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Abstract

The field boundary, the strip of semi-natural vegetation bordering arable
fields, can be considered an important area for plant species survival in
landscapes dominated by agriculture. As the natural plant species diversity in
many agricultural landscapes has been reduced in recent decades, the aim of
this thesis was to analyse the factors determining biodiversity in field
boundaries such as nutrient deposition from the arable field, mowing regime,
degree of disturbance and boundary size. For this purpose a simulation model
was constructed that comprises the processes and factors that determine the
dynamics of the field boundary vegetation. The model was created by
integrating three new models: a plant competition model based on eco-
physiological principles, a spatially explicit population dynamics model and a
seed dispersal model. The models were parameterized and evaluated using
experimental data that were partly obtained from experiments described in
the thesis. These experiments focused on the plant characteristics
determining competition, succession and dispersal. The simulations and
experimental results indicated that to enhance the diversity of the field
boundary vegetation the following measures should be taken:

1) Preventing nutrient input from the arable field.

‘2) Mowing and removing of the mown material.

3) Restricting annual disturbance to less than 20% of the area.

4) Keeping the boundary as wide as possible but at least wider than the
maximum fertilizer misplacement.
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Introduction

1

General introduction

Problem definition

The field boundary, the strip of semi-natural vegetation bordering arable
fields (see definition Greaves & Marshall 1987), can be considered as an
important area for plant species survival in landscapes dominated by
agriculture. In recent decades, the natural plant species diversily in many
such landscapes has decreased {(Boatman 1992, Jeenje & Kleijn 1994, Freemark
& Boutin 1995). Generally, it is thought, because of the intensification of
agriculture {Joenje 1991, De Snoo 1995, Kleijn 1997). Recently, increased
environmental concern has caused the ecological value of landscapes by
dominated agriculture to become an issue. This thesis, seeks to contribute to
the debate on how best to restore the biodiversity of plant communities in
agricultural landscapes by looking at the factors and processes determining
this biediversity in grassy field boundaries as generally eccur in Dutch
agricultural landscapes.

Processes determining diversity

In order to increase diversity in a certain area measures have to be taken that
enhance colonization and establishment of new species and/or reduce the
local extinction of present species (Figure 1, MacArthur & Wilson 1967).
When studying biodiversity change in field boundaries, we have to consider
local colonization, establishment and extinction as well as factors affecting
these processes.

The probability that new seeds can enter a vegetation depends on the
dispersal capacity of the seed and the size and spatial configuration of
neighbouring populations. A colonizing seed first becomes part of the soil
seed bank (Figure 1). Before this seed can germinate, it has to survive a period
in the soil. After germination it has to survive competition from established
adults and their offspring to become an established member of the plant
community  (Schippers 1995). It is for these reasons that successful
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Figure 1. The main relations between farmers’ practice, boundary width and plant biodiversity
at the landscape level. Dashed lines indicate effects whereas solid lines indicate flow of new

or established species numbers.

establishment is generally low and strongly depends on the number of
colonized seeds and seedling vigour, which in turn is positively related to the
seed mass (Venable & Brown 1988).

Survival of plant species is also affected by interspecific competition
(Figure 1). Different plant species may coexist or may exclude each other.
Stable coexistence occurs when two plants species grow better as neighbours
than when they have own species as a neighbour (Lotka 1932, De Wit 1960).
The reason that different plants do better with neighbours of a different
species can be found in the theory of niche differentiation, e.g. two species are
limited by different nutrients (Tilman 1985) or nutrients are obtained from
different soil layers (Berendse 1979).
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One species excludes the other when a plant of one species grows better
with plants of the other species as a neighbour whereas the other species
grows better with plants of its own species as a neighbour. The latter situation
is called asymmetric competition (Shipley & Keddy 1994). The level of
asymmetric competition determines the rate of exclusion. High asymmetric
Competitién will cause a quick local extinction of the weaker species whereas
low competitive asymmetry allows species to coexist for longer.

Other important factors that enhance coexistence are losses that increase
with the density of a species. This means that species that are superior in
principle are unable to oust other species because at higher densities they are
more than proportionally affected by these factors {Huston 1994). Examples of
these factors are: diseases, grazing or mowing.

Factors affecting plant biodiversity in field margins

The factors identified as causing the reduction of plant biodiversity in the
field boundary are: an increased load of agro-chemicals, an increase of
disturbance, changes in mowing regime and a reduction of field boundary
area (Joenje 1991, De Snoo 1995, Kleijn 1997).

Agro-chemicals

Four groups of agro-chemicals can be distinguished that may affect field
boundary plant species: 1) fertilizers, 2) herbicides, 3) insecticides and 4)
fungicides. Although fungicides and insecticides may affect plant diversity,
their impact in boundary vegetation is mainly indirect. They reduce the
insect and fungi populations which, in turn, may have repercussions on
plant populations in the field boundary. Because the effect of these chemicals
on the plant population is strongly dependent on the presence, abundance
and food-web dynamics of insects or fungi, the study of this system is highly
complex and the effect of these agents on plant communities is unpredictable.
In this study, I therefore focused on the effect of herbicides and fertilizers
which affect plants more directly.

Herbicides may enter the field boundary in two ways: by the direct
application of broad-spectrum herbicides to remove weeds in the boundary
(De Snoo 1995) and by drift of herbicides from the arable field. Although
herbicide drift may affect the vegetation composition of the field boundaries,
it has been found that the effects appear to be small compared to those of
tertilizer drift (Kleijn & Snoeijing 1997, Kleijn 1997). This thesis therefore
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concentrates on the effects of broad-spectrum herbicides (which are
considered to be a disturbance) and on the effect of fertilizer load on plant
diversity in the field boundary.

The deposition of fertilizer in boundaries is inevitable, given the
inaccuracy of fertilizer broadcasters (Melman & Van der Linden 1988, Rew et
al. 1992). Kleijn & Snoeijing (1997) argued that this load of fertilizer can be
regarded as the most important determinant of plant species diversity in field
boundary vegetation. With increasing nutrient inputs, they found a strong
decrease in species numbers in experimental plots on old arable fields. This
indicates that the increase in nutrient availability may lead to an increase in
the competitive asymmeiry. Intense asymmetric competition induces fast
exclusion of species and is therefore an important factor affecting of species
diversity (Goldberg & Novoplansky 1997). It has often been suggested that the
increase of nutrient availability causes an increase of competitive asymmaetry
{Grime 1979, Keddy & Shipley 1989, Belcher et al. 1997). Others, however,
have stated that compelitive asymmetry is not affected by nutrients
(Newman 1973, Grubb 1985, Tilman 1988).

The increase of nutrients also leads to an increased biomass. This may
reduce the successful establishment of seedlings and could therefore lead to a
decrease in biodiversity {Figure 1).

Mowing

Another human impact on field boundary vegetation is mowing. Field
boundaries are often mown to prevent the establishment of woody species
which may compete for light with the crop. Mowing generally leads to a
reduction of competitive asymmetry among plant species, since tall-growing
dominant species are affected more than smaller species. Another effect of
mowing is that the reduction in height differences reduces competition for
light. On average this reduces the difference between species and also the
extinction rate of subordinate species. Furthermore, mowing causes a net
outflux of nutrients when the mowings are removed from the system. This
reduction of nutrient availability in turn causes also a reduction of
competitive asymimetry. All these factors may reduce the probability of
species extinction.

In a mown vegetation, light can easily penetrate to the scil, enhancing
the germination of seeds and the growth of seedlings. If the mown material is
removed, mowing causes the litter production to dectine which might also
enhance establishment because seeds germinate better on soils with a thin
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litter layer {Berendse 1999). Therefore it can be stated that mowing leads to the
establishment of new species. This, plus the fact that mowing also reduces the
local extinction of species, confirms the conclusion reached by others (Bakker
1989, Bakker & OIlff 1995) that a mowing regime is an important factor
determining the plant species diversity .

Disturbance

Disturbance can also be regarded as an important factor determining the plant
species composition of a vegetation (Grime 1979). In field boundaries,
disturbance can be caused by farming operations with machinery or by the
application of broad-spectrum herbicides. Disturbance has two effects on a
vegetation: it increases the extinction rate and therefore causes species loss,
but it also opens up space for new colonizers from elsewhere, which might
lead to an increase of species diversity (Begon et al. 1990) (Figure 1).

Boundary width

Increasing the boundary width will result in an increase of semi-natural area
in the landscape. An increase of field boundary area enhances the probability
of colonization per boundary length and therefore causes an increase in the
number of established species. On the other hand, larger areas can
accommodate larger populations having a lower probability of extinction
{Schippers 1995), Here, different but interconnected boundary populations
may form a meta-population {see Levins 1969). Therefore wide boundaries
may support species richness of the boundary vegetation.

Drift of agro-chemicals is inevitable, given that the accuracy of the
equipment that distributes these chemicals is generally low (Melman & Van
der Linden 1988, Rew et al. 1992, Van de Zande et al. 1995). Therefore wide
boundaries may accommodate area that is not affected by the misplacement of
agro-chemicals (Melman & Van der Linden 1988, Rew et al. 1992). Since most
agro-chemicals (e.g. fertilizer and herbicides) are supposed to adversely affect
the biodiversity of the boundary vegetation this shelter function may results
in wide boundaries being more diverse.

Objective and approach
To determine the effects of the various factors on the vegetation dynamics in

field boundary communities experimentally, a large and long-term
experiment should be carried out. An appropriate simulation model,
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however, could give a quick insight into the effects of the various factors
affecting field boundary communities. Another advantage of a modelling
approach is that one has to structure knowledge and define processes
explicitly. This approach will reveal gaps in knowledge and will identify new
topics for future research. We therefore developed a new model {VEGPOP2)
comprising the processes and factors that determine the dynamics of the field
boundary as described in Figure 1. This main model was the result of the
integration of three new simulation models: 1} a plant competition model
VEGPOP1, 2) a dispersal model SEEDTRIP and 3) a spatial population
dynamics model TRANSPOP. The experiments described in this thesis were
conducted to provide parameters for various models and to produce data to
evaluate the models.

Although the final model includes processes such as dispersal and
establishment, no colonization from elsewhere was included and therefore
meta-population processes were not included in this study. The central
question this thesis addresses is thus: what are the effects of nitrogen load,
artificial disturbance, boundary width and mowing regime on the
composition and dynamics of the field boundary vegetation at a local level?

Thesis outline

The central question of the thesis is addressed in Chapter 7. The preceding
chapters lead up to this question (Figure 2). Thus, the key question of Chapter
2 is: which plant properties determine whether species are successful in
nutrient-rich or nutrient-poor habitats? Then in Chapter 3 a plant
competition experiment conducted to explore the role of seasonal change and
nutrient availability on the competitive asymmetry between species is
described. The eco-physiolegical assumptions of the final model are
evaluated in Chapter 4 using the VEGPOP1 model and the results of the
competition experiment of Chapter 3. Data from Chapters 2 and 3 were used
to parameterize VEGPOP1.

Chapter 5 examines the role of three life history traits: adult longevity,
seed longevity and seed size, in relation to environmental disturbance. In
this chapter the TRANSPOP model is described, which spatially simulates the
competition between eight population dynamics plant strategies that are
permutations of the three traits.

Another model, SEEDTRIP, is described and tested in Chapter 6.
SEEDTRIP simulates the process of seed dispersal by wind. Seed shadows
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Chapter 1 Introduction

Problem definition, theory and outline of thesis.

Chapter 2

Pot experiment 1o
relate species
properties to the
fertility of the
natural habitat of
the species.

Chapter 3

Experiment to
evaluate the effect of
nutrients on the
competition between
three grasses.

v v

Chapter 4

Testing a plant
competition model using
data from Chapter 3 and
Chapter 2.

¥

Chapter 5

The evaluation of the
effect of disturbance an
the competition between
plant strategies with a
spatially explicit
population dynamics
model.

-

Chapter 7

The integraticn of models
from Chapters 4, 5 and 6
and the evalution of the
effect of disturbance,
nutrients, mowing and
size on field boundary
vegetation.

Chapter 6

The aevaluation of a2
seed dispersal model
and the comparison
of two methods to
estimate the terminat
velocity of seeds.

Chapter 8 Discussion

Relate main conclusions to farmers' practice,
contributions to theory, further research.

Figure 2. The main flows of information between chapters of this thesis.

generated with this modei using actual weather data were used in the final

model.

When addressing the central questions in Chapter 7, the VEGPOPI1
model was expanded with mineralization, population dynamics (Chapter 5)
and dispersal routines (Chapter 6). This final model (VEGPOP2} was used to
perform scenaric analysis by varying nutrient load, mowing regime,
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disturbance level and boundary width.
The general discussion (Chapter 8) reviews the main conclusions of this
thesis and discusses their implications for farmers’ practice and fundamental

ecology.
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2

Biomass partitioning, architecture and
plasticity of eight herbaceous species in
relation to their position in an old field
succession

Adapted from: P. Schippers & H. Olff (accepted in Plant Ecology)

Abstract
Four grasses (Poa annua, Holeus lanatus, Anthoxanthum odoratum and Festuca oving)
and four herbs (Chenopedium album, Rumex obtusifolius, Plantago lanceolata and
Hieracium pilosella) were grown in a greenhouse at three nutrient levels in order to
evaiuate plant allocation, architecture and biomass turnover in relation to successional
position.

Four harvests were done at intervals of four weeks. Various plant traits
related to biomass partitioning, plant architecture, biomass turnover and performance
were determined. Differences in nutrient supply induced a strong functional response in
the species shoot-to root allocation, but architecture and turnover showed little or no
response. Species from more nutrient-rich successional stages were characterized by a
larger specific leaf area and longer specific shoot height (height/shoot biomass),
resulting in a faster relative growth rate and total biomass in all nutrient conditions.
There was no evidence that species from nutrient-poor environments have superior
growth characteristics at low nutrient levels. The only advantage displayed by these
species was a lower leaf turnover.

We concluded that species from a nutrient-rich successional stage are
specialized in capturing light and nutrients whereas species from a nutrient-poor
successional stage are specialized in reducing their biomass and nutrient losses.

Key words: Allocation, biomass turnover, nutrient availability, specific leaf area,

specitic root length
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Introduction

The successional change in plant species dominance depends on the balance
between growth and losses of biomass. If the growth of a species exceeds its
losses it will increase in biomass. Conversely, if biomass losses exceed growth,
the biomass of a species will decrease.

The growth of a species depends on its ability to capture resources such
as light and nutrients (Tilman 1985). Biomass senescence, mowing and
herbivory determine the loss of nulrients and carbon to the environment.
Plants may adapt to nutrient-poor environments either by increasing their
ability to compete for nutrients or by reducing losses of nutrients by
minimizing their biomass turnover {Berendse & Elberse 1990, Berendse et al.
1992, Berendse 1994).

Various morphological traits determine the ability of species to compete
for resources. Light capture in a vegetation is determined by the species
height and the distribution of the leaf area over the height (Kropff & Van
Laar 1993). In turn, the total leaf area is determined by the specific leaf area
{m? / g leaf)and the dry weight of the leaves. The height of the plant depends
on the specific shoot height (height/g shoot) and the biomass present in the
shoot.

Root length is an important determinant to capture nutrients it too can
be estimated from the root weight and the specific root length (length/g root).
The weight of the different plant parts depends on the biomass partitioning
and the total plant weight. So we can distinguish two categories of plant
properties: 1) Partitioning, which describes a plants investment in organs and
2) Architecture, which describes the form of plant parts. Partitioning is ruled
by direct trade-offs: biomass investment in a certain plant part cannot be used
elsewhere. The plant’'s architecture is independent on allocation trade-offs
and can be considered as a measure of how efficiently biomass is used. A
species can make more leaf area and root length with the same amount of
biomass by making thinner leaves and roots. But a more efficient plant
architecture is often inversely related to tissue longevity (Berendse & Elberse
1990).

Both Tilman (1985, 1988) and Grime (1979) have tried to relate species
characteristics to successional sequences. According to the CSR (Competitor -
Stress tolerator - Ruderal) framework developed by Grime (1979), species
adapted to nutrient-rich environments (such as ruderals and competitive

10
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ruderals) are specialized in capturing all resources, below as well as above
ground. This means that these species must have high values for their
architecture (efficiency). This will result in high relative growth rates (RGR).
However, late successional species (stress tolerators) have low values for their
architecture and are less efficient in capturing resources but are better at
retaining them. Species with the latter strategy specialize in reducing biomass
turnover. In this case the major trade-off between species from a nutrient-
rich and a nutrient-poor environment is capturing resources versus reducing
nutrient losses.

In his resource ratio hypothesis of succession, Tilman (1982, 1985)
predicts that plants specialize in capturing the limiting resource. Based upon
this theory, we expect that species adapted to nuirient-rich conditions will
make major investment in shoots and have high values for shoot
architecture because light is the limiting resource in this environment.
Species adapted to nutrient-poor conditions are expected to have a low shoot
to root ratio and a high specific root length.

The contrasting views of Tilman and Grime have been discussed in
various papers {see Thompson 1987, Thompson & Grime 1988, Tilman
1987a,b and Grace 1991} and several experimental approaches have been
undertaken in an attempt to relate properties of plant species to their
successional position. When sampling plants in the field, Gleeson & Tilman
(1990) found that plants growing in late old field successions invested more
in roots than in shoots. However, growth chamber experiments gave the
opposite result (Olff et al. 1990, Elberse & Berendse 1993, Gleeson & Tilman
1994). Gleeson & Tilman (1994) concluded that these contrasting results still
needed to be explained.

Besides that morphological traits sometimes differ between species:
traits may vary within a species as a result of plasticity. Plasticity can have two
causes: it may be a functional response to environmental change, or to
change in the development of a species. Both architectural and allocation
properties may be subjected to plasticity, which is why this phenomenon
should be considered when species are compared.

Ta clarify the interaction between allocation, architecture and turnover
in relation to the successional position of species we conducted a greenhouse
experiment to determine the role of these traits in relation to nutrient
availability and successional position. We used the results of this experiment
to answer the following questions: 1} Are species that dominate in a certain
successional stage specialized in their architecture, allocation and turnover fo
capture the limiting resource of that stage? and 2} What is the functional
response of these traits with respect to nutrients?

17
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Materials and methods

Experimental design

Eight species were selected {Table 1), representing a successional series in a
Western European old field succession on sandy soil from a nutrient-rich
annual stage to a nutrient-poor perennial stage. To evaluate the species
sequence in a more general way we used an ordination of Grime et al. {1988)
who classified the species composition of the vegetation in which the species
was found (Figure 1)

Three seedlings of each species were planted in 3-liter pots filled with a
mixture of 33.3% sandy field soil and 66.6% washed river sand resulting in a
sandy soil contained 1.1% carbon and 0.05 % total nitrogen. Ten seedlings per
species were measured at the start of the experiment to calculate the initial
RGR. The pots were placed according to a random complete block design in 3
blocks in a greenhouse in Wageningen The Netherlands (latitude: 51.58°N,
longitude 5.40°E). The initial pot density was 16 pots m~2 and decreased to 4

pots m-? at the last harvest. The experiment was started on 28 February 1994,
Plants were harvested four times at intervals of 4 weeks.

At the start of the experiment each pot was surrounded by mesh to
prevent plant interaction between pots. As a result the area of growth was
limited to 298 cm?. The plants were given NPK fertilizer (15-12-24) at three
rates, equivalent to 0, 5, and 20 g of nitrogen m2 (20 g is a regular fertilization
rate for pastures in The Netherlands). These treatments will hence forth be
referred to as N1, N2 and N3. Throughout the experiment the temperature of
the greenhouse was kept above 15 °C and the soil was kept moist to avoid
water-limiting growth.

Table 1. Selected species in relation to their successional position after abandenment of old
field.

Successional position Grasses Forbs

1) Nutrient-rich arable weeds Poa annuia Chenopodinn album
2} Nutrient-rich perennial stage Holcus ianatus Rumex obtusifelins
3} Intermediate perennial stage Anthexanthum edoratum  Plantage {anceoleta
4} Nutrient-poor perennial stage Festuen ovina Hieracium  pilosella

ssp. tennifolin
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Figure 1. Maximum percentage occurrence of eight selected species according to the triangular
ordination of vegetations by Grime et al. 1988. The arrow indicates the direction of an old field
succession. Species: P. ann=Poa annug, C. alb.=Chenopodinm album, Hlan.= Holcus lanatus,
R.obt.=Rumex obtusifelins, A.odo.=Anthoxantiuim oedoratum, Plan.= Plantago lanceolata, F.
ovi.= Festuca ovina, H.pil= Hieracium piloselia, C=competitor, R=ruderal, S=stress
tolerator.

Measurements
At each harvest, plants were separated into flowers, stems, living leaves, dead
leaves, taproots and roots. The organs were distinguished in a functional way.
For instance, a leaf stalk or leaf sheath which has a carrying function were
considered as a stem. Leafless flower stalks were classified as flowers. Roots
that clearly had a storage function {visual judgement) were considered as
taproots (Rumex obtusifolius only). These taproots were treated separately in
the analysis and were only used to calculate the total biomass production. The
dry weight of plant organs was determined after drying at 70°C for two days.
Root length was measured according to the method of Newman (1966).
Leaves were harvested in layers of 5 cm and leaf area was measured with an
electronic leaf area meter for each layer separately. The measured and
calculated parameters are summarized in Table 2. We distinguished four
groups of parameters: 1) partitioning parameters indicating where biomass is
located at a certain moment, 2) architectural parameters indicating form or
efficiency of biomass investment, 3} size related parameters which describe

i3
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Table 2. Measured and derived parameters.

Designation  Description

Parameters of partititioning

FRFL Dry weight of the flowers and structures to carry flowers divided by
TOTBIO (g g 1)

FRDLV Dry weight of dead leaves divided by TOTBICO (g g~)

FRLV Dry weight of fraction living jeaves divided by TOTBIO (g g™1)

FRST Dry matter fraction of morphological structures that carry leaves divided
by the TOTBIO (gg1)

FRRES Fraction of biomass found in the taproot (R. ebtusifolins only)
(g taproot/ {TOTBIO+ g taproot)) {g g~1)

FRRT Dry matter of thread-like roots divided by TOTBIO (g g™!)

Architectura] parameters

SLA Specific leaf area {dm? leaf/g leaf)

SRL Specific root length {m wiry root/g wiry root}

SSH Specific shoot height (height in em)*(g shoot}1/3

Size related parameters

HEIGHT Plant height (cm)

LA Leaf area of all leaf layers {cm2/pot)

RTL Total root length (m/pot)

Parameters of plant performance

RGR Relative growth rate between start of the experiment and
the first harvest after 4 weeks {week})!

TOTBIO Total dry matter including dead leaves {without taprcots of Rumex
obtusifolius) (g/pot)

LVMOR Leaf mortality (g dead leaves}/(g dead leaves + living ieaves)

the plant’s dimensions and 4} parameters of plant performance which
indicate the balance between growth and turnover.

Statistical analysis

Multiple linear regression was performed on partitioning and morphological
parameters (Table 3} to search for trends caused by time and nutrient level.
This was done for each species separately. As both the annual species matured
early, there were no suitable data on these species for the final analysis of the
harvest 4 data. Hence factorial analysis of variance was achieved on all
parameters of the perennial plant species of harvest 4. Before this analysis the
data were transformed (if necessary) according to Steel & Torrie (1981). Means
were compared between species of each plant group (grasses or herbs} and
within one nitrogen level using Tukey’s procedure for pair wise comparison.

i4
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Table 3. Partial standardized regression coefficients from a multipie regression analysis

calculated individually for each species. Abbreviations according to Table 2.

Partitioning Architecture
Suc.-5p. FRFL. FRDLY FRLV FRST FRRT FRRES SRL SLA S5H
Effect of nutrients
P. annua 0122 0.004 0.108 0.732%* -0.688%* -0.274 0.245+ 0.425%*
H. lanatus 0.105 0.272%  0.720%% -0.597%* -0.622** 0.054 -0.031
A. odoratum 0.187  0.357** 0.430% -0.654** -0.119 0.107 0.478*
L. owving -0.161 0.637% 0225  -0.62** -0.369+ 0.104 0271
C. album  -0.029 -0.127 0.055 0.210 -(.462+ . 0.152 0.071 (.043
R. obtus. - 117 0.287**  (.455** -0.652** -0.219** -(0.107 0.059 0.607**
P. lanceol. 0.219 -0.075 0.019 0.423%*+ -0.720%* -0.26+  0.153 0.398*
H. piles. 0229 -0136 -0.037 0.440%* -0.611* -0.302+  0.373*% 0.203
Effect of time
P. annua 0.893** 0.915** -0.940** 0.013 0.415%* -0.052  -0.812** 0.290
H. lanatus 0.877* -0.888* (.094 0.494%* 0.084 -0.915* -0.684%*
A. odoratum . 0.635%* -0.834** 0.365+ 0.392¢ -0.428% -0.910** -0.321+
F. ovina {0.600%4%-0.516%* 0,044 0.301+ -0.482* -0.776** 0.283
C, albim 0.756** 0.734** -0.857** 0.778* 0.291 . -0.316  -0.777* 0.662**
R, obtus, 0.913** -0.925* 0.104 0.648* 0.900** -0.745** -0.644** 0.593**
P. lancesl. 0.382 0.830** -0.918** -0.120 0.326* -0.659** -0.828** -0.490**
H. pilos. 0.647** 0.660** -0.914** (0.687** 0.226 -0.525** -0.812** (.550**

+=P«0.05, *=P«{.01, **=P<0.001.
Results

Effect of nutrients

In all species, the root fraction decreased when the nutrient supply was
increased (Table 3, Figure 2). Conversely the nutrient increase induced an
enlargement of both leaf and stem fractions in all species. When the nutrient
supply was increased, grasses from a nutrient-rich successionai stage and all
forbs mainly increased their partitioning to stems, but grasses from a
nutrient-poor habitat mainly increased their leaves fraction. The fraction of
the biomass in the flowers and dead leaves was not affected by nutrients
{Table 3).
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The architecture reacted to nutrient supply less strongly than the
partitioning (Figure 3). The observed specific root lengths were in agreement
with the values found by Noordwijk & Brouwer (1991). In Holcus, Festuca,
Plantago, and Hieracium the specific root length showed a functional
response to the change in nutrients (Table 3). The specific leaf area was
relatively insensitive to nutrients; only Pog and Hieracium showed some
increase of this parameter in treatment N3. The increase in nutrients caused
an increase of the specific shoot height (55H in Figure 4} in Poa,
Anthoxanthum, Rumex and Plantage but had no significant effect in the
other species.

Effect of time

The leaf fraction generally decreased over time, as the plants invested more
in other organs such as roots, flowers, and stems (Table 3, Figure 2}. Leaf
mortality contributed to this decrease, as it increased over time.
Chenopodium and Hieracium increased their investments in stems during
the experiment, but the other species remained at a constant level. With the
exception of Chenopodium the root fraction in the species from a nutrient-
rich successional stage increased during the experiment. Only Rumex
produced taproots (FRRES) during the experiment. The fraction of the
biomass allocated in taproots increased over time. At harvest 4, Rumex had
allocated 50-70% of the total biomass in its taproots.

Although the species architecture demonstrated low sensitivity for
nutrients it changed considerably over time. In most of the cases both SRL
and SLA decreased in time. Only in Helcus and Chenopodium was no
significant trend found in the SRL. During the experiment the SSH increased
in Chenopodium, Rumex and Hieracium but decreased in Holcus,
Anthoxanthum and Plantago.

Differences between perennial species

In spite of its large sensitivity for nutrients, root fractions were remarkable
similar among the perennial species at the same nutrient treatment (Figure 4,
Table 4). However, in treatment N3 in the grass and forb species from a
nutrient-poor habitat invested less in the roots. The tested grasses showed a
large difference in their shoot investment. In Festuca, the decrease of the
root investment caused by the increase in nutrient supply favoured leaf
growth while in Holcus this decrease favoured stem growth. The latter effect
caused large differences in leaf fraction in the grasses.
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Figure 2. Dry matter partitioning of eight species over time {excluding the taproots of Rumex
obtusifolius) at 3 nutrient levels N1, N2 and N3 at respectively 0, 5 and 20 g of nitrogen m-2.
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Table 4. F values of a factorial ANOVA on data of the perennial plants after 16 weeks of
growth: the effect of species and nutrient application. Abbreviations accerding to Table 2.

Grasses Forbs
Sp. Nutr. N*P Sp. Nutr. N*P
df 3 3 9 3 3 9

Parameters of partitioning

FRFL - - - 7.2* 25 0.7
FRLV 121.4*** 48.74%* 5.7 26 0.9 34+
FRST 13.1** 25.8%** 3.3+ 1.3 28.6%** 0.6
FRRT 12.1** 66.6%** 5.1* 21.2%¥ 121.7%%* 3.2+
Architectural parameters

SLA 11.G9%* 0.3 0.3 231.7** 15.3%*= 0.427
SRL 7.6* 2.2 0.7 18 6.9% 29
SSH 19.5%#* 25 0.9 46.2%** 12.5** 5.2*
Size related parameters

HEIGHT 50.1*** 33.8%* 0.7 84 .9 44 2%%* 5.1*
LA 44.9*** 61.9%** 1.0 70.0%** 85.47** 1.4
RTL 52. 1%+ 1.0 1.6 14.3%* 2.9 31
Parameters of plant performance

RGR? 22,244 3.9+ 0.4 63.3*** 1.9 0.2
TOTBIO 82.8*** 61.04* -0.8 123.5%%* 84,1 14
LVMOR  38.6%** 0.7 2.4 5.1+ 0.0 1.0

+=P<0.05, *=P<0.01, **=P<0.001, ***=P<0.0001
2 The RGR was calculated over the first 4 weeks of growth and the annual plants were included

in this analysis

The specific leaf area (SLA) and the specific shoot height (SSH) were larger in
the grass and forb species from a nutrient-rich habitat (Table 4, Figure 5). In
the grasses the SRL tended to be higher for Holcus in the N1 treatment; no
clear trend was found in the forbs. The size-related parameters were, in
general, higher in species from a more nutrient-rich successional stage
{Figure 6, Table 4). Only in the root length of the herbs there was no clear
sequence. The leaf area distribution over the height is graphed in Figure 7,
showing the combined effect of nutrient supply and species differences. The
perennials of the same successional stage had, in general, a similar leaf area
distribution but both annuals differ considerable, Poa was much lower than
Chenopodium which was the highest of all species despite its low biomass
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Figure 4. Dry matter fractions of leaves, stems and roots of six perennials after 16 weeks of

growth. N1, N2 and N3 are nutrient applications comparable with 0, 5 and 20 g of nitrogen m™=.
Grasses: H = Helcus lanatus, A = Anthoxanthum

2

odoratumi, F = Festuca oving. Forbs: R =

Rumex obtusifolins, P = Plantago lanceolata, H = Hievacium pilosella. 'a b <’ Indicate

significant differences (F=0.05) between species within a nutrient level.

21



Chapter 2

Grasses Forbs
1 Specific leaf area {dm2/g) 1 Specific leaf area (dm2/g)
4.0 7 4.0 a a
3.0
2.0 . b b
b b 2
1.0
0.0
HAF  HAF HAF RPH RPH RPH
257 iy . 257 - ,
Specific shoot height (em/g{1/3)) Specific shoot height (cm/g(1/3))
207

HAF HAF HAF
4007 aSPGCifiC root lenght{m/g) 4007 Specific root length (m/g)
3001 3007
b
200 200 b
A a
100 100-
o i
HAF HAF HAF RPH RPH RPH
N1 N2 N3 N1 N2 N3
NUTRIENT LEVEL

NUTRIENT LEVEL

Figure 5. Parameters of plant architecture of the perennial plants after 16 weeks of growth.
N1, Nz and N3 are nutrient applications comparable with 0, 5 and 20 g of nitrogen m~2. Grasses:
H = Holcus ilanatus, A = Anthoxantlm  odoratum, F = Festuca ovino. Forbs: R = Runiex
obtusifolius, P = Plgntago lanceclata, H = Hieracium pilosella. ‘a b ¢ Indicate significant
differences (P=0.05) between species within a nutrient level.
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significant differences (P=0.05) between species within a nutrient level.
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and leaf area. The total biomass at harvest 4 and the RGR, were generally
greater in species from a nutrient-rich environment in all nutrient
treatments (Figure 8). The pattern of the leaf mortality differed between
grasses and forbs. Grass species from a nutrient-poor successional stage had a
slower leaf turnover. In the three perennial herbs the leaf turnover differed
significantly between the species (Table 4). Figure 7 indicate that Plantago
and Hieracium from a nutrient-poor habitat had also a lower leaf turnover
in both N1 and N2 treatment.

Discussion

Method and annual performance

Comparative studies on plant morphology have often been done in short
term experiments (Poorter & Remkes 1990, OIff et al. 1990, Olff 1992, Gleeson
& Tilman 1994), as these have the advantage of allowing many (small) plants
to be tested quickly. In this experiment we monitored eight species over 16
weeks. At the end this time, the productivities were 330, 825 and 1650 g m-2
for the N1, N2 and N3 treaiments respectively (including dead leaves) which
is a realistic productivity range for infertile, moderate fertile and fertile
grasslands.

Initially, Poa and Chenopodium, especially the latter, developed very
quickly and were in full flower by week 8. At harvest 3, Chenopodium
foliage was dead and, at a harvest 4, Poa’s foliage was largely dead. This fast
development of the annual plants might have been caused by the short day
length at the start of the experiment (Warwick & Marriage 1982). Although
these species cannot be compared directly with perennial species their
architecture and twmover generally fit the pattern of the perennials as
discussed below.

Architecture, allocation and turnover

Adapting the theory of Tilman (1985, 1988) we would expect species adapted
to nutrient-poor systems to be specialized in capturing nutrients and to have
a larger root fraction and a longer specific root length than species from a
nutrient-rich environment. The results presented here contradict these
expectations, Festwea and Hieracium (both from a nutrient-poor perennial
stage) were found to have the lowest root fraction and within the grasses
Festuca had the lowest specific root length and in the herbs no trend was
found.
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However, contrary to our results, but in accordance to expectations
Elberse & Berendse (1993} found higher SRL values in grasses from a
nutrient-poor environment., Our experiment would have yielded the same
results if a growing period of 4 weeks was considered (Figure 3). However, the
SRL of both Anthoxanthum and Festuca (both from a nutrient-poor
habitat) declined over time, whereas the SRL of both Poa and Helcus
remained constant, which resulted in higher values of both latter species at
the final harvest. In the experiment conducted by Elberse & Berendse (1993)
this trend was mainly generated by high SRL values of two (Festuca ovina
and Anthoxanthum odoratum) out of eight tested species. Furthermore this
trend was disappearing at later harvests which might also indicate a decreased
SRL of these species in time. This together with our results leads to the
conclusion that there is litile evidence for the hypothesis that species from a
nutrient-poor habitat generally have a longer specific root length.

Light is considered to be the limiting resource in nutrient-rich
environments (Tilman 1985) which is why we expected species from a fertile
successional stage to have a large shoot fraction and high values for their
shoot architecture. The results for the shoot architecture generally confirm
these expectations: specific shoot height and specific leaf area were greater in
species from a fertile environment. However species, from a nutrient-rich
successional stage were found to have a lower or equal shoot fraction which
contradicts the expectations.

Compared to Tilman’s theory our results fit better in the notions of
Grime (1979) who stated that species adapted to a nutrient-rich envirorunent
{Ruderals/Competitors) are better in capturing all resources. Compared to the
tested species from a nutrient-poor environment these species had a greater
specific leaf area, specific shoot height and a longer or equal specific root
length and were able to adapt their root investment te a nutrient-poor
environment. This means in general that these species are more efficient
(size / gram biomass) in increasing their size related parameters such as leaf
area, height and root length which enables them to increase nutrient uptake
and photosynthesis under all nuirient conditions. Their higher values for the
SLA will result in high values for the RGR (Grime & Hunt 1975, Poorter &
Reemkes 1990). This brings about a higher biomass, even in nutrient-poor
conditions, as shown by our results. On the other hand, Grime (1979) related
low RGR to the toleration of nutritive stress. The mechanism enabling these
slow-growing plants to perform better at low nutrient levels has to do with
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their lower biomass turnover. Qur results show that the dead leaf fraction in
grasses adapted to nutrient-poor environments was indeed lower than in the
grasses adapted to nutrient-rich environment. In the herbs, no such trend
was found, but at a low nutrient availability both Hieracium and Plantago
had a lower leaf turnover than Rumex. This may indicate that the mortality
rate of the grass and herb species adapted to nutrient-poor conditions is lower.
The low biomass turnover has two important consequences: 1) it will result
in a higher biomass in the long term (Schlapfer & Ryser 1996), and 2) species
with a low turnover will lose less nutrients to the environment (Berendse &
Elberse 1990). This results in a more efficient nutrient economy and relatively
high biomass, enabling the species in question to compete successfully in a
nutrient-poor environment (Aerts 1995).

The above section raises the question of why there are no species with
high values for architecture and with a low biomass turnover that will be
superior competitors in all environments. In other words: why is there a
inverse correlation between architectural parameters and biomass turnover?
The answer may be found in the relation between architecture and tissue
density. High values for architecture, which are expressed in (fresh) size /
gram dry weight, are negatively related to tissue density expressed in dry
weight / fresh weight (Poorter & Bergkotte 1992). This low tissue density may
be the cause of the short longevity, since this density can be regarded as an
indicator of the longevity of the plant’s tissue (Ryser & Notz 1996).

Plasticity

Allocation was found to be more sensitive than architecture to the nutrient
level. No evidence was found for any plasticity in the architecture of grasses
but in the herbs there were major changes in the specific shoot height of
Plantage and Rumex in response to the nutrient level. This effect was
caused by a change in leaf angle of these rosette species. Plants growing in
treatment N3 had more vertical leaves which resulted in taller plants while
in treatment N1 the leaves and stems of both species had a more horizontal
orientation. This effect was also reported by OIlff {1992).

It was the plasticity of the shoot-to-root allocation that was largely
responsible for the change in dry matter partitioning at different nutrient
levels. This effect was noticed over 30 years ago by Brouwer {1962). With the
increase of nutrient availability the herbs invested more in stems at the
expense of roots, while grassés invested in both leaves and stems. The

28




Architeciire, allocation and plasticity

difference in root allocation between the species in the N3 treatment was
striking. In these condition, species from a fertile environment invested
relatively more in their roots than species from a nutrient-poor
environment. A possible reason for this effect might be the higher relative
growth rate of these species. Because they grew faster they needed more
nutrients, and may have depleted the soil bringing about a functional
response in the shoot-to-root ratio. This effect might also explain the results
of Olff et al. (1990), Elberse & Berendse (1993) and Gleeson & Tilman (1994)
who also found lower shoot-to-root ratios in species adapted to a nutrient-
rich environment. If we include this depletion effect, the functional response
of the root fraction of the perennials tested can be regarded as similar between
the species. This similar functional response of the root allocation may
support the hypothesis that species are able to optimize their shoot-to-root
allocation to optimize the growth rate at different nutritive conditions (Levin
et al. 1989, Van der Werf et al. 1993, Gedroc et al. 1996).

Conclusions

In this research, we examined biomass ailocation, architecture and plasticity
of species from ditferent successional stages of an old field succession and
found that the availability of nutrients primarily affected the shoot-to-root
ratio of the species but had a limited effect on the plant architecture. Our
results indicate that species from a nutrient-rich successional stage generally
have a larger specitic leaf area and higher specific shoot height. This makes
these species more efficient growers and competitors because the larger
specific leaf area causes a faster RGR, and the higher specific shoot height
causes taller plants which makes these species better competitors for light. We
did not find that species from a nutrient-poor successional stage to have a
superior architecture or allocation to compete for nutrients nor did we find
evidence for any compensating growth-related properties in which they were
superior to species from a nutrient-rich successional stage. The only
advantage later successional species have was a lower biomass turnover. This
may have a significant effect on the biomass and nutrient loss in the long
run. Qur final conclusion is therefore that species from a fertile environment
are growth oriented and are specialized in the capture of light and nutrients,
whereas species from an infertile environment are specialized in reducing
their biomass and nutrient losses.
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3

Competition under high and low nutrient
levels among three grassland species
occupying different positions in a successional
sequence

Adapted from: P. Schippers, I. Snoeijing & M. J. Kropff (1999) New Phytologist
143: 547-559.

Abstract

To clarify the role of seasonal change, competitive respense and nutrient availability in
the competitive asymmetry of grassland species a competition experiment was conducted
on Holcus lanatus L., Anthoxanthum odoratum L. and Festuca ovina L. which
represent a successional sequence of decreasing nutrient availability. Seven harvests
were taken over two growing seasons. At each harvest the dry weight of plant parts,
dead leaves, leaf area and plant height were measured. Three key traits, that
determine the successional status of the species were studied: specific leaf area (SLA),
specific shoot height (SSH), and dead leaf fraction.

The response of these traits to competition appeared to be limited and
insufficient to change the competitive relations in the experiment. However, all three
traits showed marked seasonal changes, which resulted in superior growth and survival
in winter of the species adapted to nutrient-poor environments. The findings support the
theory that competitive asymmetry increases at higher nutrient levels. It is postulated
that the directionality of light makes it possible for the dominant species to monopolize

this resource more easily than nutrients.

Key words: Biomass turnover, competitive asymmetry, competitive response, seasonal

change, specific leaf area, specific shoot height, succession
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Chapter 3
Introduction

One of the most important determinants of species composition in grasslands
is the availability of nutrients: it determines the compeltitive balance between
fast- and slow-growing species (Grime 1979). Species with high relative
growth rates (RGR) dominate on fertile soils, whereas species with a low RGR
dominate on infertile soils (Grime & Hunt 1975).

The two most important morphological characteristics of nutrient rich
grassland species are a high specific leaf area (SLA} which is responsible for
the high RGR (Poorter & Remkes 1990, Poorter & Lambers 1991, Hunt &
Cornelissen 1997) and a relatively tall plant architecture (Grime 1979, Elberse
& Berendse 1993). The tall architecture can be described by the Specific Shoot
Height (SSH cm height.g shoot-1/2). Both SLA and SSH can be considered as
characteristics that make species superior competitors for light (Tilman 1985).
Surprisingly, species adapted to nutrient-poor environments are not better at
capturing nutrients: they do not invest more in their roots (Olff et al. 1990,
Elberse & Berendse 1993, Van de Vijver et al. 1993, Gleeson & Tilman 1994),
nor do they not have generally longer specific root length (SRL) (Ryser &
Lambers 1995) or more root absorption capacity (Chapin 1980). Although
there is some evidence that slow growing species can respond proportionally
more to nutrient patches and pulses (Robinson & Van Vuuren 1998}, the key
characteristic of species from nutrient-poor environments is their lower
biomass turnover (Berendse et al. 1987, Aerts et al. 1990, Schldpfer & Ryser
1996} which is responsible for a more efficient nutrient economy (Berendse &
Elberse 1990). Thus, it can be stated that species adapted to nutrient-rich
environments are characterized by a high SSH and SLA, whereas species
adapted to nutrient-poor habitats are characterized by low biomass turnover.

According to the definition of Shipley & Keddy (1994), asymmetrical
competition occurs when one species (the dominant) experiences less intense
interspecific competition than intraspecific interaction while the other species
(the subordinate) experiences more intense interspecific interaction than
intraspecific interaction. Intense asymmetric competition results in rapid
exclusion of species and is therefore an important determinant of species
diversity {Goldberg & Novoplansky 1997}. Two contrasting hypotheses have
been put forward to describe the relation between nutrient availability and
competitive asymmetry: one predicts that competitive asymmetry is
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independent of the availability of nutrients (Newman 1973, Grubb 1985,
Tilman 1988) and the other presumes that competitive intensity increases
with nutrient availability (Grime 1979, Keddy 1989). Both hypotheses are
supported by experimental evidence. Wilson & Tilman (1991) and
Turkington et al. (1993) reported no effect of nutrients on the level of
competitive asymmetry whereas others found that competitive asymmetry
increases with the nutrient availability (Belcher et al. 1995, Keddy, at al. 1997).
These contrasting views indicate a need for more evidence on this topic.

The competitive ability of individual plants can be compared between
species in two distinct ways: in terms of the competitive effect or ability to
suppress other individuals and in the competitive response or ability to
avoid being suppressed (Goldberg & Landa 1991}. Our understanding of
competition between plants is hampered by the competitive response to
overtopping by other species. The twa important architectural traits (SLA,
SSH} respond in a functional way to the availability and quality of light (Rice
& Bazzaz 1989, Olff 1992, De Kroon & Knops 1990, Kropff & Van Laar 1993). If
both increase, the plant is better able to compete for light. This functional
response may reduce the competitive effect of the overtopping species and
hence the competitive asymmetry between the species.

Most competition experiments on perennial species have lasted for only
one growing season (Berendse et al. 1992, Keddy at al. 1997, Schenk et al.
1997). But by excluding the winter period and regrowth in spring an
important period in mowed agricultural and semi-natural grasslands is
excluded. For instance, the important characteristics SLA, 55H and biomass
turnover may be temperature-dependent and might change during the
season. Furthermore the reduced availability of light in winter might alter
the competitive ability of species. For these reasons a competition experiment
that monitors these important characteristics for longer than one year might
elucidate the effect of seasonal change on interspecies competition.

Our competition experiment with harvests covering two growing
seasons was aimed at clarifying the role of seasonal change, competitive
response and the effect of nutrients on the competitive asymmetry of
grassland species. Three species were selected to represent a successional
sequence with respect to nutrients based upon ecological characterization
made by Grime at al. {1988). Holcus lanatus L. was chosen to represent
species of nutrient rich environments and Festuca ovina L. ssp. tenuifolia
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