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Abstract

The aim of this project was to look at the effect of natural enemies
on Cirsium arvense and to test the most effective herbivore hypothesis
and the complementary herbivore hypothesis. We measured damages by
different herbivore insect guilds and rust fungus Puccinia punctiformis in
Cirsium arvense in six different populations in the surroundings of Prague
(the Czech Republic). The populations were divided by humidity gradient.
| assessed the spatiotemporal variability in damages by several natural
enemies in Cirsium arvense between locally distinct populations with dif-
ferent abiotic conditions and seasons. In particular | was interested in
identifying damage types that co-occur through space and time. | also
wanted to discern whether the most considerable insect species have the
biggest influence on the population dynamics of C. arvense (the most ef-
fective herbivore hypothesis) or if a combination of more species has
more effect (complementary herbivore hypothesis).

Plant damage presence in C. arvense differ through seasons and
are more common in wet site conditions. Damages that are co-occurring
on the same individuals are necrosis at the top of ramets, eaten flower
tops, cocoons in leaves, galls in stem and other stem damages. Other
guilds of natural enemies that are co-occurring in the studied species are
rust, holes and mines per leaf and froghoppers. The most important result
is that guilds producing leaf necrosis were causing the same damage
separately on Cirsium arvense as when combined with folivory guilds or
with those which produce stem damage. This suggests looking for an in-
sect from this guild could lead to a better biological control of C. arvense
than to use a combination of various control insect species; nevertheless,
there have to be more studies to confirm this fact.

Key words: Cirsium arvense, natural enemies, plant-insect interac-
tion, plant damage, population dynamics.



1.Introduction

Invasive plants are the most important ecological results of the un-
precedented alterations in the distribution of the earth's biota through
human transport and commerce (Mack et al. 2000). The enemy releases
hypothesis says that invasive potential of some non-indigenous species
may be enhanced by absence of natural enemies, such as specialist her-
bivores, in the introduced range (Kolar, Lodge 2001, Keane, Crawley
2002, Torchin et al. 2002, Mitchell, Power 2003, Colautii et al. 2004, Car-
penter, Cappuccino 2005). This can be due to several reasons: 1. Natural
enemies regulate the size of the plant population, 2. These enemies have
a greater effect on native species than on introduced species and 3.
Plants are able to use the absence of enemies’ regulation by having a
bigger growth (Keane and Crawley 2002). The enemy releases hypothe-
sis is the theoretical foundation of classical biological control (Hong et al.
2006), which is based on suppression of pest populations by natural
enemies. Three types of biological control can be distinguished. In classi-
cal biological control humans introduce natural enemies to a new area
and natural enemies are expected to establish viable populations there.
In augmentative biological control natural enemies are repeatedly re-
leased to temporarily increase their density. In the conservation of natural
enemies the key is in avoiding practices that are harmful to natural ene-
mies that already live in the invasive weed range and implementing prac-
tices which benefit them (USA Office of technology assessment 1995).

Use of biological control might be one of the options to control
plant invasions. There have been many attempts to use biological control
to limit spread and density of invasive species (Delfosse 2000). The suc-
cess of it, however, is not very high (Crawley 1989). Theoretical knowl-
edge about effects of the herbivore insects on population dynamics of
species is relatively limited and more information here may improve ef-
forts to implement successful biocontrol programs (Dodd, 1940,
Cofrancesco et al. 1998). One unresolved issue in biocontrol concerns
whether the effect on plant population dynamics is maximized using the



most important herbivore (most effective herbivore hypothesis) (Turnbull,
Chant 1961, Kakehashi et al. 1984, McEvoy et al. 1993) or whether the
combined effect of multiple herbivore species is more effective (comple-
mentary herbivore hypothesis) (Huffaker 1971, Huffaker, Messenger
1976, Murdoch et al. 1985, James et al. 1992). The validity of the above-
mentioned hypotheses has rarely been tested empirically. Simultaneously
testing these two alternatives would provide a better knowledge on the
effect of herbivore insects on plants, in general. Specifically, it would con-
tribute to better planning of future biological control of invasive plants.
There are, however, only few studies quantifying the impact of the com-
bined vs. single effects of herbivore insects on plant population density
(Juenger, Bergelson, 1998, Hufbauer, Root, 2002).

Results of Juenger and Gergelson (1998) revealed that the evolu-
tion of flowering phenology in scarlet gilia might be in response to diffuse
and pair-wise natural selection imposed by multiple herbivores. Hufbauer
and Root (2002) found that beetles and spittlebugs feeding together on
tall goldenrod (Solidago altissima) reduce the mass of the apical bud and
the foliage more than would be expected from either insect feeding alone.
These studies clearly suggest that the effect of multiple herbivores cannot
be easily predicted from the effect of each herbivore separately. The lim-
ited number of such studies also shows that more studies on the additive
and interactive effects of natural enemies on invasive plants are sorely
needed. Studies of this type are missing not only in the invasive range but
also in the native range of the species. Comprehensive tests of the single
and combined effects of herbivore guilds on invasive plants in their native
range are needed to better understand the interaction between natural
enemies. Such information may help in designing effective biocontrol
programs.

The aim of this study is to test these two alternative hypotheses for
Cirsium arvense. Cirsium arvense (L.) Scop is one of the most problem-
atic weeds in North America (Moore 1975) and a common native weed in
Europe. In USA there is an attempt to manage its invasion by classical
biological control (Schroeder 1980, Peschken 1984b, McClay et al. 2001).
By measuring damage from various natural enemies of C. arvense and
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analyzing the interactions between the different natural enemies, | tested
the most effective herbivore and complementary herbivore hypotheses.
Specifically | tested if the effect of single herbivore guilds is independent
or if the different herbivores interact with each other. | also wanted to see
if the occurrence of damages caused by different natural enemies varied
among populations with different abiotic conditions, localities and sea-
sons. Finally | determined if and which types of damage co-occur under
natural conditions and could thereby be concurrently used as biocontrol
agents

The existing studies on C. arvense in the native range (Kruess A
2002, Eber, Brandl 2003, Kluth et al. 2002, 2003) rarely deal with interac-
tion of several guilds of natural enemies. There is one study on the inter-
actions between the rust fungus Puccinia punctiformis and ectophagous
and endophagous insects from Germany (Kluth et al. 2001) and one
study on mutualism between the shoot- base-boring weevil Apion
onopordi and the rust fungus Puccinia punctiformis from Switzerland
(Friedli, 2001). Examples of studies on the effect of herbivores on an in-
vasive species in its native range using species related to C. arvense in-
clude a study from Germany exploring if the specialist enemies suppress
Carduus nutans populations in its native range, and how this effect is re-
lated to other factors that may limit population growth (Jongejans et al.
2006).

These studies focused on the effect of one or two guilds on per-
formance of the plant. A study that comprehensively examines the effect
of more guilds on C. arvense and on their interaction is thus still needed.



2. Hypotheses

1) The effect of natural enemies on performance of Cirsium ar-
vense is not independent i.e. the effect of one natural enemy is enhanced
by the effect of a complementary guild of insects.

2) Occurrence of natural enemy damages and their effect on plant
performance depend on habitat conditions, mainly moisture, of the sites.

3) Specific groups of natural enemies tend to co-occur more often

together than expected by random.



3. Objectives

The objective of our project is to study the occurrence of different
natural enemies in populations of Cirsium arvense differing in habitat
conditions in the species native range and their effect on growth of the
plant.
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4.Material and Methods

4.1.Studied system
4.1.1. Plant species

The studied species is Cirsium arvense L. Scop. (Canada thistle,
California thistle, creeping thistle, corn thistle, perennial thistle, field this-
tle). It is a herbaceous perennial of the aster family with erect stems 0.5 -
1.0 m tall, with prickly leaves, and an extensive creeping rootstock
(Nuzzo 1997). It is a dioceous plant and it reproduces also by clonal
shoots. In Europe grows in fields, glades, screes, empty places in sand-
banks and in river willow-carrs from lowlands to mountain range (Slavik,
Stépankova 1998 - 2000). In the Czech Republic it is considered as an
archeophyte (Py3ek et al. 2000). Despite its English name, Canada this-
tle is native to Europe, parts of North Africa and Asia, including Afghani-
stan, Iran, Pakistan and China. This species was introduced to North
America from Europe in the 1600's as a contaminant of grain seed (Ja-
cobs et al., 2006).

4.1.2. Insect Community

Several guilds of natural enemies can be found in Cirsium ar-
vense: leaf-feeding guild, root crown and stem-boring guilds, stem gall-
forming guild, flower-head guild and rust fungus.

One of the main insects causing leaf damage in C. arvense is
Hadroplontus litura. The species makes holes into the midribs on the un-
derside of leaves. Females lay eggs into these feeding cavities. When the
larvae hatch, they mine down the midrib into the stem (Peschken & Wil-
kinson 1981). Cassida rubiginosa (Coleoptera: Chrysomelidae) is also a
leaf-feeder in C. arvense. This insect makes round punctures on the up-
per sides of Cirsium arvense leaves during its adult stage (Zwolfer 1966).
The main insect causing stem-boring is Apion onopordi (Coleoptera: Api-
onidae)(Friedli, Bacher 2001). Insect causing stem galls is Urophora car-
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dui (Diptera: Tephritidae). It has one generation per year and oviposits
into vigorous shoots (Harris, Shorthouse, 1996). Insects causing seed-
head damage are Larinus planus (Coleoptera: Curculionidae) and Rhino-
cyllus conicus. They oviposit into unopened flower head buds and the lar-
vae feed on the developing florets, ovules and receptacle tissue (Louda &
O'Brien 2002).

We also measured cover of rust fungus Puccinia punctiformis, a
systematic disease which is present in the soil and is specific to C. ar-
vense (Wandeler and Bacher 2006).

4.2. Characteristics of the studied area

Three different localities were selected in spring 2005. At each lo-
cality two sites were selected on a moisture gradient, one site is always
next to a stream and the other is usually about 300 meters far away on a
dryer place.

All sites were within 100 km from Prague (Table 1 for list of sites).
These were in the surroundings of the villages Kytin, Mily and VyzZerky
(Annex A). The two sites in Kytin were 1 km from the village. The dry site
was in a non-used meadow by a rural road. The wet site was by a brook
which springs in Brdy Mountains. The two sites in Mily were 1 km from
the village in Dzban Natural Park. The dry site was on the hill in a bushy
place between a forest and a meadow. The wet site was by agricultural
meadows and near HrfeSicky brook which springs in the DZban Natural
Park. The two sites in VyZerky were at the end of the village. The dry site
was at the beginning of a small forest and the wet was by a brook.

Locality nggl;ty Latitude Longitude Altitude
Kytin wet 1 N 49¢ 51' 06" E 14212 37" 460 m
Kytin dry 2 N 49°¢ 51' 04" E 14212 77" 440m
Mily wet 3 N 502 14' 10" E 132 51' 40" 310m
Mily dry 4 N 50°13' 19" E 13°51' 47" 335m
Vyzerky wet 5 N 49°56' 56" E 14°53' 95" 340 m
VyZerky dry 6 N 49?2 56' 72" E 142 53' 40" 358 m

Table 1. Geographic information of the Cirsium arvense sites.
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4.3. Field design

Plots within sites were all situated within 100 meters. In each site
300 plants were selected (150 at Mily) in spring 2005. Plants in each site
were marked within 10 experimental plots (5 in the case of Mily) with 4
sticks surrounded by a string. All plants per plot were marked, and there
were about 30 plants in each plot. The plants were marked with a number
with a plastic visible mark and one metal mark in the ground (for identify-
ing it in case of loss of the plastic one).

4.4. Field measurements (measurements of plant performance and
plant damage)

Each plant was measured in early, mid and late season. The early
season measurements were made from ends of April to June in 2005 and
April to May in 2006. We measured traits describing plant performance.
These were root crown diameter measured with a digital caliper (push the
caliper about 5 mm into the soil at a 45% angle around the base of the
stem and the top of the root- moving aside all leave bases- and squeeze
medium hard in order to get an estimate of the actual width of the junc-
ture between root and stem, Louda unpubl.), number of leaves and length
of the longest leaf of the marked plants.

The mid season measurements were made in July 2005 and 2006,
in which we measured plant performance and plant damage by different
natural enemies.

The data on plant performance measured in mid season included:
Height of each plant, number of leaves and the length of the longest one
in the vegetative ramets, number of flowering branches per plant and
number of flowers in each 3rd flowering branch in the flowering ramets.

The measured damages were: Presence of cocoons and froghop-
pers per plant, % of folivory per plant, % leaf mines, presence of stem
galls per plant (its length and width), floral head damage (estimated as
the proportion of flower heads in the terminal inflorescence with external
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evidence of herbivory: necrosis, eaten, fallen floral head), % of rust per
plant, % of stem damage, % of necrosis in leaves.

In these measurements we also recorded new seedlings and new
vegetative ramets per plot.

The end season measurements were made in September 2005
and 2006. At this time we measured only the root crown diameter for
second time in the season.

4.5. Additional information on the life cycle

In September to November 2005, seeds were collected from un-
marked plants in the surroundings of the experimental plots in every site.
Fifty viable seeds were sown in each of ten 50x50 cm plots per locality
that were established in the neighborhood of the experimental plots. We
also sowed seeds in plowed plots, to see whether the germination is
higher in disturbed conditions New seedlings were searched for in the
sowing plots as well as in adjacent control plots (plots without seed addi-
tion) in spring 2006.

4.6. Full life cycle of the species

| wanted to predict the growth of populations of Cirsium arvense in
the populations in Kytin, Mily and VyZerky by constructing population ma-
trices of Cirsium arvense. This part could not be done because | could not
recognize which ramets from the 1% season corresponded to the ramets
of the 2" season in the experimental plots. This is due to the fact that Cir-
sium arvense is a clonal plant and shoots grow from the roots in different
places around the mother plant every spring. Doing the matrices would
be possible if | could have assign ramets from 1% season to ramets in the
2" season.

4.7. Data analysis

The data from both seasons were analyzed with the programs Mi-
crosoft Excel 2003, Statistica 7.1., S-Plus 6.2. Professional and Canoco
for Windows.
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Plant damages were measured as % of damaged plant but | con-
verted this measure to presence/absence of plant damage for data analy-
Sis.

Data from the sites in Mily were not included in analyses due to
that the wet site in Mily was plowed the 2™ season and we could not thus
compare the site conditions effect in this locality.

4. 7.1. Occurrence of damages

| calculated the mean of plant damages in every site | measured in
the summer measurements in both seasons. This enabled me to have a
first view of the more frequent damages and less appeared damages in
the studied sites.

4. 7.2. Co-occurrence of all the measured damages

To analyze patterns of co-occurrence of the different plant dam-
ages measured in the summer measurements we used detrended corre-
spondence analysis (DCA) in Canoco for Windows. Eleven natural enemy
damages were measured. All the eleven plant damages were chosen “as
species” and all our plants were samples. Rare species were down-
weighted in the analysis.

4. 7.3. Pair-wise co-occurrence of damages

To know whether one damage co-occurred with another more or
less often than expected by random concurrence of each pair of damages
was counted. Co-occurrence of damages was counted for 15t and 2™
season separately. These data were analyzed with Chi-square test in
Statistica.
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4. 7.4. Factors determining occurrence of the damages
4.7.4.1. Factors determining occurrence of single natural enemies

The data on the occurrence of single types of plant damages
caused by natural enemies were studied using logistic regression in S-
PLUS. Three analyses of this kind were done.

First, we tested the effect of year, number of leaves per plant in
spring, locality and site conditions for the two seasons combined. All sec-
ond and third order interactions were also tested. We tested it with Chi
square test.

We then analyzed with logistic regression how the single natural
enemy damages depend on the number of leaves per plant in spring, lo-
cality and site conditions separately for each season. For the first year,
2005, the sites in Mily were excluded in the model because in the second
season we had no data of the wet site in Mily due to that land was plowed
in this site. The independent variables were the number of leaves in
spring (a measure of plant size), locality and site conditions (wet, dry).
The effect of number of leaves in interaction with locality and the effect of
number of leaves in interaction with site conditions were also studied. We
tested it with Chi square test.

4.7.4.2.Factors determining occurrence of all plant damages together

To analyze the effect of year on occurrence of the different types
of damage we used Canonical Correspondence Analysis (CCA) with
blocks and unrestricted permutations within these blocks. As environment
variables we choose the year. The covariables and also the blocks were
the locality and the experimental plots were the plants were marked.

To estimate the effect of locality on occurrence of plant damage
we used a CCA with blocks and unrestricted permutation within blocks
where the environment data were the localities and the covariables and
the blocks were year and site conditions.

To look at the effect of site conditions on plant damage, we used a
CCA with blocks and unrestricted permutations within blocks. In this case
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the site conditions were chosen as environmental variables and the year
and the localities where the covariables and the blocks. Rare species
were down weighted in all multivariate analyses.

4.7.5. Test of the complementary herbivore hypothesis and most effective
herbivore hypothesis

To analyze if the effect of various insect guilds on performance of
Cirsium arvense is additive or interactive we used two step-wise regres-
sions. In the one to test the additive effect of the damages the dependent
variable was the stem base diameter at the end of the season and the
independent variables were spring stem base diameter, locality, site con-
ditions and the three most common damages which are number of holes
per leaf, stem damage and leaf necrosis. We used only the three most
common damages here, since the others were too few to yield sensible
results.

In the stepwise regression to test the interactive effect of the dam-
ages the dependent variable was the stem base diameter, the independ-
ent variables were spring stem base diameter, locality, site conditions and
the three most common damages. We included all 2-way interactions be-
tween the different types of damages into the model as well.

In both cases number of leaves in spring, site conditions and lo-
cality were included also in the base model. Stem base diameter at the
end of the season was the dependent variable. In this way, the effect of
the damages was tested after taking all the other factors into account.

To compare if one model was significantly better than the other we
used compare models function in S-Plus. Distribution of stem base di-
ameter data was normal.
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5. Results

5.1. Occurrence of damages

The three most common plant damages in Cirsium arvense are
holes per leaf, stem damage and leaf necrosis. Mines per leaf, eaten
flowers, rust fungus, flower necrosis and eaten top are common dam-
ages. Stem galls and cocoons/leaf are less common damages. Froghop-
pers at the base of the root were rare damages (Table 2).

Plant damage % damaged plants in 1st year % damaged plants in 2nd year
Site conditions Wet Dry Wet Dry
Sites 1 3 5 2 4 6 1 3 5 2 4 6
Holes/ leaf 6,4| 61,4 83,8| 66,2| 12,9 20,9| 83,1 -1 34,5 40,9| 30,8| 81,0
Stem damage 0,0| 51,4| 63,6{ 41,9] 8,6| 16,4| 61,9 -l 3,4] 30,8] 19,7| 69,3
Leaf necrosis 0,0| 60,0 75,7 14,9] 6,5 12,7| 16,1 -1 83,9 4,4| 10,3| 54,6
Mines/ leaf 0,00 o,0f 37,11 0,0] o,0f 0,0] 14 -l 5,1 54| 05| 45
Eaten flower 0,0] 29| 26,8] 29,7| 0,5 1,5 08 -1 23,2 6,3] 0,0 25
Rust fungus 0,0] 25,7 12,5 0,0f 1,6] 0,4 23,7 -1 26,21 12,6/ 1,7 13,5
Flower necrosis| 0,0 5,7] 12,5/ 0,0 1,6/ 0,4| 23,7 -l 26,2 12,6 1,7 13,5
Eaten top 0,7] 0,0 14,0} 13,5 2,7{ 4,5 0,0 -1 1,5 1,4 0,0 15
Stem galls 0,00 oo0f 15 1,4 0,0 15| 6,8 -1 14,3 1,3 0,0f 6,1
Cocoons/ leaf 0,00 0,0 29| 2,71 0,0 1,1] 12,7 -1 11,9 25 43| 55
Froghoopers 0,0f 0,0 o0,0f 0,0f 0,0l 0,0f 5,1 -1 1251 06| 6,8] 4,9

Table 2. Percent of damaged plants by all the measured natural enemies. — Means that
we don't have data from the wet site in Mily because wet site was plowed the 2" sea-

son.

5.2. Co-occurrence of all the measured damages

The damages that are co-occurring in Cirsium arvense are sepa-
rated in four groups. Necrosis at the top of ramets, eaten flower tops, co-
coons in leaves, galls in stem and other stem damages occur together in
the same plant very often (Graph 1).

Other natural enemies that are co-occurring in the studied species
are rust fungus, holes and mines per leaf and froghoppers (Graph 1).
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Eaten flowers and leaf necrosis do not co-occur with other dam-

ages. 1*" axis explains 37.1% of variability (Graph 1).
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Graph 1. Co-occurrence of all the measured damages as determined using DCA analysis.
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5.3. Pair-wise co-occurrence of damages

In general, there were more pair wise co-occurrences in the sec-
ond season. The most common pair wise co-occurrence in the first
measuring season, 2005, was leaf necrosis and folivory. Also the combi-
nation of folivory and stem damage was very common in plants of Cir-
sium arvense in the first season. These two double occurrences of plant
damages were also the most common in the second measuring season
(Table 3).

Other combinations of two damages occurring in more than 5% of
the total of all the measured plants in the first measuring season were fo-
livory and mines per leaf, leaf necrosis and mines per leaf, leaf necrosis
and stem damage, stem damage and rust, stem damage and mines in
leaves. Both in 1" and 2" season leaf necrosis and rust were in 5% of
the total plants. In the 1% measuring season there were more observed
mines so the combinations of mines (windows) and other damages are
more common in the 1% season than in the 2" season (Table 3).

Leaf necrosis and cocoons per leaf; leaf necrosis and stem galls
were common in the second season, in between 20% to 10% in the total
of the measured plants (Table 3).

Double combinations of plant damages in the second season
which were in between 10% and 5% of the total measured plants were:

Stem damage and eaten flowers, eaten flowers and folivory, stem
damage and top necrosis, top necrosis and stem galls, top necrosis and
cocoon, eaten top and folivory, eaten top and cocoon and leaf necrosis
with rust. Only some of the less common pair wise co-occurrences in the
second season were significant. Also the more common pair wise co-
occurrence stem damage and top necrosis, in the second season, had a
p=0,073, i.e. marginally significant (Table 3).
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Jaccard

Double combination of plant % of tm% coefficient % of tOtas‘tl .Jacc_:a_rd
damages plants 2 ond goq. plants 1 ccs)tefflment
season season | 17 season
son

Folivory+Stem damage 23.5 0.279 11.60 0.233

Folivory+Leaf necrosis 12.4 0.198 14.20 0.331
Leaf necrosis+Cocoon 12.4 0.378 - -
Leaf necrosis+Gall 10.6 0.346 - -
Eaten flower+Stem damage 7.3 0.168 - -
Eaten flower+Folivory 7.0 0.145 - -

Stem damage+Top necrosis 59 0.073 1.9 0.093
Top necrosis+Gall 5.9 0.36 - -
Top necrosis+Cocoon 5.6 0.341 - -
Eaten top+Folivory 5.0 0.115 - -
Eaten top+Cocoon 5.0 0.362 - -

Leaf necrosis+Rust 5.0 0.176 5.0 0.176

Eaten top+Stem damage 49 1.147 3.3 0.136
Eaten top+Galls 4.9 0.36 - -

Stem damage+Mines 4.0 0.106 5.1 0.189

Folivory+Mines 39 0.091 6.40 0.182
Eaten flowers+Top necrosis 2.8 0.153 - -

Stem damage+Top necrosis 2.8 0.143 1.9 0.093

Leaf necrosis+Stem damage 2.8 0.191 5.70 0.145
Eaten flowers+Eaten top 2.7 0.168 - -
Rust+Gall 2.7 0.289 - -

Stem damage+Rust 3.1 0.078 5.4 0.192
Rust+Cocoon 2.6 - -
Cocoon+Stem damage 2.5 0.075 - -
Gall+Folivory 2.5 0.065 - -
Eaten top+Folivory 2.1 0.031 - -

Leaf necrosis+Eaten top 2.1 0.093 3.1 0.131

Leaf necrosis+Mines 1.7 0.042 6 0.203
Leaf necrosis+Eaten flower 1.5 0.055 - -

Eaten top+Folivory 1.3 0.115 3.6 0.118
Leaf necrosis+Top necrosis 1.1 0.041 - -
Rust+Top necrosis 1.1 0.041 - -
Eaten top+Rust 0.9 0.092 - -
Eaten flower+Rust 0.5 0.038 - -

Table 3. Pair-wise co-occurrence of the different damages in marked plants of Cirsium

arvense in the 1 and 2" season. Significant values are marked in bold font.
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5.4. Factors determining occurrence of all the damages
5.4.1. Factors determining occurrence of each single plant damage

We first tested the effect of the year, number of leaves per plant,
site conditions, locality and their interaction with year on occurrence of
the single plant damages (see Table 4). In this test presence of froghop-
pers depends on site conditions and year. In the 2™ season and in wet
sites this damage is more common.

All damages except rust depend on year. In the second season all
the damages were more common. Cocoons and holes per leaf depend on
the number of leaves. These damages are more common when plants
have more leaves. Stem damage, eaten flowers and eaten top also de-
pend on number of leaves per plant; when plants have less leaves, these
three damages are more common (see Table 4).

All damages except froghoppers and rust depend on the locality. In
the sites in VyzZerky the damages are more common.

Stem galls, eaten flowers, eaten top, top necrosis, leaf necrosis
and rust depend on the site conditions. In wet sites these damages are
more common, leaf necrosis is more common in dry sites (see Table 4).
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Then we analyzed how the single natural enemy damages depend on the
number of leaves per plant, locality and site conditions for each year
separately. The presence of froghoppers per plant does not depend on
the number of leaves of the plant in any year (Table 5).

Holes per leaf, stem damage, eaten flowers, eaten top and leaf
necrosis depend on the number of leaves in the 1%t season when includ-
ing the site Mily in the model. When we exclude it, cocoons per leaf, stem
damage, eaten flowers, eaten top and leaf necrosis depends on the num-
ber of leaves; when there are more leaves, plants have more of these
damages (Table 5).

Stem damage, top and leaf necrosis and rust depend in the 15t
season on the locality when including the site Mily in the model. In the
first season stem damage, top and leaf necrosis and rust are more com-
mon in the sites in VyZerky. Holes per leaf, stem damage and leaf necro-
sis depend in the 1% season on the locality when excluding the site Mily
from the model(Table 5).

The presence of holes per leaf, stem damage, leaf necrosis and
rust in the1® season depend on the site conditions when including the
site Mily in the model. This means that in wet sites in the 15! season there
is normally more rust, stem damage, folivory and leaf necrosis in plants
when we include site Mily in the model. When we exclude site Mily from
the model the same damages depend on the 1% season on site condi-
tions, and also eaten top (Table 5).

The presence of holes per leaf and eaten top depend on the 2nd
season on the number of leaves; when the plant has more leaves in the
2" season, there is higher probability that it has holes in leaf and eaten
top.

The presence of mines per leaf, galls, stem damage, eaten flowers
and leaf necrosis depend in the 2" season on the locality. In the site
Vyzerky in the 2" season these damages are more common (Table 5).

Presence of holes per leaf, mines, stem damage, leaf necrosis and
rust depend in the 2™ season on the site conditions; in wet sites there is
more probability that plants have more folivory, mines per leaf, stem

damage, leaf necrosis and rust (Table 5).
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We also analyzed the effect of the interactions between number of
leaves and locality and number of leaves with site conditions: stem dam-
age, holes per leaf and leaf necrosis depend on number of leaves in in-
teraction with locality in the 1% season in the models where sites in Mily
were included and excluded. That means that in plants in VyZerky with
more leaves there is more stem damage but less necrosis. Eaten flowers
depend in the 2™ season on number of leaves per plant in interaction
with locality. This means that in the site VyZerky in plants with fewer lea-
ves there are more eaten flowers. Holes per leaf depends in the 1° sea-
son on number of leaves in interaction with site conditions when exclu-
ding the sites in Mily. This means that in plants with more leaves in wet
sites, plants have more holes per leaf. Stem galls, eaten flowers and leaf
necrosis depends in the 2" season on number of leaves in interaction
with site conditions (Table 5).
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5.4.2. Factors determining occurrence of all plant damages together
5.4.2.1. Effect of year

In the 2" season there were more froghoppers, galls, cocoons,
eaten flowers, flower and leaf necrosis, stem damage, holes per leaf and
eaten top. Rust and mines seem to occur more often in the 1% season
(Graph 2).

The % of variability explained by the year is 3.8. This is 12.2 % of
the variation that can be explained by one ordination axis. The p value is
0.002.
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Plant damages

Graph 2. Effect of the year on the plant damages as determined using CCA analysis.

15!

Negative values on the y-axis indicate affinity to the 1~ season, positive to the 2" sea-

son.

5.4.2.2. Effect of locality

In the locality 1 (Kytin) the presence of cocoons and flower necro-
sis are more frequent than in locality 3. In the locality 3 (VyZerky) leaf
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damages as leaf necrosis, mines per leaf, rust fungus, holes per leaf and
also other damages as eaten flowers, galls and stem damages are more
frequent (Graph 3). The % of variability explained by the locality is 6.1.
This is 19.7 % of the variation that can be explained by one ordination

axis. The p value is 0.002.

Locality

1st canonical
axis

Plant damages

Graph 3. Effect of the locality on the plant damage as determined using CCA analysis.

Negative values on the y-axis indicate affinity to the locality Vyzerky, positive to the lo-

cality Kytin.
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5.4.2.3. Effect of site conditions

In the study of the effect of site conditions on the plant we ob-
served that all the damages are more common in wet sites (Graph 4).
The % of variability explained by the site conditions is 1.3. This is the 4.2
% of the variation that can be explained by one ordination axis. The p
value is 0.002.

Site conditions
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Graph 4. Effect of the site conditions on plant damage. Negative values on the y-axis indicate af-

finity to the wet sites, positive to the dry sites.

5.5. Additive and interactive effect of natural enemies on Cirsium ar-
vense

In the analysis testing the dependence of change in stem base di-
ameter of Cirsium arvense through year on season of measurement, lo-
cality and on the three more common damages we found out that the
most significant damage is leaf necrosis. From the same analysis but with
interactions between the three more common damages, which were fo-
livory, stem damage and leaf necrosis, the damage chosen for the model
was also leaf necrosis indicating no interactive effects between different
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damages (Graph 5). This suggests that the different insect guilds damag-

ing Cirsium arvense do not affect each other.
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Stem base diameter autumm / Stem base diameter spring
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Graph 5. Boxplot of plants of Cirsium arvense without leaf necrosis damage and with

leaf necrosis damage (x axis). In the y axis difference of stem base diameter through

season is showed.
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5.6. Additional population information

In spring 2006 | found an average of 19.5 seedlings in wet sites in
the sowing plots and 11.6 seedlings in average in dry sites. The germi-

nation of Cirsium arvense was higher in wet sites (Table 6).

Number of seedlings in sowing plots and germination percentages
Plowed plots Not plowed plots

Site S o S o € o S o

o o o o
= & [Control| £ & = & |Control| & &
Sown | £ § no £& | Sown | £G not £5
EB | oo | EB E 3 £ 3
8 g sown 8 ] 8 g sown 8 g
Kytin wet 15 30% 0 0% 3 6% 0 0%
Kytin dry 10 20% 0 0% 2 4% 0 0%
Mily dry 6 12% 0 0% 2 4% 0 0%
Vyzerky wet| 24 48% 0 0% 5 10% 0 0%
Vyzerky dry| 19 38% 0 0% 3 6% 0 0%

Table 6. Seedlings which emerged in the second season from sowing plots in the stud-

ied sites and germination percentages.

| found new seedlings in the experimental plots in the 2" season,
2006, in each locality, in which there were 300 plants marked, with the
exception of Mily, where 150 plants were marked. The average of seed-
lings per site is 42.4. In the wet sites there were more new plants (Table
7).

, New
Site seedlings/ site
Kytin wet 47
Kytin dry 30
Mily dry 31
Vyzerky wet 61
VyZerky dry 43

Table 7. New seedlings per site in the 1 and 2™ season in the experimental sites
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The average plant length in the marked plants was higher in wet
sites in both seasons. We can then suppose that Cirsium arvense grows
better in wet site conditions, by a water source, than in dry sites (Table 8).

Sites Average plant lenght (cm)
Seasons 1%'season | 2" season
Kytin wet 57.80 76.80
Kytin dry 39.70 70.80
Mily wet 67.30 plowed

Mily dry 53.40 24.80
VyZerky wet 48.30 67.50
VyzZerky dry no data 64.30

Table 8. Average plant length in cm in Cirsium arvense in the studied sites
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6. Discussion

6.1. Co-occurrence of all measured Cirsium arvense damages

Necrosis at the top of ramets and eaten flowers, which are co-
occurring together in Cirsium arvense in the studied sites, could be
caused by the same insect guilds since species as Larinus planus and
Rhinocyllus conicus oviposits into flowers and causes flower heads to
abort and thus to have necrosis (Louda & O'Brien 2002).

Urophora cardui, a gall-forming insect (Harris, Shorthouse, 1996),
and Apion onopordi, a stem-boring insect (Friedli, Bacher 2001), cooccur
in Cirsium arvense in the measured sites because stem galls and other
stem damages co-occur together in Cirsium arvense in the studied sites.
In the case of other stem damages it is difficult to predict which insects
could be causing it because internal stem damage was not measured in
this study.

The rust fungus Puccinia punctiformis, causing rust fungus, and
Hadroplontus litura and Cassida rubiginosa, causing leaf damage, co-
occur together. Our observations are similar to results of another study
done in Germany by Kruess, 2002, of several insect guilds and rust fun-
gus in Cirsium arvense which assents that the oligophagous chrysomelid
beetle Cassida rubiginosa, from the leaf miner insect guild, is more likely
to feed on leaf segments with rust fungus than on uninfected thistles. This
co-occurrence may be explained because Cirsium arvense young shoots
are infected by Puccinia punctiformis at the beginning of the season and
leaves infected later could be more vulnerable to the attack of leaf eaters
and leaf-miner insect guilds.

6.2. Effect of number of leaves per plant, locality and the site condi-
tions on occurrence of measured Cirsium arvense damages

The effects of site conditions, number of leaves per plant and year
were analyzed on the insect plant damage.

Plants in wet sites in Kytin and VyzZerky are taller than in dry sites.
Also in the wet site in Mily in the 1% season plants are taller.
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More damage by insects and rust was observed in wet localities,
where the plants are taller. It can thus be expected that the overall effect
of all these types of damages on plant performance is actually quite lim-
ited. There were more herbivore insect damages in plants in wet sites.
Another study, Wool 2002, where galls abundance was counted in Pis-
lacia palestina trees, had also higher levels of galls in wet years, which
can be comparable with our gradient in wet sites (near a water stream).

This result is also consistent with the study of Coob et al. (1997),
who found out that the herbivore damage caused by the stem- and cone-
boring moth Dioryctia albovitella on Pinus edulis was six times greater in
the most watered site they had compared with sites with less water.

Insect guild damages vary between seasons and sites, plants in
site in Vyzerky had the most observed types of damage.

The insect guild damage which had the greatest effect on plant
performance (stem base diameter throughout the measuring season) in
Cirsium arvense was leaf necrosis. Leaf necrosis, the most common
damage in Cirsium arvense, is not co-occurring often with other dam-
ages.

Folivory (Kruess 2002, Kluth, Kruess, Tscharntke, 2001,), stem
and gall damage (Gange and Nice 1997, Bacher S, Schwab, 2000, Kluth,
Kruess, Tscharntke, 2001, Eber and Brandl, 2003) an flower-head dam-
age (Zwolfer, 1966, Louda, Potvin, 1995, Louda, Charles, O'Brien, 2002)
are mentioned in the literature, but it is more difficult to compare results
from our leaf necrosis data due to lack of literature.

Some studies have been performed examining the relation be-
tween plant size and insect damage as the one done by Eber and Brand,
2003. They observed that the number of Urophora cardui increases when
the size of a Cirsium arvense decreases. In our study number of leaves
per plant had no significant effect on the number of galls per plant.

The average infestation (% stem attacked) by all phytophaga was
of 68% in Cirsium arvense (Freese 1993) in a study in Bavaria, and 12
insects species were associated with Cirsium arvense. This result was
lower than in other thistle species (C.vulgare, C.eriophorum, C.nutans,
C.acanthoides, C. palustre and C. oleraceum) and there was a bigger

34



temporal niche separation as the attack rates and individual per plant
were the lowest comparing with the other species from the study. This
could be due to the small size and low apparancy of the plant species
(Feeny 1976). This shows that Cirsium arvense is more resistant to attack
of insects than other thistles. The % of plant damages in our marked Cir-
sium arvense plants reached 84%. It is difficult to compare % of plant
damage

6.3. Additive and interactive effect of natural enemies on Cirsium ar-

vense

One of the hypotheses | had was that multiple insect guilds will
have a greater effect on the performance of Cirsium arvense than each of
the guilds separately. | found out that the effect of the insect guild that
produces leaf necrosis has the same effect alone as it does in combina-
tion with two other common guilds, stem borers and folivors. This sug-
gests, that we could then use only one kind of guild for a biological control
of Cirsium arvense and would not need to use a combination, which is
more difficult to put in practice.

We should then look for an insect from this guild for a better bio-
logical control rather than to use a combination of various control species.
Since | found out that one specific species has the greatest effect on Cir-
sium arvense performance | can say there is no need to combine it with
other herbivore guild for an effective better biological control. Still, | have
not examined how insect damages affect the seed recruitment and if
damages caused by insects and rust fungus actually slow the individual
growth over multiple field seasons and population growth, which is crucial
for predicting the long term effects of the insects on plant population
growth.

It is still not very clear whether a combination of species or one ef-
fective herbivore have the greatest effect on the plant population dynam-
ics. James and McEvoy, 1992, support the strategy of introducing, as bio-
logical control, two complementary species which reduce Senecio jaco-
beain its invasive range in different stages and different times.
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Junger and Bergelson, 1998, found out that the effect of three
types of herbivores on Scarlet gilia is both additive and complementary.

Kluth et al., 2001, found out that Apion species are more abundant
in Cirsium arvense plants that are infected with the rust Puccinia puncti-
formis. The insects Melanagromyza aeneoventris, Urophora cardui,
Cassida rubiginosa and some leaf miners preferred non infected plants.
But the presence of rust did not reduce the presence of herbivores in my
study. | found that this species of rust is not very abundant in Cirsium ar-
vense in my sites in the Czech Republic and don’t have a very significant
effect. Thus, | can say that other natural enemies, which provoke leaf ne-
crosis and leaf holes, have a more important impact than Puccinia puncti-
formis and therefore these have to be more accurately studied in the fu-
ture.

There is still much debate in the field over whether the optimal ef-
fect on the population dynamics of plants is maximized using the most
important herbivore (most effective herbivore hypothesis) (Turnbull,
Chant 1961, Kakehashi et al. 1984, McEvoy et al. 1993) or the effect is
bigger when more herbivore species are combined (complementary her-
bivore hypothesis) (Huffaker 1971, Huffaker, Messenger 1976, Murdoch
et al. 1985, James et al. 1992). Results of studies proving the most ef-
fective herbivore hypothesis and the complementary species theory are
different in different studies in Cirsium arvense.

| observed and analyzed the damages caused by herbivore guilds
but since | did not study, observe or recollect the insects on Cirsium ar-
vense | could not connect the plant damages with a specific insect. Since
some of these insects, as Cassida rubiginosa (Bacher,Luder, 2005, Kluth
2001, 2002, 2003) and Rhinocyllus conicus (Louda 1998, Dodge 2005)
are frequently studied because of their uses in biological control, it would
have been better to do further analysis of insect presence in this study.

6.4. Additional population information

In the sowing plots the maximum germination percentage was
38%, in the dry site in Vyzerky in plowed plots, and the minimum was 4%
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in the dry site in Mily in not plowed plots. This suggests Cirsium
arvense has higher germination rates in disturbed conditions.

This study is based on a field experiment. This is better than a
greenhouse experiment because we can see how plants grow naturally
and can see a wide range of damages that maybe we could not see if
plants were planted in a greenhouse, where not all insects or rust could
have damaged the plants. Also, we could observe plants on sites with dif-
ferent habitat conditions. Instead, a greenhouse experiment would give
more standard conditions and we would be able to recognize all plants
through the second season, which is more problematic in the field, since
Cirsium arvense is a clonal plant and new shoots in the second year can
grow in some other place than the first year. Also the effect of water re-
source would be better by adding or restricting watering.
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7. Conclusion

The most common natural enemy damages found in Cirsium ar-
vense in the studied sites were folivory, external stem damage and leaf
necrosis.

The most common damages were not co-occurring together. Fo-
livory was co-occurring with leaf mines and with rust caused by Puccinia
punctiformis. External stem damage was co-occurring with stem galls and
top necrosis, eaten top and leaf cocoons. Leaf necrosis and eaten plant
tops were not often co-occurring with other damage.

Insect guild damages and damage caused by Puccinia puncti-
formis were more common in sites which were near water streams, which
shows Cirsium arvense tends to be more damaged in wet rather than in
dry conditions.

Our results don’'t support the complementary species theory be-
cause | found the effect of the most common damage, leaf necrosis, on
stem base diameter difference through a measuring season is the same
when damaging alone and when damaging with folivory or stem damage,
the two more common plant damages in Cirsium arvense.

After studying insect damages in plants | concluded that when
looking at insect guild damages of a plant there is a need to identity which
insect species causes the damage for a better understanding and analy-
sis of the plant damages and insect-plant interactions.

The study of particular insects and the connection between plant
damage and insect in Cirsium arvense is needed for a better understand-
ing of the system and the effect of the insect damages in the plant popu-
lations.

This is one of the more complete studies looking at the effect of a
wide range of insect guilds damages on the performance of Cirsium ar-

vense in its native range.
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8. Annexes

Annex A. Mapped locations of study sites.

Map 1. Sites at Kytin
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Map 2. Sites at Mily
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Annex B. Primary data. Means of plant damages (froghoppers, galls per plant, % of leaf
necrosis per plant, cocoons per leaf, mines per plant, holes per plant, galls per plant,
volume and height of the galls, stem damage, eaten flowers per plant, eaten tops per
plant, top necrosis and % rust per plant) and performance (stem base, seedlings per
plot, number of flowers per plant and number of leaves per plant) of the 1% and 2™ sea-

son measurements

Sc:?a':;g{acasre Number otf Spring Number of Sunrgvrcer
Site spring 1% leaves 1° length leaf | flowers/plant ramets/site
eas0n season 1% season mean 1% 1 season
mean mean mean season mean
Kytin wet 4.497 9.956 7.494 7.800 0.000
Kytin dry 3.499 7.221 8.643 1.865 0.029
Mily wet 2.447 0.000
Mily dry 2.794 6.863 6.614 0.855 0.015
VyZerky wet 4.317 5.534 0.000 10.327 0.007
VZerky dry 4.387 7.569 11.372 5.775 0.082
Total mean 3.939 7.210 8.344 4.924 0.031
Spring Summer Galls pres- | Froghopper | st
new new ot st | % Rust 1
Site seedl./site | seedl./site ence 1 presence 1 season
1%t season | 1% season s;zsac:]n Srizsa?ln mean
mean mean
Kytin wet 0.059 0.000 0.115384615 0 0.000
Kytin dry 0.004 0.106 0.057692308 0 1.882
Mily wet 0.000 0.000 0.067669173 0 0.284
Mily dry 0.000 0.014 0.094637224 0 0.037
VyZerky wet 0.067 0.043 0.059405941 0 6.021
Vzerky dry 0.000 0.000 0.079957356 0 0.276
Total mean 0.019 0.037 0 2.027
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% Co- o Mines % Stemgall | Stem gasltl
Site cgons/leaf 1%t season I-L?Ies/leaf psgesence length 1
1% season mean 1> season | 1% season season
mean mean mean mean
Kytin wet 0 0 7.143 0 0
Kytin dry 0.0110 0 5.037 0.004 0.007
Mily wet 0 0 10.975 0 0
Mily dry 0 0 5.074 0 0
VyZerky wet 0.0458 3.269 11.810 0.0141 0.0176
Vzerky dry 0.0103 0 4.284 0.0172 0.0172
Total mean 0.0164 0.799 7.301 0.0086 0.0104
% Stem Pr::teerr\‘ce Presence | Presence | % leaf ne-
Site damage 1 flowers {5 | &aten top top necro- crosis 1%
season season 1% season | sis 1 sea- | season
mean mean mean son mean mean
Kytin wet 0 0.057 0.029 0 0
Kytin dry 2.169 0.015 0.037 0 0.680
Mily wet 7.057 0.014 0.028 0.035 5.390
Mily dry 3.235 0.007 0.037 0.022 2.444
VyZerky wet 9.433 0.074 0.138 0.159 12.261
VZerky dry 2.414 0.042 0.041 0.003 2.638
Total mean 4.658 0.036 0.061 0.047 4773
Total of Eaten
Galls Pres- | Gallwidth | Gall length | flowers per |  flower
Site ir;c;escz) o 2" season | 2" season | plant2™ | presence
mean mean mean season | 2" season
mean mean
Kytin wet 0.054 2 1.333 3.372 0.147
Kytin dry 0.013 2.333 1 2.378 0.006
Mily wet
Mily dry 0 0 0 0.466 0.015
VyzZerky wet 0.098 1.696 1.0304 3.991 0.192
VzZerky dry 0.050 1.778 1 2.168 0.178
Total mean 0.053 1.762 1.02 2.743 0.127
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Top necro-

Eatentop | %ofleaf | | : i % Stem
Site presence necrosis 2n§° seR:ssé n 2'r? CperZEd damage
2" season | 2" season mean season 2" season
mean mean mean mean
Kytin wet 0.147 4.814 0 0.209 14.192
Kytin dry 0.064 1.032 2.019 0.128 4.038
Mily wet
Mily dry 0.0150 3.1579 0 0.015 4.962
Vyzerky wet 0.1041 14.4006 4.700 0.136 11.435
VzZerky dry 0.0990 13.4158 0.842 0.109 22.946
Total mean 0.0896 9.0470 2.108 0.122
Eatentop | %ofleal | o o i ond Tgig n?gsr?' % Stem
Site presence necrosis °S eason en CZ ond damage
2" season | 2" season oan <oason 2" season
mean mean mean mean
Kytin wet 0.147 4.814 0 0.209 14.192
Kytin dry 0.064 1.032 2.019 0.128 4.038
Mily wet
Mily dry 0.0150 3.1579 0 0.015 4.962
Vyzerky wet 0.1041 14.4006 4.700 0.136 11.435
Vzerky dry 0.0990 13.4158 0.842 0.109 22.946
Total mean 0.0896 9.0470 2.108 0.122
% % Stem Mines
. Holes/leaf | damage presence
Site number | nd saac0n | 2™ season | 2™ season
mean mean mean
1 21.462 14.192 5.433
2 5.827 4.038 0.609
3
4 9.098 4.962 1.880
5 15.595 11.435 1.855
6 21.436 22.946
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