduced (A), 1 root 
bud/m2 is introduced (B), 1 root bud/1000 m2 is introduced (C), and 1 root bud/ha is intro-
duced (D). 
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Control. The consequence of a single management practice or a combination of sev-
eral management practices on the resulting population size of leafy spurge can be mod-
eled by deliberately manipulating the proportions surviving and the fecundity values (see 
Figure 5). Therefore, the effect of various levels of control on the spurge population can 
be predicted by altering aboveground shoot survival, seed production and root bud pro-
duction within the matrices. Seed bank and bud bank survival values could also be ma-
nipulated, but these aspects will not be discussed further here. The resulting effect on the 
leafy spurge population over time can be evaluated by comparing values of the seed 
bank, root bud bank and shoots/m2, or by comparing the calculated λ values. The λ is the 
finite rate of increase of the population in an unrestricted environment when the popula-
tion has reached a stable age-state distribution (17, 35). When the λ >1 the population is 
increasing, λ = 1 the population is stable, and when λ <1 the population is decreasing. 
From a weed management perspective, control programs should be designed with a 
maximum λ value of 1 (containment) or preferably a λ value of <1 (weed population de-
cline). 

Results of the simulation of leafy spurge control are presented graphically in Figures 
9 to 13. In these spurge control simulations annual aboveground shoot control would be 
analogous to a paraquat (1,1�-dimethyl-4,4�-bipyridinium ion) application or hoeing at 
ground level with no effect on root bud survival. 

 

 

Figure 9. Simulation of a leafy spurge population when 100% of seed production is con-
trolled each year. 

 

Seed reduction would be analogous to a predispersal biological control agent destroy-
ing a certain proportion of seeds. Root bud control would be analogous to the death of 
root buds due to the translocation of picloram (4-amino-3,5,6-trichloropicolinic acid) or 
2,4-D [(2,4-dichlorophenoxy)acetic acid] or to a root-boring insect, such as Oberea 
erythrocephala (Schrank), that destroys a certain proportion of the root buds (31). When 
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100% of the seed production is controlled, an established leafy spurge population is unaf-
fected (Figure 9). Similarly, 80% control annually of the aboveground shoots, with addi-
tional reductions of 95% of the seed production and 20% of the root bud production, does 
not result in a reduction of the leafy spurge population (Figure 10). Even when 90% of 
the shoots are controlled each year, the population declines only if the aboveground shoot 
control is complemented with 95% control of seed production and 80% control of root 
bud production (Figure 11). Stable, relatively low infestation levels can be obtained with 
95% control of the aboveground shoots with additional control of seed and root bud pro-
duction (Figure 12). Eradication of leafy spurge theoretically can be obtained with 99% 
control annually of all aboveground shoots (Figure 13). 

 

 

 

Limitations. The data presented and their interpretation must be viewed with some 
caution. Although the values used in the matrices originated from the literature and in the 
most part represent average values, much of the demographic data required for the pre-
cise simulation of leafy spurge populations is lacking. Some of the data used and some of 
the assumptions drawn from the available information may not be entirely accurate and 
therefore the results of the simulation may be biased. The arbitrary values for the carrying 
capacity of 1000 and 1500 shoots/m2 are suggested as maximum values for the model 
even though a value of 2300 seeding shoots/m2 was reported (32), but most infestations 
range from 150 to 500 shoots/m2 (4, 6, 12, 32). Results of simulations would be similar if 
a lower carrying capacity value, such as 500 shoots/m2, was used.  

The model is limited because it does not take into account density functions. Initially, 
seed production and root bud production should exhibit density-dependent variation. 
However, studies with plant populations indicate a very narrow range of variations in 
seed production despite a wide range of plant densities (13, 24). Although the root system 
is generally more sensitive to density than seed production, variation in root bud produc-
tion per unit area is also not likely to be highly variable (13). Average values from the 
literature were used and maximum values or upper limits for the different age states were 

Figure 10. Simulation of a
leafy spurge population
when 80% of the above-
ground shoots are controlled
each year: (●●●●) with no addi-
tional control of seed and
root bud production, and
(◆◆◆¦) with 95% control of
seed production and 20%
control of root bud produc-
tion. 
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incorporated into the program. As a consequence, data presented are realistic and repre-
sentative of leafy spurge populations. Although based on the literature, the upper limits of 
the population age states used in the model were high to ensure that populations were not 
underestimated. The high limit value for root buds of 20000/m2 is likely an overestimate 
and the difference between 20000 and the 3500 value for the initial level (Figure 6) is re-
sponsible for the inflections in Figures 10 and 11. 

 
 

 

 

 

 

Figure 11. Simulation of a
leafy spurge population
when 90% of the above-
ground shoots are controlled
each year: (●●●●) with no addi-
tional control of seed and
root bud production, (◆◆◆◆)
with 10% control of seed
production and 20% control
of root bud production, and
(■■■■) with 95% control of
seed production and 80%
control of root bud produc-
tion. 
Figure 12. Simulation of a
leafy spurge population
when 95% of the above-
ground shoots are controlled
each year: (●●●●) with no addi-
tional control of seed and
root bud production, and
(■■■■) with 90% control of
seed production and 40%
control of root bud produc-
tion. 
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Refinement of the simulations could be accomplished with precise data obtained from 
field studies designed to collect the necessary demographic data for the model. Informa-
tion on the aboveground portions of the spurge populations is relatively well documented, 
but information on the population dynamics of the underground portions of spurge popu-
lations is generally lacking. The lacuna of information on root bud bank is the main limit-
ing factor. For example, picloram provides excellent control of the aboveground shoots 
(5, see Chapter 8), is actively translocated into the root system, and must inhibit the 
growth and (or) kill numerous root buds. However, data on the proportion of root buds 
destroyed are not available. 

The presentation of population models should be accompanied with verification and 
validation of the model (15). The model presented appears to represent the real-life 
spurge system but requires further testing for verification and statistical validation. Per-
haps the presentation of this model will stimulate discussion and field studies necessary 
for the validation process. 

 

 

Figure 13. Simulation of a
leafy spurge population
when 99% of the above-
ground shoots are controlled
each year with no additional
control of seed and root bud
production. 

Figure 14. The density of
leafy spurge following the
application of five rates of
picloram [from Bowes and
Molberg (5) used with per-
mission from Can. J. Plant
Sci.]. 
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V. Leafy spurge management 

The problem with leafy spurge in North America is complex and widespread, and re-
quires the integration of various control strategies since no single method seems likely to 
control leafy spurge over the infested range of this introduced weed. Leafy spurge appar-
ently is not a problem in most of its native range as only small, relatively localized road-
side infestations can be found in eastern Europe. Suggested reasons for the increased 
aggressiveness of introduced weeds include: a) more favorable environmental conditions, 
b) competition from associated vegetation less intense, and c) the absence of natural 
enemies in the new habitat (38). Since the ecologic range of leafy spurge in Eurasia is 
remarkably similar to the ecologic range of leafy spurge in North America and since the 
competition from associated species is often very similar, the increased aggressiveness of 
this introduced weed may be associated with the absence of natural enemies in its new 
habitat. Leafy spurge is attacked by few organisms in North America, but many natural 
enemies (over 100 different insect species and almost the same number of fungi) utilize 
leafy spurge in its native range (see Chapter 8). This type of analysis supports the concept 
of classical biological control, but more thorough investigation and comparisons between 
the habitats and populations in Europe and in North America may provide new insights 
into understanding the aggressiveness of this introduced weed and possibly lead to inno-
vative control strategies. 

All methods of control–preventive, managerial, physical, chemical, biological and, to 
a limited extent, integrated control–have been used against leafy spurge, but the weed 
continues to spread in North America. Although it has been reported that cultivation can 
result in increase of spurge populations by 100% on tillable land (32), cropping plus 
timely herbicide applications provide effective control of leafy spurge (see Chapter 7). 
However, most infestations of leafy spurge are on nontilled land unsuitable for extensive 
cultivation. 

Chemical herbicides, particularly picloram, provide excellent control of leafy spurge 
in pasture, rangeland and noncrop areas. However, retreatment after 3 to 5 years is re-
quired to maintain spurge control (Figure 14). Extensive herbicide applications are lim-
ited further by high costs, dieback of desirable forbs and tree species and possible 
contamination of water supplies. In fact, herbicide treatment may be more expensive than 
the land values (see Chapter 1). 

The potential of natural enemies for the control of spurge populations is illustrated by 
the effect of continuous sheep grazing (Figure 15). The use of sheep, a herbivore man-
agement type of biological control, is also limited by the extent of the infestation and by 
the cost of fencing required for controlled grazing. Substantial progress in classical bio-
logical control has been made, but progress is hampered by the taxonomic complexity of 
North American spurge (see Chapter 8). Since it is assumed that at least four biotic agents 
are required for successful biological control of a weed species, and if there are six or 
more different taxa of leafy spurge in North America, significantly more research effort is 
required to collect and evaluate candidate agents in Europe. The use of native fungi as 
biological herbicides is also a possibility (16). Although these biological herbicides 
would be relatively host specific, their use would be limited by similar constraints that 
limit chemical herbicides. 
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agents that affect seed production should not be prime candidates for biological control 
research. It must be remembered that the development of biological control will take 
time, with 20 or more years required even if the program is successful. Although limited 
in area of application, intensive management of sheep could provide effective spurge 
control in some situations and should be considered where applicable. 

The control components of the leafy spurge system discussed above must be accom-
panied by increased public awareness of the problem, improved legislation to assist in 
preventing further spread, and increased involvement of government agencies, with major 
emphasis on control and eradication of spurge on public right-of-ways. Substantial in-
formation has been accumulated on the biology and control of leafy spurge, but further 
research is required in such areas as repeated applications of lower rates of herbicides, 
biological control, spurge taxonomy and root bud dynamics. The leafy spurge problem is 
a formidable, expanding challenge that requires an intensified effort of all concerned to 
develop and implement an integrated system that ultimately will result in the control of 
this aggressive weed. 
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