
Abstract We studied the impact of the seed

damaging gall midge larva Geomyia alpina on its

perennial alpine host plant Geum reptans. We

analysed the effect of seed predation on repro-

duction by seeds, i.e. seed number, seed mass, and

seed viability and on growth and clonal propa-

gation of non-protected plants in comparison to

plants protected from predation by an insecticide.

Additionally, we assessed the consequences of

seed predation for population growth using

matrix projection modelling. Seed predation

resulted in a decrease in total seed mass per

flower head by 23.8% in non-protected plants

(P < 0.05). Individual seed mass decreased with

increasing infestation intensity (P < 0.05). Seed

number remained unaffected because the sucking

feeding behaviour by gall midge larvae does not

evoke seed abortion. Percent germination of

seeds from non-protected plants was reduced by

97.9% compared to seeds from protected plants.

According to reduced seed viability, modelling

revealed a decrease in population growth rate

from k = 1.055 to k = 1.041. Predation did neither

influence total plant biomass nor biomass frac-

tions. But stolon dry-weight of non-protected

plants increased by 24.1% (P < 0.05), which may

indicate a trade-off between sexual reproduction

and clonal propagation. Our results demonstrate

that despite substantial reduction of viable seeds,

predation by gall midge larvae only slightly

affected population growth of G. reptans sug-

gesting that in this alpine species, persistence by

longevity and clonal propagation can balance

potential seed losses by predation, at least for

local population growth.
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Introduction

Pre-dispersal seed predation is well known to

have substantial impact on the relative repro-

ductive success of individuals by limiting the

number of viable seeds (e.g. Hendrix 1979; Louda

1982; Louda and Potvin 1995; Briese 2000; Leimu

et al. 2002) and altering flowering phenology (e.g.

Janzen 1971; Eriksson 1995; Louda and Potvin

1995; Albrectsen 2000; Mahoro 2002; Russell and

Louda 2004). Predation of seeds prior to dispersal

is experienced by a variety of plant species in

different habitats throughout the world. Most

pre-dispersal seed predation is caused by small

insects showing high host-specificity (Crawley

1992). These predators cause damage to a
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variable degree by attacking whole fruits, feeding

on individual seeds, or sucking on tissue of ovules

(Crawley 1997). Theoretically, it is expected that

pre-dispersal seed predation should have conse-

quences not only for individual reproduction but

also for growth and dynamics of populations if

seed supply reduces recruitment to below the

sustainable density (Harper 1977). Louda (1982)

and Louda and Potvin (1995) were among the first

who demonstrated a direct effect of inflorescence-

feeding herbivores on recruitment, plant demog-

raphy, and fitness by limiting total seed output.

However, even despite an increasing number of

studies associating seed predation and population

growth (e.g. Briese 2000; Kelly and Dyer 2002;

Fröborg and Eriksson 2003), effects of pre-

dispersal seed predation on population dynamics

of most host-plants are still poorly understood

and controversially discussed.

In fact, the persistence of many plant popula-

tions does not always depend critically upon

current seed production (Cohen 1968; Eriksson

1996). Differences in life-histories largely deter-

mine how strong a plant may respond to seed

losses or not. The existence of a persistent seed

bank may buffer potential seed losses by seed

consumers in time (Parker 1985; Crawley 1990).

Also a species’ life-span, particularly whether it is

semelparous or iteroparous, is considered to be

an important aspect in assessing the role of pre-

dispersal seed predation for population dynamics

(Briese 2000). Immigration of seeds from other

patches may balance low seed availability in

predated populations (Roff 1974; Eriksson 1996).

Nevertheless, since seed production of most

plants is large, increasing mortality of seeds dur-

ing germination can have substantial effects on

the number of surviving seedlings in a population

(Crawley 1992).

Most studies of the effects of pre-dispersal seed

predation on recruitment and population growth

focus on annual plants (e.g. Szentesi and Jermy

2003) or short-lived perennials (e.g. Louda and

Potvin 1995; Briese 2000). In long-lived perenni-

als, due to the complexity of recruitment, the

impacts of seed losses are difficult to determine

(Andersen 1989). Clearly, independent of life-

history, species must be followed over several

years and locations to account for environmental

variation. A combination of field measurements

and matrix projection modelling may provide a

promising approach to assess the impact of seed

predators on population growth rate (Fröborg

and Eriksson 2003).

Destruction of flowers or immature fruits may

induce changes in resource allocation of plants

(Hendrix 1988). Compensation for seed losses

might particularly evolve in plants subjected to a

predictable risk of damage by host-specific her-

bivores (Crawley 1983; Järemo et al. 1996). As a

consequence, resources that would have been

used for seed and fruit maturation may be stored,

may be allocated into compensatory flowers or

fruits that would normally been aborted or may

be used for the production of non-reproductive

tissue (Janzen 1971; Hendrix 1979; Crawley 1997).

Accordingly, for clonal plants it could be inferred

that the loss of seeds due to predation may alter

the balance between sexual reproduction and

clonal growth in favour of the latter. Support for

this assumption comes from studies detecting a

trade-off between sexual reproduction and clonal

propagation (e.g. Law et al. 1983; Sutherland and

Vickery 1988; Piquot et al. 1998; Ronsheim and

Bever 2000). However, interestingly, there are

only few studies on seed predation in clonal

plants considering potential benefits for clonal

growth (Doak 1991).

We used an exclusion field experiment to

determine the effects of pre-dispersal seed pre-

dation on sexual reproduction and clonal propa-

gation in Geum reptans L., a long-lived alpine

pioneer species occurring on glacier forelands.

Furthermore, we simulated the consequences of

reduced seed viability due to pre-dispersal seed

predation on the population growth rate (k) of

G. reptans using a matrix projection model. Geum

reptans is an iteroparous rosette plant producing

flower heads and above-ground stolons, but does

not form a persistent seed bank. The seeds of this

species are damaged by larvae of a recently dis-

covered specialist gall midge (Skuhravá et al.

2006). We addressed the following questions: (1)

What are the effects of pre-dispersal seed preda-

tion on reproduction by seeds, i.e. seed number,

seed mass and seed viability? (2) Are other traits,

i.e. growth and clonal propagation, also affected

by the predation of the gall midge? (3) What are
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the consequences of pre-dispersal seed predation

for population growth rate (k)?

Material and methods

Study species

Geum reptans L. (Rosaceae) is a clonal peren-

nial rosette plant occurring between 1950 and

3800 m a.s.l. This pioneer species grows on moist

moraines and alluvial soils of glacier forelands,

block fields and mountain ridges, particularly on

lime-deficient soils. Its distribution ranges from

the Central Alps to the Carpathians and the

Mountains of Northern Albania and Macedonia

(Weber 1995). Individuals of G. reptans are

about 5–15 cm in height and form clumps of 1 to

c. 7 leaf rosettes emerging from a taproot. In

spring, axial leaf buds initiated in the previous

year give rise to flower heads and c. 2 weeks

later to above-ground stolons. Stolons can grow

up to 1 m in length. At the end of a stolon, a

clonal daughter rosette develops and establishes

a new individual in autumn when the connection

to the mother plant withers (clonal propagation).

Flower heads are generally hermaphrodite and

contain c. 100 ovaries, but male flower heads

also rarely occur (Weber 1995; T. Weppler,

unpubl.). Geum reptans is pollinated mainly by

flies (Heß 2001); self-pollination of the prot-

erogynous flower heads results in non-viable

seeds (Rusterholz et al. 1993). Plants produce on

average 105.9 – 11.0 (mean – SD) seeds per

flower head; abortion of ovules is usually very

low (0.6 – 1.8%, n = 60; Authors, unpubl.). In

accordance with the elongated hairy style, the

nutlets are mainly wind-dispersed. Geum reptans

forms no persistent seed bank (Schwienbacher

and Erschbamer 2002).

Developing seeds of G. reptans are damaged

by larvae of the recently described gall midge

species Geomyia alpina Skuhravá (Cecidomyii-

dae; Skuhravá et al. 2006). We observed infesta-

tion by gall midge larvae in 10 out of 18

populations of G. reptans surveyed in the Swiss

Alps (Fig. 1). Infestation of flower heads varied

between 3.6% and 83.3%. Geomyia alpina does

not induce galls but feeding results in small and

atrophied seeds sticking to each other (T. Wep-

pler, unpubl.). Adult gall midges emerge in

spring, mate and infest the flower heads of

G. reptans by ovipositing eggs. Larvae hatch after

several days and develop inside the flower heads

sucking sap of developing nutlets. In autumn, the

mature larvae leave the host plant and overwinter

in the soil. Gall midges developing in alpine host

plants show usually one generation per year

Fig. 1 Location of 18
populations of Geum
reptans in Switzerland and
their frequency of
infestation (%) by gall
midge larvae. The filled
part of pies refers to
percent individuals with
infested flower heads.
Frequency of infestation
was independent of
altitude and successional
stage of populations
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(Skuhravá et al. 1984), which is probably also true

for the present species.

Study site

The study site is a large population of c. 20,000

individuals of Geum reptans on the foreland of

Scaletta glacier in Eastern Switzerland (WNW-

exposed slope with c. 20� inclination, 2400 m

a.s.l., 791335/175478, Swiss national grid). In 1991,

Rusterholz (1992) reported heavy infestation of

this population by gall midge larvae, resulting in

10–40% seed loss. Gall midge larvae were again

observed during 2000–2002 (no data available for

1992–1999), but we assume that gall midge larvae

were continuously present since gall midge pop-

ulations often remain at constant levels for pro-

longed periods (Skuhravá et al. 1984). No other

predators feeding on seeds of G. reptans were

observed.

Field study

At the end of June 2001, 122 individuals of Geum

reptans with buds of flower heads were randomly

selected so that the minimum distance between

individuals was at least 2 m (Table 1). According

to life-cycle stages of reproducing plants, indi-

viduals were grouped into three size classes: small

(1 leaf rosette), medium (2–3 leaf rosettes), and

large plants (‡4 leaf rosettes). Twice the number

of medium-sized plants was selected, because it

was planned to harvest half of these plants in

autumn 2001.

In half of the plants within each size class (64

plants in total), all flower heads were sprayed with

a 0.05% solution of a systemic broad-spectrum

insecticide against sucking and herbivorous

insects (Perfekthion r, BASF AG, Maag Agro,

8157 Dielsdorf, Switzerland; active ingredient

dimethoat (40%)). Insecticide-treated plants are

subsequently referred to as ‘protected’, regardless

of whether they were infested. The flower heads

of the other half of the plants (58 plants in total)

were sprayed with the same amount of water;

these plants are subsequently referred to as ‘non-

protected’. The insecticide treatment was first

applied on buds of flower heads and repeated

fortnightly for 12 weeks. Direct treatment of

unpollinated flower heads was avoided. We

repeated the treatment on the same plants in

2002. However, due to high inter-annual variation

in reproduction typical of G. reptans (Weppler

et al. 2006) and an avalanche partly burying the

study site, the number of experimental plants

which flowered in the second year was very low.

Thus, we mainly present results from 2001, and

only a summary of the results from 2002.

The number of stolons and flower heads per

plant was counted fortnightly. From mid July to

mid August, the intensity of larval infestation was

measured fortnightly on a randomly selected

flower head per plant and classified as (1) none

(uninfested), (2) slightly (by 1–10 larvae infested),

(3) heavily (by more than 10 larvae infested;

mean larvae number of heaviest infested flower

heads was 37.2). If the measures differed among

surveys, the highest measured infestation inten-

sity was chosen. Prior to seed-dispersal, all flower

heads were bagged separately with small-meshed

nylon fabric to avoid loss of mature seeds. At this

time, new infestation of flower heads was

unlikely. In October, mature seeds were har-

vested, air-dried, and the number of seeds, indi-

vidual seed weight, and total seed weight per

flower head was calculated. In October 2001,

Table 1 Number of flower heads and stolons per plant (mean – SE) in small, medium, and large individuals of Geum
reptans in two treatments of an experiment to test for the effects of pre-dispersal seed predation by gall midge larvae

Plant size N Treatment # Flower heads per plant (mean – SE) # Stolons per plant (mean – SE)

Small 17 Non-protected 0.65 – 0.19 1.47 – 0.44
Medium 31 Non-protected 1.61 – 0.31 1.13 – 0.24
Large 10 Non-protected 2.50 – 0.73 1.90 – 1.36
Small 21 Protected 0.81 – 0.20 0.52 – 0.15
Medium 30 Protected 1.50 – 0.30 1.07 – 0.23
Large 13 Protected 3.08 – 0.89 1.15 – 0.36

N refers to the number of sampled individuals
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above-ground biomass of half of the medium-

sized plants (15 non-protected, 14 protected)

were harvested, separated into green leafs, dead

leafs, stems, leaf buds, sexual and clonal repro-

ductive organs. After drying at 80 �C, the biomass

was weighted.

In order to test whether growth of G. reptans

was affected by the insecticide, 26 clonal off-

spring of untreated individuals were randomly

selected in 2001 and raised in the greenhouse for

9 months. Thereafter, half of these plants were

sprayed with insecticide and the other half was

sprayed with the same amount of water (8 weeks;

fortnightly applied). Above-ground biomass per

plant was harvested, separated into the same

fractions as in the field study and weighted after

drying at 80 �C. The insecticide treatment did not

have an effect on any of the collected biomass

fractions or on total biomass (F1,19 < 1.4, P > 0.05

for all biomass fractions and total biomass), con-

firming that the insecticide did not affect plant

growth directly.

Seed viability and effect on population growth

rate

To test for seed viability, mature seeds from 5

non-protected and 5 protected plants of Geum

reptans were collected in 2001 and 2002. Addi-

tionally, mature seeds originating from a popu-

lation at Lötschental not infested with gall midge

larvae (SE-exposed slope with c. 24 � inclination,

2079 m a.s.l., 635850/144168, Swiss national grid,

and 158 km apart from the foreland of Scaletta

glacier) were collected in 2002. Seeds collected in

2001 and 2002 were stored at room temperature

until spring 2003. After washing in 80% ethyl

alcohol, seeds were placed into petri-dishes lined

with filter paper (25 seeds per petri-dish), watered

and chilled at 4 �C for 6 weeks. For the seeds

from 2001, 10 petri-dishes per treatment were

used, 15 petri-dishes per treatment were used for

the seeds from 2002, and 10 petri-dishes were

used for the seeds of the not infested population

at Lötschental (in total 60 petri-dishes). After-

wards, petri-dishes were transferred into the

greenhouse (mean temperature c. 20 �C) and

seeds were allowed to germinate for 8 weeks.

Germination was detected by penetration of the

radicula, and germinated seeds were continually

removed. Percent germination was calculated for

each petri-dish. Percent germination within

treatments did not differ between years (Wilco-

xon-rank sum test; Z = )0.19, P > 0.8) indicating

that storage had no effects on seed viability.

To analyse the consequences of pre-dispersal

seed predation on population growth rate of

G. reptans, we used a stochastic matrix model

based on demographic data from a nearby pop-

ulation not infested by the gall midge, situated at

Vadret da Porchabella (2650 m, 11 km distant

from the study site). This specific model was

developed to analyse population growth of

G. reptans in relation to variation in proportions

of sexual reproduction and clonal growth (Wep-

pler et al. 2006). Here, for the computation of the

population growth rate k, a standard transition

matrix was calculated based on demographic data

over 3 years (2000–2002) from observations of

579 plants in 30 permanent plots of 1 m2 at

Vadret da Porchabella. Calculations of popula-

tion growth rates were performed with the pro-

gram package Ramas EcoLab 2.0, Sinauer

Associates, Inc. Transition probabilities were

calculated between five life-cycle stages (seed-

lings, juveniles, small adults, medium adults, large

adults). During the 3 years of observation at

Vadret da Porchabella, sexual reproduction and

clonal propagation occurred regularly. The num-

bers of seeds and stolons were counted separately

for each stage of adult plants and averaged over

the 3 years. Similarly, the percentages establish-

ment of seedlings and stolons were observed

yearly and averaged over the study period. An

annual production of 69.8 – 22.7 seeds

(mean – SD) and 1.2 – 0.1 stolons was found per

reproducing adult; percentage germination was

1.2%, and percentage of successful clonal propa-

gation of rosettes at the end of stolons was 53.2%.

Population growth rate of this population not

infested by the gall midge was k = 1.055 (Weppler

et al. 2006). To simulate the effect of seed pre-

dation by the gall midge observed in the popula-

tion at Scaletta glacier on population growth rate,

the matrix model described above was modified

to take into account the decreased number of

viable seeds after predation. Mean calculated

seed numbers derived from the population at
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Vadret da Porchabella were multiplied by the

reduction in viable seeds due to infestation

frequency observed in the field experiment at

Scaletta glacier. The simulated decrease in pop-

ulation growth rate k was compared with the

observed population growth rate in the popula-

tion not infested by the gall midge and with the

growth rate of the same population simulated

without any viable seed production allowing only

growth by clonal propagation (k = 1.027). To

evaluate the relative contribution of life-cycle

components to population growth rate, elasticities

of matrix elements were calculated using the

program package R 2.1.1. The elasticity of k was

highest to changes in survival of adult plants

(elasticity 73.7%). The elasticity of k to changes in

growth was 8.8% and elasticities of k to changes

in clonal growth and sexual reproduction were

11.6% and 0.08%, respectively. Long-term effects

of population growth were then evaluated with

stochastic simulations over 30 years and 1000

replicates (Caswell 2001).

Data analysis

Individual plants were treated as replicates.

Aborted flower heads and incomplete stolons

were excluded except for the analysis of bio-

mass. If more than one flower head or stolon

was present in a plant, means for seed mass and

seed number per flower head and stolon number

were calculated. If necessary, data were log-

transformed to achieve normally distributed

residuals and variance homogeneity. Kruskal–

Wallis tests were used to compare differences in

the number of flower heads and stolons per plant

in total and for each size class and to examine

the effect of treatment on percent germination.

T-tests were performed to test for effects of

treatment on plant biomass, stolon dry-weight,

seed number per flower head, and total seed

mass per flower head. The influence of infesta-

tion intensity on the number of seeds per flower

head and on individual seed mass was analysed

by one-way ANOVA. To study the effect of gall

midge infestation on population growth, popu-

lation growth rates (k) were calculated. All sta-

tistical analyses were conducted in JMP 4.0, SAS

Institute Inc.

Results

Field experiment 2001

In 100% of the flower heads of non-protected

plants, living larvae of Geomyia alpina occurred

whereas only dead larvae were found in 78.6% of

the protected plants, (with the rest, 21.4% free of

larvae), data that confirm the effectiveness of the

insecticide.

The number of flower heads and stolons did

not differ between treatments. The number of

flower heads significantly increased with increas-

ing plant size (Kruskal–Wallis test; chisquare =

10.4 for protected and 9.8 for non-protected

plants, P < 0.01), but the number of stolons was

not influenced by plant size (Kruskal–Wallis test;

chisquare = 2.7, P = 0.3 for protected and chi-

square = 0.7, P = 0.7 for non-protected plants;

Table 1).

Predation by gall midge larvae did not affect

the number of developing seeds per flower head

(85.3 – 3.2 (mean – SE) for protected and

85.0 – 3.6 for non-protected plants; F1, 88 = 0.02,

P = 0.9). Seed number per flower head signifi-

cantly increased with infestation intensity

(81.9 – 4.3 and 93.1 – 3.9 for slightly and heavily

infested flower heads, respectively; F2, 87 = 3.5,

P < 0.05). In non-protected plants, total seed

mass per flower head was significantly reduced by

23.8% compared to protected plants (F1, 88 = 5.4,

P < 0.05; Fig. 2a), and individual seed mass of

heavily infested flower heads was significantly

lower compared to not infested flower heads

(F2, 87 = 5.0, P < 0.01; Fig. 2b).

Total biomass of non-protected and protected

plants did not differ (2822.5 – 469.3 mg for pro-

tected and 2462.4 – 390.3 mg for non-protected

plants; F1, 27 = 0.3, P = 0.6). However, stolon dry-

weight of non-protected plants significantly

increased by 24.1% (F1, 17 = 7.0, P < 0.05; Fig. 3)

and stolon length increased by 13.6% (F1, 17 = 3.8,

P = 0.07), but the latter was not significant.

Seed viability and effect on population growth

rate

Percent germination of seeds from non-protected

plants was significantly different from seeds from
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protected plants (it was reduced by 97.9% com-

pared to seeds from protected plants; Kruskal–

Wallis test; chisquare = 15.3, P < 0.001; Fig. 4)

while percent germination of seeds from pro-

tected plants did not differ (Kruskal–Wallis test;

chisquare = 0.1, P = 0.8) when compared with

seeds originated from an uninfested population.

Simulated population growth rate of Geum rep-

tans decreased from k = 1.055 to k = 1.041 when

viable seed number was reduced according to the

observed seed loss due to predation. This would

result in a decrease of the predicted population

size by 38.1% after 30 years.

Results from 2002

In the second year, the number of flowering

plants was very low (21 flowering individuals

instead of 58 in non-protected plants, and 14

instead of 64 in protected plants). However, we

found similar trends than in 2001, but these were

not always statistically significant, probably due to

the low number of replicates.

After the onset of flowering in 2002, 74.3% of

all the flowering plants showed infestation by

larvae of Geomyia alpina. Again, predation by

gall midge larvae did not affect the number of

seeds per flower head (F1, 15 = 0.1, P = 0.7).

Seed number per flower head did not differ

between slightly and heavily infested flower heads

(F1, 15 = 0.1, P = 0.7).

In non-protected plants, total seed mass per

flower head was reduced by 19.7% compared to

protected plants (F1, 15 = 0.9, P = 0.4), and indi-

vidual seed mass of heavily infested flower heads

was reduced by 23.3% compared to slightly

infested plants (F1, 15 = 0.1, P = 0.8).

Percent germination of seeds from non-

protected plants was significantly different from

(a)

(b)

Fig. 2 (a) Effect of pre-dispersal seed predation by gall
midge larvae on total seed mass per flower head
(mean – SE) of Geum reptans. (b) Influence of infestation
intensity (heavy, slight, none) by gall midge larvae on
individual seed mass (mean – SE) of G. reptans

Fig. 3 Effect of pre-dispersal seed predation by gall midge
larvae on stolon dry-weight (mean – SE) of Geum reptans
(n = 29)
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seeds from protected plants (it was reduced by

81.7%, compared to seeds from protected plants;

Kruskal–Wallis test; chisquare = 6.6, P < 0.05),

while percent germination of seeds from pro-

tected plants did not differ (Kruskal–Wallis test;

chisquare = 1.9, P = 0.2) when compared with

seeds originated from an uninfested population.

Simulated population growth rate decreased from

k = 1.055 to k = 1.042 when viable seed number

was reduced to model predation. This would re-

sult in a decrease of population size by 35.9%

after 30 years, confirming results for 2001.

Discussion

Our results demonstrate that predation by seed

damaging larvae of the gall midge Geomyia alp-

ina heavily reduced seed mass per flower head in

Geum reptans and caused seeds to be mostly

nonviable. Predation had no influence on the

number of developing seeds per flower head.

Interestingly, seed predation resulted in an

increase in stolon dry-weight which may indicate

a trade-off between sexual reproduction and clo-

nal propagation. However, despite substantial

reduction in viable seeds, the population growth

rate (k) of G. reptans was only slightly affected by

pre-dispersal seed predation suggesting that the

persistence of this long-lived clonal species did

not depend on current seed production alone.

Given the ubiquity of seed consuming insects

often occurring at high densities and predomi-

nantly showing host-specificity, pre-dispersal seed

predation provides the potential to strongly

influence plant performance. In some populations

of G. reptans seeds are subject to heavy predation

by larvae of the host-specific gall midge G. alpina

developing inside the flower heads and thereby

sucking on the immature seeds. In the two years

of the study, almost 75% of the control plants

were infested by larvae indicating the high pres-

ence of these predators in the studied population.

Exclusion of larvae by the use of an insecticide

resulted in a significantly higher seed mass per

flower head. Even more, individual seed mass

decreased with increasing infestation intensity

affecting heavily the viability of mature seeds and

confirming that pre-dispersal seed predation

directly has a negative effect on reproduction of

G. reptans. Reduced reproductive output due to

pre-dispersal seed predation has been well docu-

mented for a variety of species (e.g. Louda 1982;

De Steven 1983; Louda and Potvin 1995; Briese

2000; Kelly and Dyer 2002; Fröborg and Eriksson

2003; Szentesi and Jermy 2003). However, con-

trary to most other studies concerning seed con-

suming insects, predation had no influence on the

number of developing seeds per flower head.

Since gall midge larvae used to suck sap from

plant tissues (Skuhravá et al. 1984), i.e. develop-

ing ovules in case of G. reptans, their feeding

behaviour explains why seed number, unlike seed

mass, remained unaffected by predation.

Interestingly, flower heads with high seed

numbers also had highest attack intensities. Thus,

female gall midges seemed to prefer flower heads

containing more seeds for oviposition, thereby

maximising fitness of their off-spring. Selective

oviposition on plants with higher seed numbers

per flower head has been demonstrated for Pol-

emonium foliosissimum predated by an antho-

myiid fly (Zimmerman 1979, 1980). Also Molau

et al. (1989) found evidence for higher predation

frequencies by two lepidopterian predators in

larger inflorescences of Bartsia alpina.

Fig. 4 Effect of pre-dispersal seed predation by gall midge
larvae on percent germination (mean – SE) of Geum
reptans. Seeds originating from an uninfested population
served as control
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Clearly, developing reproductive structures are

a sink continuously requiring the supply of

resources (Lee 1988), and the removal of a frac-

tion of this sink may lead to a change in resource

allocation (Hendrix 1988). Removal of seeds has

been observed to result in the production of

additional flowers or fruits as an effect of reduced

floral abortion (Hendrix 1979; Islam and Crawley

1983; Lehtilä and Syrjänen 1995). Nevertheless,

compensation in growth due to herbivory is con-

troversially discussed (e.g. Belsky 1986;

McNaughton 1986; Järemo et al. 1996; Crawley

1997). Positive responses may be associated with

release of apical dominance rather than com-

pensating directly for seed losses (Doak 1991). In

G. reptans, no compensation in vegetative plant

biomass due to predation by gall midge larvae

occurred. Non-protected plants did not compen-

sate for seed losses, neither by reduced abortion

rates nor by production of additional flower heads

or stolons. In G. reptans, because of the sucking

habit of the gall midge larvae, the proportion of

saved resources may be low and the short growing

season does not allow the onset of additional

reproductive organs. Interestingly, we found evi-

dence for an increase of stolon dry-weight in non-

protected plants suggesting a change in resource

allocation due to seed predation favouring growth

of stolons and thereby possibly clonal propaga-

tion. Since the higher stolon dry-weight of non-

protected plants tended to be associated with an

increase in length, this might indicate escape of

predation by clonal daughter rosettes spreading

away from infested mother plants. However, as

leafy stolons of G. reptans may mainly support

themselves, it seems unlikely that a higher stolon

mass may increase clonal establishment and

therefore directly compensate for reduced sexual

establishment due to seed losses.

Clearly, pre-dispersal seed predation has the

potential to act on the maintenance of popula-

tions if their persistence directly depends on the

number of available seeds (e.g. Janzen 1971;

Harper 1977; Andersen 1989; Crawley 1990, 1992;

Louda and Potvin 1995; Kelly and Dyer 2002).

Even episodic seed limitation occurring in 2 years

out of 10 can lead to significant impacts on pop-

ulation level (Maron and Gardner 2000). In par-

ticular, plants with transient or no seed banks are

strongly affected from seed loss caused by pre-

dation decreasing adult plant density (Louda and

Potvin 1995; Maron and Gardner 2000).

Remaining of gall midges at relatively constant

population levels in a locality for long time peri-

ods is most common (Skuhravá et al. 1984) and

G. reptans is not expected to form a persistent

seed bank buffering potential seed losses in time

(Schwienbacher and Erschbamer 2002). Immi-

gration of seeds from other sites is considered to

be very rare (Pluess and Stöcklin 2004). Our

results demonstrate that seed viability of non-

protected plants was substantially reduced in two

consecutive years (at least by 80%) indicating

deleterious effects of predation on germination

ability of seeds. Simulation of population growth

revealed a decrease in population size by c.

36–38% after 30 years due to seed loss, but pop-

ulation growth rate k did not drop below the

sustainable threshold (k = 1). Thus, despite heavy

impacts on reproduction, pre-dispersal seed pre-

dation does not limit population growth of

G. reptans heavily as it has been shown for other

perennial species (e.g. Andersen 1989; Fröborg

and Eriksson 2003, but see Kelly and Dyer 2002).

There are two possible reasons for this: Firstly, in

long-lived perennials, recruitment may often be

related to the availability of safe-sites rather than

to seed number (Andersen 1989; Eriksson and

Ehrlén 1992). Therefore, predation of even high

fractions of seeds may not lower seedling

recruitment (cp. Crawley 1992). However, in a

demographic study of G. reptans (Weppler et al.

2006), we did not find evidence for a direct rela-

tionship between seed number and seedling

recruitment. Thus, recruitment of seeds may be

safe-site limited. Secondly, since G. reptans reg-

ularly produces above-ground stolons, clonal

propagation may balance reduced sexual recruit-

ment caused by seed predation. Matrix modelling

revealed that sexual reproduction and clonal

propagation similarly contributed to population

dynamics in this species demonstrating even that

clonal propagation alone may be sufficient to

maintain population growth of G. reptans. Elas-

ticity analysis showed that population growth of

G. reptans was most sensitive to changes in

adult longevity as it has been shown for many

long-lived species (Silvertown et al. 1993) and
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assigning only minor importance of sexual

reproduction for population dynamics.

Although, pre-dispersal seed predation by

host-specific gall midge larvae did not limit pop-

ulation growth of G. reptans, the production of

viable seeds was substantially reduced. Therefore,

infested populations may have reduced amounts

of seeds available for dispersal and successful

colonisation events of new sites which may be of

particular importance for a species growing in the

naturally fragmented alpine landscape.
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