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Propositions

1 am very fitle inclined on any occasion to say anything
unless I hope to produce some good by it. —Abrabam Lincoln

The diversity of crops is not the only explanation for the effects of crop rotations
on weed populations. Different sequences of the same set of crops can result in
different weed population growth rates and patterns of sensitivity to changes in
underlying biological processes.

(This thesis.)

Otganic farmers who aim to reduce weed population densities in the long term by
minimising weed seed production requite less labour for hand weed control.
(This thesis.)

Policies aimed at increasing on-farm plant species diversity, including weed

diversity, will lead to increases in weed densities, and costs of weed control.
(This thesis.)

Even though a wide crop row-spacing combined with mechanical hoeing in cereal
crops will result in lower weed densites, weed seed production will be the same as
or higher than in a narrowly spaced cereal crop where weed mortality due to
mechanical weed control is lower.

(This thesis.)

More effective weed management strategies can be developed if increased
attention is given to the perspective and role of individual weed plants in the
population.
{This thesis.)




10.

A mathematical model [of a biological population] is neither a hypothesis nor a
theory, Unlike scientific hypotheses, a model is not verifiable ditectly by an
expetiment. For all models are both true and false... The validation of a model is
not that it is “true” bur that it generates good testable hypotheses relevant to
important problems.

Levins, R. 1966. The strategy of model building in population biclogy. American Scientist 54:421-31.

Though the general public may consider demography to be a dry science, it is the
life-blood of long-term policy development and so gives bounds to our
uncertainty of the future.

The Global Environment Facility, in being answerable for global benefits, must
ensure its projects have local benefits. Only then will a sense of collective
responsibility for the environment be created and sustained global benefits be
achieved.

Mettens, S.K. 1994. Towards accountability in the restructured Global Environment Facility. Review
of Enrgpean Community and International Environmental Law 3:105-110.

Nothing is truer than Pasteur’s famous staternent that only ‘the prepared mind’
makes discoveries. But little thought has been given up to now to the process by
which the mind is prepared.

Mayr, E. 1982. The Growth of Biviogical Thought. Diversity, Bvolution, and Inberitance. Belknap Press.
Cambtidge. USA.

... how difficult it is for one to become a Human Being where one is not born a
Citizen.

From the dedication of George Anastaplo to his parenis, as Immigrants from Greece, in his book
Huntan Being and Citigen. Essays on Virtue, Freedom and the Common Good, (1975) Swallow Press. Chicago.
USA.

Shana K. Mertens
On Weed Competition and Populadon Dynamics
Wageningen University, 14 October 20062




Abstract

Experiments, monitoring studies and modelling of weed population
dynamics were carried out to investgate potential methods for reducing weed
populations in farming systems where hetbicides are not applied (organic farming). Six
yeats of moniroring weed populations on five otganic farms showed that farmers who
took a long-term approach to weed management had lower weed populations. Farms
with low weed densides also had a lower diversity of weed species. An expetiment was
cartied out to investigate whether using the combination of a wide row spacing and
aggressive weed control (mechanical hoeing) ot a narrow tow spacing and less
aggressive weed control (hatrowing) would decrease weed populations more, Using
weed seed production as the ctiterion for compating the row spacing/weed control
combinatons, it was concluded that a natrow row spacing with less aggressive control
tesulted in fewer weed seeds being produced. Because the experiment involved
marking individual plants of the species Podysonum convolvulus, Polygonum persicaria, and
Stellaria media, it was possible to investigate how individual plant biomass and survival
are related to descriptors of the local environment. In this case the descriptors were
distance to the nearest crop plant and the local row width. For all three species it was
shown that the same form of predictor gave the best fit and included distance to the
nearest crop plant and the crop row spacing where the plant is located. Survival in the
wide spacing could be predicted using the distance to the nearest crop row, while in
the other row spacings all plants had an equal chance of survival. Predictors of
individual plant biomass and survival can be used in modelling the spatial dynamics of
weed populations. Finally the effect of crop sequence on weed populagon dynamics
was Investigated. Using a petiodic matrix model, it was shown that the order of crops
in a crop rotation will affect the weed population growth rate and its sensitivity to
changes in underlying parameter values. It is stressed that research on weed ecology
and non-herbicide management would benefit from long-term experiments and
monitoting studies and a closer integration of modelling of weed population dynamics
and long-term data.



Preface

Having attended my fathet’s lectutes on human populadon growth and
wotked by my mother in the garden, it was unexpected, though perhaps inevitable,
that I should end up studying aspects of weed demography and ecology. The last four
years have been the start of setting out my ideas in the terrain of plant ecology and
this thesis represents a distillation of those ideas. Setting out one’s own ideas, forming
them into answerable and relevant questions, and finding the means —intellectual and
practical- of answering them is often arduous, lonely, and to a certain extent selfish,
Along the way, I have been fortunate to have had much company from people who
have helped to lighten the load through direct contributions in this process of
distilladon, through padence and support during the hard times, and through sharing
of the joyful moments.

My adopted supervisors, Hans Heesterbeck and Frank van den Bosch
showed me how I could find answers to my questions on weed populadon dynamics
and have given me the confidence and necessary feedback to work through the other
ideas. Discussions with Jacco Wallinga at all stages of this work have been
instrumental in clatifying my ideas and in finding methods for answering the
questions. Leo Vleeshouwers and Jacob Weiner have provided instructive comments
on several of my manuscripts, and Hans de Kroon pointed out a critical reference. In
analysing the data of my expetiments, 1 have benefited from discussions, corrections,
and over-the-shoulder lessons from Wies Akkermans, Hans Jansen, Remy van de
Ven, and Jacques Withagen, There would have been no data to analyse were it not for
the logistical assistance and hours of back-breaking and tedious labour from a number
of people, including Andries Siepel, Marco Siepel, Henk Pepping, Henk de Rein, Piet
de Man, Adrie Kooijman, Herman Peeters, Netde van Dijk, Roel Groeneveld, Wim
van der Slikke, Henk van Roekel, Elisabeth Qosterhuts, Evert Walraven, and John van
der Lippe. In my pursuit of understanding weed populadons on farms, Sjaak Twisk,
Henk Leenstra, Sialto Eskes, Henk Oostethuis, and Digny van den Dries, have let me
walk through theit crops and shared their knowledge and philosophy of weed
management and farming with me.

Athina Amanatddou, Eric Esveld, Andreas Karatzas, Sophie Margulien,
Vasiliki Palli, Hector Planella, Maria Vasquez-Perez, Bjorn Ditks, Jacco Wallinga, and
others, all puests at the 2000 Greek Easter Parry, took tme from eating, drinking and
dancing to help with labelling srakes. Corrie and Lieuwe Wallinga provided me with



company and shelter during my stays in the NoordOostPolder, lightening the days of
heavy fieldwork. I am grateful to Martin Kropff for initiating the project and allowing
me the freedom to follow my own ideas and to the programme leaders Remmie Booij,
Bert Lotz, and Jaap Schrider for making space in their budgets. Marijn de Visser
saved me much time with her excellent translation fot the Dutch summary.

Completing a PhD thesis often depends on a critical discussion, a quick
introduction to a new method, the cutting of bureaucratc snatls, or small acts of
kindness, all of which help to temove obstacles from the path, or provide a step over
them. Lammert Bastiaans, Daniel Baumann, Gijs-Bertje Berkhout, Astrid Bon, Ton
Claassen, Dirk Creybolder, Jacques Davies, Ries de Visset, Tom Dueck, Els Geurts,
Eltje Groendijk, Anton Haverkort, Lia Hemerik, Bert Jansen, Corné Kempenaar,
Peter Leffelaar, Carin Lombaers-van der Plas, Ellis Meekes, Frank Nieuwenhuijsen,
Elma Schoenmaker, Mira Teofanovic, Matcel van Oijen, Wolter van de Zweerde,
Linda van Duijn, Wopke van de Wetf, Gon van Laar, and Ronald Visser, perhaps
without their realising, have made a difference when it was needed.

My family and friends all require a much more personal thanks than I can
give here. Suffice it to say that they have been an indispensable support, even in the

face of neglect on my part, and I only hope their patience does not run out before my
thanks atrive,
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CHAPTER 1

Introduction and Overview

MOTIVATION FOR THE STUDY

In his painting, ‘Weeding flax in Flanders’, Emile Claus has succeeded in
depicting the drudgery of weeding by hand. Recently, the possibility of observing such
labour again in Western Europe has increased with the increasing favour of farming
methods which do not use synthetic pesdcides. The forces acting to reduce synthetic
pesticide inputs range from concerns on impacts of runoff on the environment, and
health and safety concerns, to fears concerning the power of multinational chemical
corporations and to more undefined spiritual reasons that farming without synthetic
inputs is somehow morally better. In Europe the societal demand and perception of a
need for less intensive farming methods {coupled with the need for reform the
agricultural sector in general) has lead to vatous national and EU wide policies to
increase the proportion of land that is farmed without synthetic inputs (Lucas and Pau
Vall 1999, LNV 2000).

A question of major importance, in the face of imposed and voluntary
reductions in pesticide use, is how to manage non-crop plants growing in a field with a
crop — in other words, how to manage weeds. Such questions are of particular
importance for farmers who choose to eschew any use of pesticides and ardficial
fertilisers, and instead use what are called organic farming methods, or for farmers
who do not have any choice but to use hand, animal or mechanical methods of weed
control. While weeds can have beneficial uses (Vieyra-Odilon and Vibtans 2001), they
can also reduce crop yield and the quality of the harvested product, e.g., due to
poisonous seeds. Organic farmers rely mainly on mechanical and hand control, as well
as using ecological knowledge to manipulate the agroecosystem so that weed
populations are reduced. For example organic farmers may have a mote diverse crop
rotation and use wide variety of implements such as hoes, harrows, fingerweeders, and
flame weeders (Lampkin 1990, Mohler 2001).
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Hand-weeding and mechanical control (in the broad sense), however, carry
their owp costs and risks. While mechanical weed control is more efficient than hand-
weeding, its effectveness depends on the weather, it can damage the crop, cause
erosion or damage soil structure, of just may not be possible, such as on steep slopes,
Flame weeding, whereby weeds are burned prior to crop emergence requites heavy
use of fossil fuels. With regard to hand weeding, finding sufficient labour for hand
weed conttol is more and more difficult, notwithstanding the growth in the world
population. In Europe and North America enough more attractive jobs than weeding
exist, while in many parts of Africa, for example, migradon to urban areas and the
HIV/AIDS epidemic is severely reducing the able-bodied populaton in rural areas
(FAO 1995, Mwenya 2000).

As with herbicides, mechanical and hand weed-control both rely on the fact
that gesminating or emerged weed plants are killed. Weed plants, like any other
organism, do not exist independently of their environment, whether biotic or abiotic.
Therefore knowledge of an organism’s interactions with its environment, iLe. its
ecology, and the resulting effects on life-cycle processes such as reproduction, survival
and dispersal, can give insights which lead to other means of management and thus
lessen the efforts needed for killing plants. Many examples already exist of how
knowledge of plant ecology has contributed to weed management. For example, ir has
long been known that weed plants have windows of germination and emergence
(Roberts and Neilson 1980). The sowing date of some crops can be delayed so that
seedlings of eatly germinating weed species can be removed through regular
cultivation prior to sowing, Another example is use of the knowledge that when
individual plants ate crowded by other plants, they do not grow as large and produce
fewer seeds. By adjusting crop row spacing or planting another species (e.g,, clover)
around the crop, weed seed producdon may be lowered and crop yield increased
(Teasdale 1998). If it is known how weed seeds are dispersed, then implements (e.g.,
harvesters, hoes) can be designed to prevent the seeds from being returned to the soil.
Corncockle {Agrostemma githage), for example, has disappeared from the European
weed flota due to improved crop seed-cleaning techniques, which prevented the weed
sceds from being sown again with the crop (Salisbuty 1961},

While much has been achieved in weed management through formal and
informal knowledge of plant ecology, there is still much to learn, both about the
ecology of specific weed species, and about more general principles of how weeds
interact with their environment and farmer decisions. On the one hand, detailed
knowledge about the ecology of specific weed species may be mote likely to lead to
direct applications, but is very tme consuming to acquire, patticularly when one
begins to consider the variation that exists within a species. General principles, on the
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other hand, may be less likely to lead to direct application. The insight they provide,
however, can open previously un-thought of avenues for exploration.

OBJECTIVES

Two impottant research strands in weed ecology are weed-crop competition
and weed population dynamics. The former deals with how crowding of weed plants
by the crop plant affects weed growth and reproducton, and also reduces negatve
effects on crop vield. The latter strand is concemed with how the number of weeds
changes over time and the factors that influence the changes. A basic measure in
examining population dynamics is the population growth rate, i.e., the magnitude of
the weed population change (as a fraction or multiple) of the population that was
present a year ago. Competition and population dynamics are joined by the fact that
competition can affect the weed populaton growth rate and also the qualitative
pattern of the population dynamics, for example whether or not the population shows
cyclic behaviour in time. Aspects that have not received sufficienrt attention within
weed ecology are the roles of weed control and farmer strategies regarding crop and
weed management. The choices that a farmer makes will affect weed populaton
dynamics, and he ot she may also use weed-crop competition deliberately.

Through following and Linking these two strands, this thesis seeks to expand
the set of weed management options available to practigoners, the set of concepts and
methods used by weed ecologists, and to raise questions that should be answered by
policymakers. Not every chapter addresses each of these aspects equally — one chapter
may address more practcal questions, while another is mote theotetical in nature,
Furthermore, while the immediate motivation for this thesis ate the problems faced by
Dutch organic farmers, it is hoped that at least parts of this work will be of use to
farmers and weed scientists in general, and indeed for managets and researchers
concerned with invasive or endangered plant species.

Competition, population dynamics and weed control are broad topics and
must necessatily be focused. The three specific objectives of this thesis are therefore
to increase understanding of weed populatdon dynamics in crop rotations, particulatly
with regard to the effect of crop order, to investigate how weed populatons may be
influenced by competition from the crop and the trade-offs that may occur due to
constraints of weed control, and lastly to study factors affecting weed populadons on
otganic farms.
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CONTEXT AND APPROCACHES: AN OVERVIEW OF THIS THESIS

Within each of the objectives of this thesis exist 2 multitude of questions and
approaches to answering them. Below is an overview of the questions that are posed
in Chapters 2 through 5, the context from which they arose, the methods used to
answer them, and the resulting conclusions and extensions. In Chaprer 6, based on the
experience gained in carrying out the studies presented in Chapters 2 to 5, broad
perspectives for future research in weed ecology are offered.

The questions treated in Chaprers 2 o 5 range from the applied to the
theotetical, and consequently the methods range from observational and experimental
to the mathematical. And, while the questons may differ substantially, a unifying
theme behind them is that a long-term perspective to weed management is imperative.
This is because, unlike many crop pests and diseases, weed seeds can rernain viable in
the soil for substandal amounts of dme and therefore seeds produced one year will
contribute to future weed populations. One can only make a fait evaluation of weed
management strategies by considering the longet-term effects, at the minimum
considering what are the consequences for the following growing season, Taking a
long-term perspective, however, does not mean that the weed populaton dynamics
are observed or modelled in every chapter. For example in Chapter 3, the goal of the
experiment was to tninimise weed seed production, but the moudvation for the
experiment was to teduce weed populations in the long term.

Discovering the problem

In order to be able to start to find strategies and methods for managing
weeds on organic farms, it is important first to know what the problem is, whether a
problem exists at all, and what are the possible causes of the problem. At least an
initial, if only partial understanding, can be achieved by surveying and monitoring
weed populadons on otganic farms, using statistical analysis to invesugate whether
there is any relationship between the weed population, and various controllable or
uncontrollable factors, and lastly by discussing with farmers what their approach to
management is. Such is the prdmary aim of the study presented in Chapter 2. Weeds
were monitored on five organic farms for a total of six years (1995, and 1997 to 2001),
in every field and the farmers recorded informatdon on weed and crop management.

The analysis presented in Chapter 2 focuses on the factors governing
vasiability in weed diversity and abundance. It was very clear that weed densities were
consistently low on certain farms and consistently high on other farms. Farms with
many hours of hand-weeding were also the farms with higher weed densities. It
appears that the farmers with low weed densides and few houts of hand weeding
deliberately rake a long-term approach to weed conrrol, for example by removing
flowering individuals of cerrain weed species from grain fields. Farms wirth high weed
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densities also had a higher species richness than farms with low weed densities. The
apparent trade-off between weed density and diversity raises important questions for
policymakers, if they believe that one of the aims of organic farming is to increase
biodiversity.

Crop planting patterns to minimise weed seed production

On fatm monitoring of weed populations often leads to new quesdons
concerning weed ecology and the interacdon with management. During the 1997
survey, two questions arose. The first question was whether it was better to use a
wider or narrow row spacing in cereal crops if the criterion for evaluvation was the
number of seeds produced per seedling at the start of the season. The second
question was whether the order of crops in a crop rotation could affect weed
population dynamics.

The context for the first question 1s the method of weed control in spring
ceteals (wheat, batley, oats), used by many organic farmers, including all but one
farmer in the weed monitoring study. Typically a wide row spacing (22-30 cm) is used
in order to be able to use a mechanical hoe, which is considered to control weed
plants in cereal crops better than othet implements. However, because of the wider
row spacing it is likely that weed plants will grow larger and produce more seeds than
in a narrower row spacing. In a narrow row space, though, more weed plants might
survive weed control. Chapter 3 contains the results of an experiment designed to
address these questions. By combining data on weed seed production and survival it
was possible to calculate seed production per seedling, which is a common currency
tor comparing the effects of the different treatments. Three weed species were
studied: ladysthumb (Podgonarm persicaria), wild buckwheat (Polygonum convoloulus), and
common chickweed (S7e/faria medid). The results showed that, taking into account
differences in mortality, seed production was lowest in the more narrowly spaced
ctop, Weed mortality in the wide tow spacing would have to increase in order to reach
the levels of seed production found in the narrowest row spacing, Tt seems, therefore,
that organic farmers would be better off vsing a nartow row spacing and less intensive
weed control measures. On-farm wals on a wider variety of soils, with other weed
species, and higher crop sowing densites would be useful for investigating the wider
validity and applicability of the results and for convincing farmers.

The row spacing experiment was unique in comparison to most other studies
on weed-crop competidon. First the emphasis was on weed seed production rather
than on plant densities as the critera for evaluatng different treatments. Secondly, the
expetiment focused on survival and reproductdon of individual weed plants. Most
weed-ctop competition studies have focused on plant density and when weed mass
has been measured, it has usually been on a unit area basis, rather than on an
individual basis. An important disadvantage of making measurements on 2 unit area
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basis is that knowledge of the variability berween individuals is lost. As it is individuals
that interact with the local environment (biotic and abiotic), an understanding of the
vatiability between individuals is crucial for evaluation and developing weed
management strategics cf. (Harper 1964).

Predicting individual weed mass and survival

In the row spacing experiment presented in Chapter 3, the individual as the
unit of reference arose narurally from the ctitetion that weed seeds should not replace
themselves. While such a perspective necessarily resulted in a laborious experiment,
one of the advantages was that it was possible to investigate whether there was a
relationship between the local environment of a weed plant, its mass (a measure of
potential reproductive output) and chance of survival. By understanding which weed
plants contribute most to future generations and how their performance is related to
their local environment, it may be possible, for example, to find optimal combinadons
of crop row spacing and mechanical control or to answer such questons as whether
different crop planting patterns lead to different weed spatal patterns.

Descriptors of the local environment include the local density of crop plants
around a target weed plant, its distance to the nearest crop plant, or direct measutes of
resource availability. In the row spacing experiment desctibed in Chapter 3,
measutements were made of the distance between each weed plant and the nearest
crop plant. In Chapter 4, these descrptors of the local environment wete used to
form statistical predictors of individual weed plant mass and survival, such as those
found by Weiner (1982) and Silander and Pacala (1985). Using logistic regression, it
was found that individual weed mortality increased with increasing distance from the
crop row only in the widest row spacing trearments, where hoeing could be carred
out.

With regard to plant mass, the same form of the predictor (of 32 tested
predictors) gave the best fit for all rthree species studied, even though the growth
habits of each species were different. The predictor had a linear form (in the
parameters), with the distance measures squared, w = &y +##2+ ht?, where w is the
predicted mass of a plant, # is its distance to the neatest crop plant, ¢ is the crop row
spacing where the plant is located, and the 5 are parameters esdmated from the data.
While this linear form is applicable only for a limited range of distances, because
plants will not grow to an infinite size as distance increases, it is not likely that the
distances in a cereal crop will be much larger than those measured in the experiment.
Furthermore, this model is intuitively satisfying because one might expect that the
amount of resources available (particularly light) would be related to the area available,
Le., distance squared.
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Crop rotations and weed population dynamics

In Chapter 5, the second question raised by studying on-farm weed
populations is addressed, namely does the order of crops in a rotation affect weed
population dynamics. It is known that crop totations with a higher diversity of crops
tend to have less weed problems (Leighty 1938, Fream and Robinson 1949).
Furthermore the farms in the survey were required w follow a crop rotation that
alternated mown crops (cereals, legumes) with lifted crops (potatoes, onion, carrots),
A natural question is whether such a rotation is necessarily the best one, consideting
that seeds produced during the years of a mowed crop may lead to an increase in the
houts of hand weeding needed during the following year of lifted crops. Experimental
studies of the effects of crop rotations on weed populations have tended to focus on
comparing monocultures with a crop rotation and possibly the interaction with
different tillage methods (Kegode et al. 1999, Blackshaw et al. 2001). Frequently the
analysis in such studies has focused on determining which treatment had the largest
effect at the end of the last crop in the rotation cycle, rather than on whether the weed
population has increased or decteased over a complete rotation cycle. In comparing
different rotadons it is possible that the weed population size will be much larger in
one crop than in another crop.

One apptoach towatds answeting the question of whether the order of crops
matters for weed populadon dynamics is to use a mathematical model of how a weed
population changes over time in a crop totation. A mathematical model necessarily
involves many simplifications. However, because the assumpdons and structure of the
model are known, with enough effort it is possible to explain the tesults fully. This
does not imply that the results will reflect reality, but the insights gained can lead to
new ideas for management and to mote focused experiments.

Using a model of weed seedbank population dynamics, we showed that the
order of crops in a rotation affects the weed population growth rate and its sensitivity
to changes in undetlying parameter values. In this perodic matnx model, the seed
population was structured by depth in the soil, ie., seeds at different depths could
differ in their ability to germinate, reproduce or sutvive, A vatiety of rotations were
examined, all based on two crops, one in which the population declined and the other
in which it increased. By examining the reproductive value and stable depth
distribution of seeds in the different rotations, it was possible to explain how the
differences in growth rates and elasticities (proportional sensitivities) arose.

Some of the implications for weed management are that it is important (o
consider crop order when designing a crop roraton and when making changes to
weed management strategies within a crop. The long-term impact on the population
growth rate of a proportional change in weed survival, for example, may depend on
both the crop in which this change s made and the position that a given crop holds in
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the cycle. It is also likely that weed population size and short-term dynamics will be
affected by the interactuon of inidal condigons (the distribution of seeds over the soil)
and the crop with which a new rotaton is started. Such effects will be investgated
both theoretically and experimentally in an upcoming project.

While periodic matrix models have been applied to organisms in natural
ecosystems (Gotelli 1991, Hoffmann 1999}, thete has been litte systemartic examinaton
of the effects of different orders of events {fire, flooding, grazing) on populaton
growth rates or possibilides for management, rather the focus has been on randomly
recurring events. As the results from this analysis show, it would be useful for
researchers and managers of other ecosystems to consider effects of event order and
how differences in population growth rates arise.



CHAPTER 2

Variability in Weed Species Diversity and
Abundance: Results from Monitoring

Annual Broadleaf Weeds on Five
Organic Farms

ABSTRACT

Knowledge of the variability of weed diversity and abundance on farms and the relation with
management practices is critical for identifying potential weed problems, evaluating the effectiveness
of current management strategies, discovering new strategies developed by farmers, and for
clarifying decisions that must be taken by policymakers. Addressing these issues is pardcularly
important in otganic farming systems, due to the high costs of hand weed control and loss of yield
due to weeds. Regular monitoring of weeds on the same group farms, which are on the same soil
type and using a similar rotation, allows investigation of the effects of year and also of weed
population changes over time. For the years 1995, and 1997 through 2001, weed populations were
monitored ar the end of the season on evety field on five organic farms in the Netherlands and weed
management information was collected from the farmers. There were differences between farms in
weed species diversity and abundance, and in the amount of mechanical and hand weed control
applied. Stellaria media was by far the most dominant species, with a relative abundance close (o one
and median densides of about 10 plants m2. Farms with low weed species diversity had low densities
and few hours of hand-weeding. The factors farm, crop, and hand and mechanical weed control
explained variation in weed densities. Cereal and potato crops had the highest densities, while grass-
clover, onion, and catrot crops had the lowest densities. Weed densides declined with increasing
aumber of mechanical control operations. Weed densites and hours of hand weed conuol were
positively correlated, reflecting densities ar the start of the season. This study raises questions
concerning trade-offs between low weed densites and increased species richness, and concerning
the strategies farmers use fot weed management.

Adapted from: Mertens, S. K. Variability in weed species diversity and abundance, and growth rates:
results from six yeats of monitoting annual broadleaf weeds on five organic farms. In preparation,



in Chapter 2

INTRODUCTION

When a population 1s in need of management, whether because it is on the
edge of exdnction due to human causes or because it interferes with the functioning
of another ecosystem, then it is critical to undetstand the underlying causes of natural
fluctuations in the population size, the interactions with exogenous interference and
the consequences for management. Examples of the former are fisheries on the verge
of collapse (Myers et al. 1997), while examples of the latter are invasive exotic plants
(Zavaleta et al. 2001) or, according to most farmers, weeds in an agro-ecosystem.
Variability at the community or individual level can also be of importance. For
example, do management strategies increase species diversity or change the species
composition? Or, are individuals of a certain genotype selected by repeated
application of a certain management tactic? Management itself can be a cause of
vatiability of populations and depending on its effect, different adjusuments o future
management may be necessary.

Non-crop plants, i.e. weeds, growing in competidon with crop plants are an
example of a group of organisms in need of management. While weeds can play a
beneficial role (Datta and Banerjee 1979, Vieyra-Odilon and Vibrans 2001), too
many of them at the wrong dme or place will cause unacceptable loss of yield (Parker
and Fryer 1975, Bridges and Anderson 1992}, while controlling them creates other
costs (Akobundo 1990, Chandier 1991). It is therefore crucial to determine how
variable weed populations are, what the sources of varability are, and whether it is
possible to manipulate the factors determining variability. In considering weeds in
agro-ecosysteins, one may be interested in vadability in species compositon and
diversity, in population abundances of a species ot a group of species, or one may be
interested in genetc or phenotypic varability. Because farmers are a populadon in
themselves, varability in weed management strategies and the interaction with weed
diversity and abundance is also of interest.

Depending on the comparisons one chooses to make, one will always find
differences. For example if one compares a desert and coral reef, one will surely find
variation in species diversity and abundance. Likewise, if one compares the diversity
and abundance of weeds on farms where hetbicides are being used, with those on
farms where herbicides are not being used, the species diversity, composition and
abundances are also likely to differ and the reasons may be rather clear and easily
testable in an experiment. A rather mote intetesting question is how variable weed
communities and population abundances are over tme on a set of farms, which are
on similar soil types and using similat approaches to crop production.
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Understanding variability in weed species diversity and abundance over dime
and between farms is particularly important with regard to farming systems where
synthetic pesticides ate not used, i.e, ‘organic’ farming systems. At a polidcal level, a
government may want to promote otganic farming with the aim of increasing species
diversity. At an economic level, organic farmers may be faced with high costs of hand
weed control. Relevant questions are: Do otganic farms have higher levels of plant
species diversity? Do trade-offs exist between species diversity and abundance? Do all
organic farms have the same levels of weed abundances? Are populations increasing
ot decreasing? Is there a relationship between management strategies and population
densides and growth rates?

Surveys and regular monitoring of weed conununities and populations can
provide answers to these questons. While elucidating causes and effects is more
difficult than in an experimental setting, on-farm studies can lead to new insights
concerning factors of importance as well as lend or remove support for existing
theories on factors governing weed populations (Derksen 1996). Importanty, more
information on the range of variability in weed abundance and diversity is available.

Most investigations of on-farm weed populations have rtaken the form of
sutveys whose aims were either to identify problematic or potentially problematic
species (Froud-Williams and Chancellor 1982, Lemetle et al. 2001) or to investigate
effects of management ot environmental vatiables on the weed community (Saavedra
et al. 1990, Andreasen and Streibig 1991). Occasionally a sutvey may be repeated in
order to discern broad trends in weed populatdons, such as shifts in species
composition (Thomas 1991, McWhorter 1993, van Acker et al. 2000). Typically
each edidon of the survey uses a different set of fields, so that changes in weed
populatons at the field level are not discernible, Thete is an implicit assumption that a
region has an “average” management strategy and that the farmers change their
strategies in a similar way over time.

There are very few examples of monitoring of on-farm weed populations on
the same fields over tme. An exception is a study by Davies and colleagues (1997),
where the populations of weed seedbanks and plant densities were monitored twice
during the conversion period of two organic farms. The closest comparable studies
have been experiments to compare vatious aspects of different types of farming
systems. In these studies (Dessaint et al. 1992, Marshall and Arnold 1994, Mayor
and Dessaint 1998, Squire et al. 2000), an effort has been made to keep methods
similar to on-farm practces for each type of farming system and weed seedbank or
plant densities wete monitoted regularly during the course of the experiment.
However, as the aim of these studies was to compate different farming systemns, very
little information was available on the wvamability in weed populatons and
communities within a farming system.
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In 1995, a survey was carried out on organic farms in the Netherands in
order to idendfy which weed species wete the most problematic (.e., contributing
most to the time spent hand-weeding) and whether there was any relationship with
the management strategies being used (Schotveld and Kloen 1996). In 1997, the
survey was repeated for the annual broadleaf populadon in the same fields in order to
determine whether the populations differed between yeatrs. In order to determine
whether weed populations wete increasing or decreasing and to have more data to
investigate the effects of management, the survey was continued until 2001. The
purpose of this chapter is to describe the broad differences between farms in weed
diversity, abundance and management practices, and to investigate the factors
contributing to vatiability in weed abundances. Future analysis of the data will
consider the effects on growth rates of the weed populations,

METHODS AND MATERIALS

Background to the project

Monitoting of weed populadons on the farms began in 1995 with monthly
observations of populations of blooming and seed-setting weeds on each of the farms
{Schotveld and Kloen 1996). In 1997 the monthly observations were repeated,
however the density of vegetatve as well as blooming and seed-setting plants were
monitored (Mertens 1998). In 1998 a decision was made to continue monitoting the
weed populations, but to limit observations to August only.

The five farms in the weed monitoring project formed part of a larger project
on developing ‘prototype’ or model methods for organic farming (Vereijken et al.
1994) and in which a multitade of aspects of the farming system were monitored. The
farms were selected for inclusion in the proiotyping project on the basis of rthe
farmers’ interest in following a prescribed rotation. The project was limited to farms
in the Flevoland region. When weed monitoring was re-initiated in 1997, only the five
tarms that had been in the prototyping project the longest were selected.

Study sites

Geographical region

All farms in the sutvey were located in the central clay region of the
Nethetlands, at about 52° North and 5° East, in the province of Flevoland. The soils
in the region are marine clays with varying fractions of sand. The entire area consists
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Table 1. Background information on farms in the survey.

Farm Area Year of convetsion to organic Farm
(ha) management fype
3 429 1991 Commercial
5 253 1980 Commercial
6 349 1990 Commercial
8 323 1990 Commercial
9 228 1979 Research

of polders, land that was claimed from the sea through dike construction and
drainage. Three of the farms are located on the Noord-Oost Polder, which was
opened in 1942 and two farms are located in the Oostelijk Flevoland Polder, which
was opened in 1957. The topography is flar and the elevation ranges from about sea
level to several meters below sea level.

General description of farns

Organic farming methods were used on all farms and therefore pesticides
and synthetic fertlisers were not applied. Four of the farms were arable and Farm 8
had a beef herd, although the cattde were not grazed on-site (Table 1). The area of
these farms ranged from about 23 to 43 ha. When weed monitoring was initiated in
1995, the farms were following a prescribed rotadon (Vereijken et al. 1994, Vereijken
et al. 1995) which consisted of alternating mown type crops with root ot row
vegetables. There was some flexibility in choice of crops. The main crops were
potatoes, carrots, onions, cereals, and legumes (Table 2), and two farms incotporated
a grass-clover crop in their rotation. Some crops, particularly lepumes had often been
hatvested before weeds were monitored. During 2000-2001, two of the farms
experienced large changes (loss or acquisidon of land} which resulted in changes to
their rotations, and another farmer started to include lettuce in his rotation. While
there were patterns in the sequence of crops found on each farm, thete were relatively
few fields where the rotations in 2001 began with the same crops as in 1995. Table Al
(Appendix) lists the crops grown on each field for the period 1995-2001.

Monitoring Procedure

Weed populations

Weeds were monitored in 1+ quadrats arranged along a diagonal transect in
each field. The quadrars had an area of 1 m?, however different shapes were used in
ordet to maintain the same propottion of crop row to intet-row space found in the
field as a whole. The quadrats were spaced approximately 25 meters apart. Each year
the transects were in approximately the same place.
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Factors influencing weed densitics

Sereening  for dmporiant factors. Factors influencing weed densities were
investigated by fitring a linear mixed-effects model of all « prier selected factors that
could be influencing weed densides. These factors were farm, yeat, crop, houss of
hand-weeding and number of mechanical control operations, and interactions
between ctop and weed control (both mechanical and hand-weeding). The random
component of the model was fields within farms. Factors with p £ 0.1 were excluded
from the model in a stepwise fashion. Once a model including only important factors
was achieved, contrasts between factor levels wete investigated. The model was fit in
the statistical package R, using the linear mixed-effects function {Ime).

Effects of the factors were investigated for blooming and total average
densities per field of 5. media and of the other species excluding §. media. The data
wete log-transformed in order to satisfy the assumptons of normality. However,
because there were quadrars with densities of zero, a constant had to be added. In
order to determine which constant would yield tesiduals that fulfilled the assumption
of normality, preliminary firting of the models with different constants was carried out
in order to examine which constant would be most approptiate for the analysis of
each data set.

The full model was first fit using the coatsest level of grouping the crops
(level 2), which requited only four degrees of freedom. At several stages in the
analysis, the effect of using the lower level of grouping (level 1) was analysed by
comparing the Aikake Information Criterion (AIC) values of models with the two
different levels of grouping. At any point in the analysis, if a more detailed level
vielded a lower AIC, then the model selection procedure was repeated, using the level
1 crop grouping. The AIC is a measure of the amount of information in the data that
is explained by the model and takes into account the number of parameters fitted
(Burnham and Anderson 1998). It is calculated as —2¢+2p, where £ is the log-
likelihood resulting from fitting the data and p is the number of parameters in the
maodel. The lowet the AIC, the better the fit of the model.

Investigating the effects of factor fevels. After the most parsimonious model was
found, the effects of the various factors were investigared by examining the
coefficients of the models. For the factors other than farm, the coefficients were
tabulated to show the conttasts between the different levels of each factor (e.g.,
differences between years or crops). In tabulating the contrasts, the aim was to
identify general patterns, for example that one crop generally has a higher weed
density than other crops. The structure of the data is too unbalanced to draw
inferences concerning the value of particular factor levels. An absolute #value greater
than 2 was used as a guide to which factor levels are ‘important’ (the ctitical #value for
a 5% significance level is 1.96).
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RESULTS

Patterns in weed abundance diversity and management

Ower the six vears of the survey a total of 25 species were observed. 5. media,
with an average density close to 18 plants m 2, was by far the dominant species (Table
3). No other species had average densities above 1. 8. media was also the most
abundant species on each farm with average densities ranging from 10 to 32 plants
m? (Table A2 in Appendix). Considering the dominance of 5. media, for the
remainder of the descriptive staustics, results are presented on the total weed densides
on each farm with and without §. zedia.

Table 3. Mean density and standard deviation pet
plot, averaged over fields, farms and year.

Species Density (m™)
Capsella bursa-pastoris (L.) Medicus 0.662 (3.410)
Cardamine hirsuta L. 0.002 {0.063)
Chenopodium spp. 0.151 {0.749)
Galeopsis tetrahit L., 0.001 (0,032)
Galium aparine L. 0.001 (0.032)
Galingsoga parviflora Cav. 0.001 (0.032)
Lamium spp. 0.050 (0.759)
Matricaria discoidea DC. 0.195 (1.485)
Myosotis arvensis (L.) Hill 0.001 (0.032)
Oenothera biennis (L.) 0.014 (0.164)
Plantago spp. 0.021 (0.207)
Polygonum aviculare L. 0.098 (0.561}
Polygonum convolvulus L. 0.052 (0.354)
Polygonum persicaria L. 0.115 (0.837)
Ranuculus sceleraturs 1. 0.201 (1.722)
Rorippa palustris (L.) Besser 0.151 (0.848)
Senecio vulgaris L. 0.851 (10.66)
Sinapis arvensis L. 0.001 (0.032)
Solanum nigrum L. 0313 (1.849)
Sonchus asper (L.) Hill 0.663 (3.382)
Stellaria media (L.) Vill. 17.852 (36.129)
Taraxacum gfficinalis Web. 0.375(2.170)
Thiaspi arvense L. 0.033 (0.397)
Urtica urens L. 0.306 (3.454)

Veronica persica Poiret 0.466 (4.928)




18 Chapter 2

Table 4. Summary statistics on weed species diversity, density, and weed control.

Species diversity Total weed density Blooming weed density Weed control

Farm Mean Total + 8 medica -5 media +S8S media -8 media Hand Mechanical

—number— — —— numberm®——  hours ha™' —number—
3 12.6 18 19.9 26 42 0.3 32.8 4.1
@.1) (26.0) (3.4 @1 06 (376 (L5)
5 16.4 20 42,4 Q7 8.7 1.0 81,6 35
GO @02  (14.0) (8.2) an 97 (16)
6 11.2 15 14.8 4.7 3.6 0.4 30.5 35
(13} (12.3} 6.3) {4.6) ©7) (414 (1.4)
3 8.0 15 19.4 0.7 9.8 0.1 14.0 1.6
(2.0} (37.8) (L1 (24.4) 03 (168) (1.4)
9 14.2 21 16.9 6.3 6.2 1.8 47.1 4.7
G.4) (30.0)  (156)  (14.1) @y (7D 2.9

Viewed from a variety of angles, several pattetns emerge with regard to
differences between fatms. Farm 8§ bad the lowest number of species observed per
year, by far the lowest total and blooming weed densities when 3. wedia was excluded,
and the fewest mean hours of hand-weeding and number of mechanical control
operations (Table 4). When §. media was taken into account, the average weed density
on Farm 8 was much higher, and no longer the lowest of all farms. Farms 5 and 9
were at the other end of the spectrum, with higher number of species observed, high
densities of blooming plants, and motre houts of hand-weeding and mechanical
control operations, Farm 5, though, had high total weed densities, while those on
Farm 9 were telatively low.

The bigh average for total weed densines on Farm 8 can be explained by
examining the boxplots of the total and blooming densites for all species (Fig, 1).
Because of the skewed nature of the data, the densides have been plotted on the log
scale. The median total density on Farm 8 (Fig 1a) is the lowest of all farms, The high
average densities on Farm 8 are therefore due to a few fields with very high densites,
and which were composed mainly of 5. media (compare Fig. 1a-b with Fig, 1c-d). Farm
5 remained as the farm with the highest densites in all categoties.

Rank-abundance diagrams indicate how evenly total abundance {(over all
species) is shared by the various species present on a farm (Fig. 2). If there are equal
numbers of each species, then points will fall on a hotizontal line when a random
ranking is assigned to the species. The more negative the slope of the line drawn
through the points, the more unequal the distribution of species. Farm 8 again stands
out as being the farm with the most uneven distribution of species, while Farm 9 has
the most even distribution. Within farms, there appeat to be differences between yeats
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Fig. 1. Box plots of weed densities {log scale) per field, with and without 5. mredia populations.
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Fig. 2. Rank-abundance diagrams. Relative abundance and ranks averaged over year each farm,
where abundance was the mean over all fields.

in species richness and evenness. This may in part be due to differences in the number
of fields and the type of crops monitored in a given yeat.

Compared to other species, 5. wedia was much more evenly distributed over
quadrats, as it occurred in a large fraction of quadrars (Fig. 3), and its mean density,
given that it occurted, was much higher than for the other species. On Farms 3 and 8
most of the other species occurred on a small fraction of the quadrats, whereas on the
other farms more species were found on a higher fraction of quadrats. The occurrence
density also tended to be higher as the fraction of plots with a species increased. Some
species on each farm were rather clumped — they occutred on 2 small fracton of
quadrats but their occurrence density was relatively high. These clumped species
differed from farm to farm.
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Fig. 4. Dot plots of hand-weeding on each farm for each crop type (level 1 grouping).
Vertical random jitter has been added to increase visibility of overlying points. Not all crop
types were grown on each farm.

Hand-weeding was concentrated in carrot- and onion-like crops (Fig. 4), and
no hand-weeding was catried out in grass-clover crops. Levels of hand-weeding were
also low in porato and cereal crops. The number of mechanical control operations was
lowest in grass-clover crops and also tended to be lower in potato crops (Fig. 5). In
cereal crops, Farm 8 carried our no mechanical control and Farm 9 consistently had
the highest number of control aperations,




Variability in weed species diversity and abundance 23

0 2 4 6 8

Carrots

g 8 o0 oo o °° |
84 o080 o o© o o8 -
6 o o goo a® L
5 - 8 ° o o oo c 8 o
34 o

Sl

W Potatoes
940 o® ooB ° o |0 -
81 8° 9 8 i
64{ 08 0o°80 o o0%¢ |
5{ 8 o ©0808 8o i
31 o8 00800 c® ©o0 5

©o2468 024868

Number of mechanical control operations

Fig. 5. Dot plots of mechanical control operations on each farm for each crop type (level 1
grouping). Vertical random jitter has been added to increase visibility of overlying points. Not
all ctop types wete grown on each farm.

Factors influencing weed densities

The factots with important effects on weed densities varied slightly between
the four groups of data (populations of all and blooming/seed-setting plants, with and
without S. media ~ Table 5). For example, there were effects of mechanical control and
hand-weeding on both total and blooming populadons of S, media. For the
populations of other weed species, there was an effect of hand-weeding only for the
blooming populadon and no effect of mechanical control on either the total ot
blooming population. A better fit was achieved by the more fine level of crop
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Table 5. Results of screening dara for important effects. Results are given only for factors with
P = 0.1. No interactions were found between crop group and hand-weeding or mechanical

control.
Total population Blooming population
S. media Other species §. media Other species
Factor F p-value F p-value F p-value F p-value
(db (df) {4 (df)
Intercept 3075 <0.000 1.6 0.2080 154.4 <0.0001 1922 <0.0001
1,97 (1,95 (1,122) {1,127)
Farm 2.6 0.0589 14.9 <0.0001 1.7 0.1798 9.7 <0.0001
(4, 25) (4,25) (, 25) 4, 127)
Year 6.0 0.0002 4.6 0.0021 82 <(.0001 - -
4.97) 4, 95) (5, 122)
Cropgroup 1  — - 7.4 <0.0001 10.4 <().0001 6.2 <0.0001
(7,95) (7, 122) (1,127}
Cropgroup2 3.8 0.0121 - - - - - -
(1,97)
Mechanical 7.8 0.0064 - - 6.4 0.0129 - -
control 1,97 (1,122)
Hand-weeding 3.4 0.0678 - - - - 52 0.0146
(1,97 (1,127)
Time of - - - - 28 0.0971 5.7 0.0183
observation® (1,122) (1, 127)

"Relative to time of crop harvest

grouping (see Table 2} for all populations, except the total population of S. media, The
effect of farm was most impotrant for the total and blooming population of S, media.
There was some effect of ume of obsetvaton relagve to harvest time only for the
blooming populations, and particularly for the populadon of species other than S

media.

The coefficients for hours of hand-weeding were positive but small, such that
weed densities and hours of hand-weeding were found to be slightly cotrelated (Labte
6). On the other hand, the coefficients for mechanical control were negative,
indicating that fewer weeds wete found as the number of mechanical weed control
operations increased. Densides of blooming plants were slighdy smaller as the time

Table 6. Coefficients for hours of hand weeding and number of mechanical control operations.

Mechanical control

Time of observation

Hours hand-weeding operations relative to harvest
df  CoefTicient t-statistic Coefficient  r-statistic Coefficient {-statistic
(St. error) (p-value) (St. error) (p-value) (St. error) (p-value)

S. media 97 0.0038 1.8473 =0.1725 =3.0073 - -

total (0.0020) (0.0678) (0.0574) (0.0034)

S. media 121 - - —0,1044 —-2.4041 -0.0056 -1.6720
blooming (0.0433) (0.0178) {0.0033) (0.0871)
Other species 127 0.0055 2.3460 - - -0.0131 -2.3504
blooming (0.0023) (0.0203) (0.0055) {0.0183)
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Table 7. Contrasts and #values (in parentheses) for the factor ¢gp. The contrasts give the
effect of year in a row relative to the year heading each column. Results are given for models

where ¢ophad p< 0.1

S. media ———— Other species———
value 1995 1997 1998 1999 2000 1995 1997 1998 1999 2000
Total population
1997 - - - - - - - - - -
1998 - 0.749 - - - - 0.335 - - -
(3.02) (0.968)
1999 - -0.298 -1.047 - - - -0864 -1.199 - -
(-1.169) (-4.145) (-2.429) (-3.312)
2000 - 0.605 —0.144 0904 - - —0.264 -0599 0.600 -
(2.288) (-0.544) (3.391) (=0.704) (-1.570) (1.576)
2001 - -0.059 -0.808 024 —0.664 - -0359 -0.694 0505 -0.096
(-0.234) (-3.261) (0.946) (-2.517) (~1.014} (~1.926) (1.357) (-0.253)
Blooming population.
1997  0.570 - - - - - - - - -
(2.878)

1998 1295 07255 - - - - - - - -~
(6.546) (3.694)

1999 0762 01919 —0.53¢  — - - - - - -
(3.814) (0.951) (-2.618)

2000 0485 -0.0843 -0810 -0276 - - - - - -
(2308) (~0.402) (=3.778) (~1.287)

2001 0534  -0.035 -0.761 -0.2271 0.049 - - - - -
(2.659) (=0.170) (=3.662) (=1.077) {0.226)

interval between observation and harvest increased. Using the £values as a rough
guide for the importance of contrasts between the levels of the categorical variables
(year and crop), most diffetences between years were found for the rotal population of
S. miedia (Table 7). In general, 1998 appears to have had higher weed densities, but the
effect was impottant only for the S, zedia populadon. The important effect of year in
1995 is due to the counting method used in 1995, such that when densities were
higher than four plants per m? they density class was five plants per m? With regard
to contrasts between crops (Lable 8), in all four populations potatoes and cereals had
more weeds than other crops and grass-clover crops had fewer weeds than other
crops. Carrot and onion crops alse tended to have fewer weeds than most other
crops, The contrasts for the blooming population of the species other than S. media
were less strong, in part due to the high proportion of observatons with zero density.
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