
Journal of
Ecology 0888\
76\ 06Ð16

Þ 0888 British
Ecological Society

Experimental demography of the old!_eld perennial

Solidago altissima] the dynamics of the shoot population

ANDREA H[ MEYER and BERNHARD SCHMID
Institut fu�r Umweltwissenschaften\ University of Zurich\ Winterthurerstr[ 089\ CH!7946 Zu�rich\ Switzerland

Summary

0 Control strategies are needed for the clonal species Solida`o altissima\ which is an
aggressive invader in Europe that propagates vegetatively by persistent rhizomes that
produce annual shoots[
1 The shoot dynamics of a population of S[ altissima that had invaded an old!_eld
site in 0873 were studied from 0876 to 0881[ Shoots from 019 genets of the same
cohort were followed in relation to their parent genets[ We assessed the e}ect of yearly
mowing\ yearly cutting of rhizomes and repeated removal of close neighbour plants
on growth\ survival\ probability of reproduction and ~ux of these shoots[
2 In unmown plots\ both shoot survival until the end of the growing season and the
proportion of shoots producing seeds decreased "48) to 25) and 56) to 21)\
respectively\ from 0877 to 0881#[ The proportion of rhizomes producing shoots\
however\ rose "from c[ 49) to more than 89)# so that annual shoot density increased
almost _vefold by the end of the study\ when it had almost reached equilibrium[
3 In contrast\ shoot density in mown plots remained roughly constant from 0877 to
0881\ after an increase from 0876 to 0877[ Shoots were much smaller and a smaller
proportion of them reproduced than in unmown plots[
4 Rhizome cutting "reduced clonal integration# produced a small but consistent
decrease in height and in the percentage of sexually reproducing shoots[
5 The removal of close neighbour plants increased shoot density\ and a higher per!
centage of these shoots survived and reproduced[
6 Experimental demographic studies thus show that "i# continued regular mowing
reduces the production of both seeds and shoots\ and so would prevent further spread
of an invading S[ altissima population^ "ii# clonal integration may contribute to the
species| success as an invader because disconnected rhizomes produce smaller shoots
with a lower chance of sexual reproduction^ and "iii# competition decreases shoot
density\ mainly as a consequence of reduced shoot survival\ and can therefore control
S[ altissima growth[
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Introduction

Biological invasions may threaten the composition
and stability of plant communities "Drake et al[ 0878^
Primack 0882#\ and the establishment and spread of
invasive species outside their home ranges should
therefore be prevented[ However\ e}ective control
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requires knowledge of the demographic processes
involved during colonization and establishment
"Crawley 0876^ Simberlo} 0878#[ Tall goldenrod Soli!
da`o altissima L[ was introduced to Europe from
North America and is now considered a noxious weed
"Zwo�lfer 0865^ Weber + Schmid 0882#[ We therefore
compared the e}ects of various experimental manipu!
lations on demographic parameters to determine why\
and under what conditions\ some populations are
invasive\ and to aid development of e}ective control
measures to stop the further spread of this species[

Demographic studies give insight into the birth and
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death rates of plant species at particular life!history
stages\ and have been used widely in the past to model
the dynamics of natural populations "for example
Sarukha�n + Harper 0862^ Harper 0866^ Jackson et
al[ 0874^ Sackville Hamilton et al[ 0876^ Solbrig et al[
0877^ Van Groenendael + de Kroon 0889^ Silvertown
et al[ 0882^ Dai + Wiegert 0885#[ Such studies do not\
however\ explain the mechanisms controlling popu!
lation dynamics "Watkinson 0875#[ Prediction of the
response of a population\ for example of an invasive
plant species to environmental change or control mea!
sures\ requires deliberate manipulation of potential
control factors and measurement of the e}ects on
demographic transitions within the life cycle "Caswell
0878^ Schmid 0889^ Bullock et al[ 0883a^ Cousens
0884#[

Initial colonization of a site by S[ altissima involves
establishment of genets from seeds\ but subsequent
population development usually occurs only by the
production of ramets via clonal growth "Hartnett +
Bazzaz 0874^ Eriksson 0882#[ We followed the com!
plete life cycle of these ramets in 019 marked genets
over a period of up to 4 years and recorded all relevant
demographic transitions[ A ramet life cycle starts
when a shoot develops from a rhizome and ends when
the shoot\ which may carry seeds and new rhizomes\
senesces[ Experimental treatments were applied in the
_eld at the plot and genet level to assess the in~uence
of "i# yearly mowing\ "ii# cutting of rhizome systems\
and "iii# reduced neighbour competition[

Mowing is a low!cost potential control measure\
but little is known about its e}ects on the demo!
graphic processes within populations[ The cutting of
rhizome connections has been used successfully in
controlled environments to demonstrate the import!
ance of clonal integration for ramet performance in
S[ altissima "Hartnett + Bazzaz 0872\ 0874^ Schmid +
Bazzaz 0876\ 0880^ Schmid et al[ 0877a^ Abrahamson
et al[ 0880#\ but little is known about the e}ects of
reduced clonal integration in the _eld[ Because\ irres!
pective of clonal integration\ the demographic behav!
iour of ramets belonging to the same genet may be
correlated "Cook 0872^ Pitelka + Ashmun 0874#\ we
explicitly considered genet identity as an additional
explanatory variable[ The removal of neighbours was
expected to intensify clonal growth "Schmid + Bazzaz
0881#\ even though it is also conceivable that clonal
growth is restricted more by internal architectural
constraints "the compact growth form of genets^ Sack!
ville Hamilton et al[ 0876# than by neighbour com!
petition[ The removal of neighbours might indicate
indirectly whether the planting of other species could
be used to control the further spread of S[ altissima[

We predicted that in S[ altissima "i# repeated yearly
mowing would control the growth of ramet popu!
lations\ "ii# cutting of rhizome connections would
have a negative e}ect on ramet dynamics\ and "iii#
above!ground competition from neighbours would
reduce the spatial expansion of established genets[

Materials and methods

THE STUDY SPECIES

Solida`o altissima was introduced to central Europe
in the 07th century and became naturalised in the 08th
century "Voser!Huber 0872^ Weber + Schmid 0882#[
The species is now one of the most invasive species
in this region\ where it can endure a wide range of
environmental conditions "Thompson 0864^ Werner
et al[ 0879^ Voser!Huber 0872^ Weber 0883#[ Solida`o
altissima may retard succession and this\ together with
its ability to displace other plant species with their
associated fauna\ led to it being considered as a poten!
tial target for biological control\ particularly in nature
reserves "Zwo�lfer 0865^ Werner et al[ 0879#[

The aerial shoots are unbranched and\ at the study
site\ are up to 1 m tall[ Most of them ~ower in August
or September\ producing up to 19 999 seeds "achenes#
per shoot[ Under _eld conditions a seedling usually
consists of a single small shoot that\ like larger shoots
of established genets\ starts vegetative propagation
in summer through the initiation of one to several
rhizomes[ The rhizomes elongate in autumn and then
stay dormant during winter before they grow out into
new shoots in the following spring "AprilÐMay#[ After
seed maturation "OctoberÐNovember# the shoots
senesce but the seeds are dispersed by wind until
March and are then able to germinate from May
onwards[ The rhizomes are used for transport and
storage of assimilates and nutrients "Bradbury + Hof!
stra 0866#\ vary in length between 0 cm and 19 cm\
and may persist for several years[ Shoot systems may
consist of more than 19 connected shoots[ When the
oldest rhizomes decay the genets fragment into several
shoot colonies[ Further information on the biology
of S[ altissima can be found in Werner et al[ "0879#
and Voser!Huber "0872#[

FIELD SITE

The study site is located in the Reinacher Heide Na!
ture Reserve\ c[ 04 km south of Basel\ Switzerland
"36>29?N\ 6>25?E\ altitude 179 m a[s[l[#[ It was an
arable _eld until 0871\ when the last maize crop was
not harvested[ All genets in the population probably
belong to the cohort of plants that germinated in
0873\ as the morphological analysis of a sample of 31
genets excavated in 0876 yielded a uniform age of 2
years[ By August 0876\ when the project began\ an
old!_eld vegetation\ dominated by Eri`eron annuus
L[\ Melilotus alba Desr[\ Pastinaca sativa L[ and S[
altissima\ had established[ The climate of the region
is characterized by relatively hot and wet summers
and cold and relatively dry winters "Fig[ 0#[ May and
June 0878 were exceptionally dry\ while winters
0877:78 and 0878:89 were much warmer than usual[
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Fig[ 0 Monthly temperature "top# and rainfall "bottom# for the period August 0876Ð81[ The data were recorded at the BaselÐ
Binningen meteorological station\ c[ 7 km north of the _eld site "36>24?N\ 6>24?E\ 206 m a[s[l[#[

EXPERIMENTAL DESIGN

The study was carried out from August 0876 to
August 0881[ In August 0876 the study area was div!
ided into three adjacent blocks\ each consisting of two
05 × 7 m plots[ One plot within each block was mown
to a height of 4 cm once a year "at the end of August
0876 and 0877\ in mid!September 0878\ 0889 and
0881\ and in mid!October 0880# and the mowings
removed "{mown plots|#[ The other plot within each
block was left unmown[ Initially each plot contained
several hundred genets of S[ altissima\ most of them
consisting of two to seven shoots −49 cm tall[ Within
each plot we randomly marked 19 genets that were
clearly identi_able by morphological shoot charac!
teristics\ such as leaf shape and colour\ or the position
and direction from which stem bases arose "the direc!
tion of a rhizome from a presumed genet centre can
be inferred from the upwards bend at the stem base#[
Genets were separated from each other by at least
49 cm[

In each plot\ the 19 marked genets were randomly
assigned\ four to each of _ve di}erent treatments[

0 Cutting of rhizomes

In MarchÐApril of every year from 0877 to 0881 the
rhizome systems were carefully exposed "litter and soil
removed# as far as necessary to locate inter!
connections between the shoot bases that were left
from the previous year[ These rhizome connections
were severed and the removed soil put back[ Next
year|s rhizomes were therefore all derived from iso!
lated parent shoots[

1 Repeated leaf removal on one shoot per genet

Every third fully expanded "×3 cm long# main!stem
leaf on the selected shoot was cut at the base where it

joined the stem[ The procedure was applied on 29
May\ 17 June and 05 August in 0877\ and on 19 May\
19 June and 17 July in 0878[

2 Combination of rhizome cutting and leaf removal

This was done at the same dates as in treatments 0
and 1[

3 Repeated removal of neighbours

A plastic ring of 54 cm diameter was centred over the
genet[ All above!ground plant parts of neighbours\
both of the same and other species\ within the ring
boundary were cut to a height of 1 cm[ The procedure
was applied monthly from May to August from 0877
to 0889 and once in May 0880[

4 Control

None of the above treatments was applied on control
genets[ In March 0877\ one genet from each of the
_ve treatments was selected from each plot at random]
the rhizome systems of these 29 genets were mapped
each MarchÐApril from 0877 to 0881[ The rhizome
systems were exposed in situ by removing the soil\
the number of newly produced rhizomes "−9[4 cm in
length# and rhizome buds "³9[4 cm in length# was
counted\ and the soil was then immediately put back[
In March 0889 the 89 genets for which the rhizome
system was not repeatedly mapped were dug out and
used for analyses other than reported here[ Therefore
all _eld data taken later than March 0889 were restric!
ted to the 29 rhizome!mapped genets[ The in~uence
of exposure and mapping on the characters measured
on all genets was not signi_cant "P × 9[0\ split!plot
ANOVA#[

Because the removal of main!stem leaves had no
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measurable e}ect on any variable\ the _ve original
treatments were combined in all analyses into three
{genet treatments|\ namely yearly cutting of rhizomes
"0 plus 2#\ repeated removal of neighbour plants\ and
control "1 plus 4#[

MEASUREMENTS

In August 0876 and at the beginning of May of every
year from 0877 to 0889\ all shoots of each of the 019
genets were marked "in 0876 only shoots −49 cm tall#\
as were shoots emerging later on in the same year[
Subsequently similar procedures were applied to the
remaining 29 genets[ Height and phenological status
"rhizome\ rosette\ bolted\ with ~ower heads\ with open
~owers\ ~owers wilting\ pappus visible\ standing
dead# of all marked shoots were recorded in August
0876\ seven times between May and August 0877\
seven times between May and September 0878 and
0889\ three times between May and October 0880\
and four times between May and August 0881[ Phe!
nological status was also measured in October from
0877 to 0889[ Because more than 88) of all shoots
that ~owered also fruited\ the term {reproductive|
includes ~owering as well as fruiting shoots unless
otherwise speci_ed[

In mown plots data on shoot growth were obtained
up to the mowing dates[ In order to see whether genets
were able to produce replacement shoots\ we recorded
those emerging after the 0877 and 0878 mowings[ In
0877\ height and phenological status of such shoots
were measured four times from September to Nov!
ember and phenological status on 00 January and 5
March 0878[ In autumn 0878\ the number of late
emerging shoots and the maximum shoot height per
genet were measured on 20 October[

The density of genets within the study area was
estimated in 0878 from counts in four randomly
placed 1 × 1 m quadrats in each plot[

STATISTICAL ANALYSIS

Analysis of variance "ANOVA# and logistic regression
"McCullagh + Nelder 0878# were used to analyse the
data[ The full experimental design was a split!plot
involving randomized complete blocks and two or
three treatment factors "Table 0#[ The covariate {genet
size| was de_ned as total height of the shoots that a
genet had produced by the end of the previous grow!
ing season[ All model _tting and signi_cance tests
were done using Genstat 4 "release 2^ Payne et al[
0882#[ If necessary\ data were square!root or log!
transformed to achieve normality and homo!
scedasticity of residuals[

Results

MEAN SHOOT HEIGHT PER GENET AT THE

END OF THE GROWING SEASON FROM 0876 TO

0881

In August 0876\ before the _rst application of any
treatment\ the mean shoot height per genet was

097[0 2 0[8 cm "pooled over all genets# and was not
signi_cantly di}erent between the groups assigned to
the di}erent treatment combinations[

From 0877 onwards mean shoot height "measured
before mowing# was strongly reduced in mown plots
compared with unmown plots "Tables 1 and 2a#[
Mean shoot height was highest in genets with neigh!
bours removed and lowest in genets with cut rhizomes
"Tables 1 and 2a#[ Its value decreased from 0877 to
0881 "linear trend in Table 1# but year!to!year ~uc!
tuations were high "signi_cant quadratic term in
Table 1# and showed a di}erent pattern in unmown
and mown plots "Table 2a#[ Mean shoot height at the
end of the growing season varied signi_cantly between
genets[

DEVELOPMENT OF SHOOTS EMERGED AFTER

MOWING

Over 89) of new shoots that emerged after mowing
in 0877 remained in the rosette stage and none of
them ~owered[ The height data for these shoots were
analysed separately for each of the four census dates
and showed that the mean value was not a}ected
either by the removal of neighbour plants or by rhi!
zome cutting[ Mean shoot height "when pooled over
genet treatments# was 4[0 cm in November\ although
it varied signi_cantly between genets for all census
dates[ In 0878 genets produced few new shoots after
mowing[ The height of the tallest shoot per genet was
on average 1[7 cm and was not signi_cantly in~uenced
by any treatment[

SHOOT SURVIVAL WITHIN GENETS

All reproductive shoots died soon after seed matu!
ration[ In unmown plots\ shoots that remained veg!
etative survived longer\ but by December all were
dead[ Shoots that appeared after mowing in 0877 were
mostly dead by January 0878\ but a few survived until
March 0878[

Mowing had no in~uence on the survival of shoots
until the end of the growing season "Table 1#[
However\ more shoots survived in genets with neigh!
bours removed than in other treatments "Tables 1 and
2b#[ Shoot survival decreased over time "linear trend
in Table 1#\ especially in genets with cut rhizomes and
in control genets\ although year!to!year ~uctuations
were high "signi_cant quadratic term in Tables 1 and
2b# and shoot survival also varied signi_cantly
between genets[

SEXUAL REPRODUCTION

To analyse the percentage of reproducing shoots per
genet\ we considered those shoots that had bolted and
which were still alive at the end of the growing season[
In 0876\ 31) of all shoots reached the reproductive
stage and this percentage was not signi_cantly di}er!
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Table 0 Skeleton analysis of variance:deviance for measured ramet characters[ The split!plot design consisted of blocks\ plots
and subplots "�genets#[ The main!plot factor was mowing and varied between plots within blocks[ The subplot factor
contained the three treatments applied to the genets[ These genet treatments consisted of rhizome cutting\ neighbour removal
and control "see the Materials and methods#[ The block e}ect was used to eliminate variation caused by spatial di}erences
within the sample site[ In cases where the block e}ect was small "i[e[ F!value of ¾1^ Green + Tukey 0859#\ it was pooled with
the plot e}ect[ To test the e}ects related to the term year "i[e[ e}ect of the factor year plus all interactions with year#\ the
approach of orthogonal contrasts to repeated!measures analysis was used "Elasho} 0875#[ In this approach polynomial
contrasts are formed and tested against their own error terms[ This avoids the problem of serial correlation and therefore the
need to adjust the degrees of freedom "Rosenthal + Rosnow 0874\ p[ 54#[ Here\ only linear and quadratic contrasts were tested
as the interpretation of higher order polynomials is biologically less relevant[ Because 019 genets were observed from 0877 to
0878 but only 29 genets from 0889 to 0881 "see the Materials and methods# the d[f[ for the last line in the table is reduced[
E}ects were always adjusted for e}ects that preceded them[ Signi_cance tests are based on F!tests "ANOVA# or quasi!F!tests
"analysis of deviance#[ Three!way interactions are omitted[ For the e}ect of mowing\ 09) signi_cance levels were also
computed as this test was based on only 1 d[f[ in the denominator when the block e}ect was also _t

Source of variation d[f[ "d[f[ change# Mean square "deviance change# Variance ratio "approx[ F#

Genet size 0 MSgs MSgs:MSg

Block 1 MSb MSb:MSp

Mowing 0 MSm MSm:MSp

Plot 1 MSp

Genet size × mowing 0 MSgsm MSgsm:MSg

Genet treatments 1 MSgt MSgt:MSg

Mowing × genet treatments 1 MSmgt MSmgt:MSg

Genet 019Ð0Ð00 MSg MSg:MSgy

Year
Year "linear# 0 MSyl MSyl:MSgyl

Year "quadratic# 0 MSyq MSyq:MSgyq

Mowing × year
Mowing × year "linear# 0 MSmyl MSmyl:MSpyl

Mowing × year "quadratic# 0 MSmyq MSmyq:MSpyq

Plot × year "including block × year#
Plot × year "linear# 3 MSpyl

Plot × year "quadratic# 3 MSpyq

Genet treatment × year
Genet treatment × year "linear# 1 MSgtyl MSgtyl:MSgyl

Genet treatment × year "quadratic# 1 MSgtyq MSgtyq:MSgyq

Genet × year "�residual term# MSgy

Genet × year "linear# 019Ð0Ð6 MSgyl

Genet × year "quadratic# 29Ð0Ð6 MSgyq

ent between the groups assigned to the di}erent treat!
ment combinations[

Mowing strongly decreased the percentage of
reproducing shoots per genet "Tables 1 and 2c#[ The
percentage of reproducing shoots was highest in
genets with removed neighbours and lowest in genets
with cut rhizomes[ Genets su}ering from resource
deprivation "whether caused by removal of above!
ground parts\ competition or reduction of clonal inte!
gration# therefore appeared to have lowered repro!
ductive activity[ There was a decrease in the per!
centage of reproducing shoots from 0877 to 0881\
although year!to!year ~uctuations were high
"Table 1#\ and the percentage of reproductive shoots
per genet varied signi_cantly between genets[

THE INFLUENCE OF GENET SIZE ON WITHIN!

GENET SHOOT PERFORMANCE

Larger genets had greater mean shoot height at the
end of the growing season and higher percentages of
surviving and reproductive shoots "see term genet size
in Table 1 for results obtained when the covariate
was _tted _rst#[ When genet size was _tted after the
mowing term\ the covariate was not signi_cant for
any of the three demographic variables[ Indeed\ a
split!plot ANOVA carried out in the same way as shown
in Table 0\ but with genet size as response variable\
revealed that mowing strongly decreased genet size
"P ³ 9[94#[ In addition\ none of the slope parameters
obtained separately for unmown and mown plots for
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Table 1 Table of signi_cances for mean shoot height per genet at the end of the growing season\ percentage of surviving shoots
per genet until the end of the growing season\ and percentage of reproducing shoots per genet from 0877 to 0881 "019 genets
from 0877 to 0878\ 29 genets from 0889 to 0881#[ Signi_cances are based on ANOVA "mean shoot height# or analysis of
deviance "percentage of surviving and reproducing shoots#[ For each character two models\ one unadjusted "left column# and
one adjusted "right column# for the covariate genet size\ were _tted

Mean shoot height Percentage of surviving Percentage of reproductive
per genet shoots per genet shoots per genet

Source of variation − cov[ ¦ cov[ − cov[ ¦ cov[ − cov[ ¦ cov[

Genet size �� � ���
Mowing � � Ð Ð � "�#
Genet size × mowing Ð Ð Ð
Genet treatments � � ��� �� � �
Mowing × genet treatments Ð Ð Ð Ð Ð Ð
Genet ��� ��� � �� ��� ��

Year
Year "linear# ��� ��� � "�# ��� �
Year "quadratic# ��� ��� ��� ��� �� ��

Mowing × year
Mowing × year "linear# � Ð Ð Ð Ð Ð
Mowing × year "quadratic# Ð Ð �� � Ð Ð

Genet treatment × year Ð Ð
Genet treatment × year "linear# Ð Ð � � Ð Ð
Genet treatment × year "quadratic# Ð Ð Ð Ð Ð Ð

Ð NS\ "�# P³ 9[0\ �P ³ 9[94\ ��P ³ 9[90\ ���P ³ 9[990[

the relationship between genet size and the three
demographic variables was signi_cantly di}erent
from zero\ suggesting that the observed decreases in
within!genet shoot performance were due to the mow!
ing treatment\ which also reduced genet size\ rather
than to genet size per se[

SHOOT FLUX

Unmown plots in April 0878 contained approxi!
mately six genets per m1[ None of the 019 selected
genets died between August 0876 and April 0878 and
no new genets had appeared\ and this estimated genet
density was therefore taken as the basis for the cal!
culation of overall shoot densities in each year[

To describe the ~ux of shoots in the study popu!
lation\ data from all genet treatments were pooled for
mown and for unmown plots[ In August 0876\ at the
start of the experiment\ shoot densities for vegetative
and sexual shoots were very similar in mown and
unmown plots "Fig[ 1#[ In unmown plots the ramet
population increased over time\ as shown by the
increasing densities of both rhizomes and shoots "sum
of rosettes\ bolted shoots and sexual shoots# from
0876 to 0881 "Fig[ 1#[ In August 0881\ shoot density
in unmown plots was 3[6 times as high as in August
0876[ The annual growth rate of the shoot population
"based on the last census date in each year# decreased
from 0[69 "0876Ð77# to 0[00 "0880Ð81#\ thus slowly
tending towards equilibrium[ In 0877\ 38[3) of all
initiated rhizomes in unmown plots grew into shoots

and this proportion increased to 85[5) in 0881[ The
proportion of rosettes in the overall shoot population
"rosettes plus bolted shoots# in May of each year
varied between 08) "0889# and 25) "0881# in
unmown plots[ Most rosettes died during the period
when taller shoots were showing maximum growth
"MayÐJuly#\ and although a few bolted none reached
the reproductive stage[ In contrast\ shoots that had
bolted by early May had a much higher probability
of surviving until the end of the growing season than
did rosettes[ Between 25[8) "0878# and 49[6) "0877#
of these bolted shoots in unmown plots reproduced
each year "Fig[ 1#[ Reproductive shoots never died
before the end of the growing season "October#[ Very
few shoots appeared between May and the end of the
growing season\ and the population thus consisted
mainly of one cohort of shoots[

In mown plots rhizome density decreased over
time\ suggesting that mowing may be an e}ective con!
trol measure[ However\ the proportion of rhizomes
growing into shoots increased over the years\ while
the shoot density increased from 0876 to 0877 and
then remained roughly constant from 0877 to 0881
"Fig[ 1#[ Of the shoots that had bolted by early May in
mown plots\ between 6[8) "0880# and 16[4) "0876#
reached the reproductive stage[

In 0878\ mortality of shoots was much higher than
in other years\ most likely because of the drought
periods in May and July[ Thus\ about half of all
shoots that had bolted in early May 0878 died before
the end of July and a relatively small proportion of
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Table 2 "a# Mean shoot height in cm per genet at the end of the growing season\ "b# percentage of surviving shoots per genet
at the end of the growing season\ and "c# percentage of sexually reproducing shoots per genet[ Predicted means from the linear
"a# or logistic model "b and c\ unadjusted for the covariate genet size#\ together with number of genets available for analysis
"in parentheses^ one genet was wrongly assigned to the control instead of the severing treatment#

Year Rhizomes severed Control Neighbours removed

"a# Shoot height in cm
Unmown 0877 007 "12# 014 "14# 018 "01#

0878 59 "12# 65 "13# 75 "01#
0889 098 "5# 097 "6# 016 "2#
0880 84 "5# 73 "6# 83 "2#
0881 86 "5# 89 "6# 84 "2#

Mown 0877 67 "13# 78 "13# 71 "01#
0878 39 "19# 49 "19# 42 "01#
0889 23 "4# 49 "4# 56 "1#
0880 34 "4# 43 "4# 59 "1#
0881 44 "4# 58 "4# 62 "1#

"b# ) surviving shoots
Unmown 0877 42 "12# 48 "14# 54 "01#

0878 37 "12# 40 "14# 54 "01#
0889 47 "5# 49 "6# 59 "2#
0880 44 "5# 38 "6# 57 "2#
0881 32 "5# 25 "6# 57 "2#

Mown 0877 53 "13# 57 "13# 63 "01#
0878 27 "13# 33 "13# 44 "01#
0889 68 "4# 51 "4# 46 "1#
0880 59 "4# 30 "4# 30 "1#
0881 53 "4# 33 "4# 48 "1#

"c# ) reproductive shoots
Unmown 0877 44 "12# 56 "14# 69 "01#

0878 26 "12# 45 "13# 52 "01#
0889 38 "5# 50 "6# 75 "2#
0880 36 "5# 27 "6# 57 "2#
0881 31 "5# 21 "6# 43 "2#

Mown 0877 13 "13# 26 "13# 24 "01#
0878 8 "19# 15 "19# 07 "01#
0889 3 "4# 09 "4# 08 "1#
0880 6 "4# 00 "4# 6 "1#
0881 00 "4# 07 "4# 14 "1#

them reached the reproductive stage "25[8) in
unmown and 00[8) in mown plots#[ Further\ a large
number of {replacement shoots| emerged from MayÐ
September 0878 "Fig[ 1#\ particularly in unmown
plots[

Discussion

INVADING S[ ALTISSIMA] THE UNDERLYING

DEMOGRAPHIC PROCESSES

This study looked at changes in demographic par!
ameters of shoots over time during succession\ and
thereby explicitly considered the size of the parent
genet as a covariable[ Earlier work\ however\ com!
pared populations of S[ altissima of di}erent suc!
cessional age "e[g[ Maddox et al[ 0878#[ By exper!
imentally manipulating demographic processes in the
_eld we have shown that S[ altissima is capable of

producing dense stands of shoots by vegetative propa!
gation even under stressful conditions[

By the _nal year of the study\ when the population
was in its eighth year\ the density of more than 099
shoots per m1 may represent the carrying capacity of
the site for S[ altissima[ It may be a general pattern
that populations of S[ altissima that invade old!_elds
grow rapidly for a few years before they reach an
upper density limit "Hartnett + Bazzaz 0874^ Maddox
et al[ 0878#[

There were distinct changes in demographic par!
ameters during the early stages of old!_eld succession[
Mean shoot height decreased\ even if no experimental
manipulations were applied\ suggesting either that the
resources of the habitat were being depleted or that
the genets changed their allocation patterns during
succession "Maddox et al[ 0878#[ A change in allo!
cation pattern is to be expected if clonal species with
a compact growth form "such as S[ altissima# are to
avoid the problem of ramet crowding at the periphery
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of genets as they increase in size "Sackville Hamilton
et al[ 0876#[

Shoot survival decreased\ again even if no exper!
imental manipulations were applied "Table 2b#[ This
suggests that support via rhizome connections reduces
with increasing genet age\ and rhizome systems are
known to decay after 2Ð3 years "Meyer 0881^ see also
Hartnett + Bazzaz 0872#[ Moreover\ the increasing
shoot density may have led to increased competition
between shoots as most shoot deaths occurred during
the time when surviving shoots were growing fastest
"Sarukha�n + Harper 0862^ Harper 0866^ Noble et al[
0868^ Bartlett + Noble 0874^ Dickerman + Wetzel
0874^ Cain 0889#[

The proportion of shoots within a genet that allo!
cated resources to sexual reproduction also decreased
with succession[ Although this observation supports
some previous predictions "Abrahamson 0879#\ Brad!
bury "0870# observed lower proportions of ~owering
shoots in an invading than in an established popu!
lation of S[ canadensis[ The compact rhizome archi!
tecture of S[ altissima might suggest that resources
will need to be invested in sexual reproduction rather
than clonal growth as genets grow large "Sackville
Hamilton et al[ 0876#[ However\ repeated mapping of
rhizome systems in the study population showed that
such constraints can be at least partly avoided by
increased rhizome length "Meyer + Schmid 0888#[

THE EFFECTS OF EXPERIMENTAL TREATMENTS

Mowin`

Mowing prevented net population growth\ but only
after the _rst year of the 4!year observation period[
This was due to a decrease in the production of new
rhizomes rather than an e}ect on shoot survival[
Large amounts of carbon and nitrogen accumulate in
the shoots of S[ altissima during August and Sep!
tember "Egli + Schmid 0880#\ and control by mowing
"and subsequent removal of the cut material# is there!
fore most likely to be e}ective late in the season[
Such repeated removal of resources should lead to
decreases in both shoot number and height in sub!
sequent seasons[ In an experiment to control another
clonal rhizomatous species\ bracken\ Lowday +
Marrs "0881# demonstrated the importance of con!
tinued treatment if population recovery is to be avo!
ided[

Reproduction was also inhibited by mowing[

3******************************************************
Fig[ 1 Flux of ramets "rhizomes and shoots# in a population of S[ altissima in unmown and mown plots from August 0876 to
0881[ Shoots are divided into rosettes\ bolted vegetative shoots and sexual "reproducing# shoots[ Numbers denote densities of
rhizomes or shoots\ with densities of rhizome buds in parentheses "all densities expressed per m1#[ The sizes of the shaded areas
re~ect the densities of the di}erent categories at speci_c census dates\ and white bands denote transitions from one category
to another[ Shoots that developed after mowing are not shown\ although new shoots produced during the later part of the
growing season\ mainly in response to disturbance\ are indicated by rectangles that are either not connected to any other
rectangle or that are wider than the sum of the widths of their contributory white bands[

Although control is likely required to involve regular
cutting before seed set\ reduction in potential seed
output could be important in delaying recovery if
mowing is temporarily discontinued[ Seed dispersal
distance might also be reduced because of the
reduction in shoot height[ Previously suppressed plant
species might recover after mowing and compete more
strongly with S[ altissima "Cornelius + Faensen!Thi!
ebes 0889^ Brown 0883^ Joshi + Matthies 0885#[

Mowing was especially successful in reducing the
density of shoots in the drought year "0878#[ Con!
tinued mowing may therefore lead to the further
spread of S[ altissima being controlled by a com!
bination of natural and arti_cial stress factors[

Clonal integration and effects of genet size

Although clonal support of ramets is thought to be
bene_cial for the entire genet under certain environ!
mental conditions "Cook 0872^ Pitelka + Ashmun
0874^ Bullock et al[ 0883b#\ support for new ramets
tends to decrease with ramet age "Hartnett + Bazzaz
0872^ Alpert + Mooney 0875^ Bullock et al[ 0883b#[
We found that rhizome severing had only a small
e}ect[ However\ the severed connections were more
than 0 year old and had already produced a fully
established shoot\ so that the ramets might well no
longer be strongly integrated[ Also\ clonal integration
might act only over short distances "i[e[ between close
neighbour ramets forming small integrated physio!
logical units^ sensu Watson + Casper 0873#[

Disintegrated genets of S[ altissima tended to su}er
more from resource deprivation than if they were still
intact\ as shown by the reduced growth and prob!
ability of reproduction of shoots in genets with cut
rhizomes "Table 2a\ c#[ Schmid et al[ "0877b# have
demonstrated that divided genets of S[ altissima also
react more strongly to simulated herbivory than con!
nected ones[

The relatively minor role played by clonal inte!
gration was further emphasized by the strong in~u!
ence of genet size on shoot life history[ Even if large
genets were cut into several groups of shoots\ these
portions still performed better than small genets[
Larger genets\ whether connected or disconnected\
produced larger shoots\ possibly because they con!
tained more starting capital\ even after rhizome
cutting\ than smaller shoots of smaller genets of the
same age did[ In addition\ it is conceivable that the
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larger genets occurred in better microenvironmental
patches than the smaller genets[

Competition

The regulation of shoot density within genets of S[
altissima can happen through changes in shoot pro!
duction\ shoot survival\ or both[ The increased shoot
density by the end of the study period in genets around
which neighbours had been removed was largely due
to increased shoot survival[ In a glasshouse experi!
ment with S[ altissima\ Hartnett + Bazzaz "0872#
showed that stressed shoots were initially supported
but a withdrawal of resources was then possible[
Shoots with a prolonged negative carbon balance
should be identi_ed and abandoned by the genet
through active resource removal "Pitelka + Ashmun
0874^ Schmid 0889#[ Here\ such competition between
shoots within genets seemed to be decreased after the
removal of neighbours[

Our neighbour!removal treatment showed that the
spread of S[ altissima can also be restricted in estab!
lished populations by competition from other plant
species[ Lack of competition\ in contrast\ will lead to
very dense genets that further prevent the estab!
lishment of other species[ Thus S[ altissima has a very
high potential for building dense stands of shoots[
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