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Translocation of a montane meadow to simulate
the potential impact of climate change
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Abstract. The effects of warming on a montane meadow was
simulated by a translocation experiment. A coherent piece of
turf and soil was transferred from 600 m to 170 m a.s.l.,

corresponding to an increase in temperature @.8K. The a0t of climatic change on plant distribution. Many
vegetation was monitored by recording cover and counting

individuals one year before the translocation and continued for th.eoru.as of hO,W geographical ranges W,'” shift with
the subsequent seven years. For comparison, a control plotthatCllmatlc Wam?'”g ar'e based on correlations bgtwegn
had also been translocated but remained at 600 m was moni- Present day distribution of plants and long-term climatic
tored. Four of eight species with a montane distribution in parameters (e.g. Jager 1972; Meusel & Jager 1989; Box
Europe showed a constant degree of cover during the investi- et al. 1993; Saetersdal & Birks 1997). Using these

Introduction

There are many approaches used to predict the im-

gation period Nardus stricta Poa chaixij Polygonatum
verticillatum Potentilla erect In contrast, another four mon-
tane species declined in cover or died dunhica montana
Meum athamanticumHypericum maculatumGalium
harcynicun). None of these species declined on the control
plot. Itis argued that the species’ responded individualistically
to the site factors that had changed with the translocation to
low altitude. A direct effect of enhanced temperature was
probably the reason for the decline of only one speMesif
athamanticun Reduced humidity might be the reason for the
extinction of two moisture demanding speci®la palustris
Succisa pratensjs The biomass of the plot increased by
increased growth of one of the matrix spediEstuca rubrg,
probably due to elevated nutrient mineralization. Many low
growing species responded indirectly to the reduced light
availability, caused by an increased level of competition for
light (e.g.Galium harcynicun Increased slug herbivory at
low altitude resulted in the extinction Afnica montanaAt

the end of the investigation period, the similarity in species
composition to the initial state was only 45%, indicating that
the community had changed into a different plant association.
The importance of considering biotic interactions when pre-
dicting the impacts of climate change is discussed.

Keywor ds: Global warming; Herbivory; Mountain plant; Per-
manent plot; Plant community.

Nomenclature: Phanerogams according to Ehrendorfer (1973);
mosses according to Frahm & Frey (1987).

Abbreviations. AFE = Atlas Florae Europaeae; RGR = Rela-
tive growth rate

relationships to calculate climatic envelopes, plant ranges
can be extrapolated according to different scenarios of
changing temperature or humidity (Holten 1993; Jager
1995; Huntley et al. 1995; Iverson & Prasad 1998). A
disadvantage of these predictions is that they are purely
correlative and thus include some pitfalls. For example,
Huntley et al. (1995) found the distribution of many
European species to be limited by three parameters,
mean temperature of the coldest month, temperature
sum above a &C threshold and the estimated ratio of
actual to potential evapotranspiration. Takifija
cordataas an example, a combination of these para-
meters allowed simulation of the observed occurrences
in the 50-km grid cells of the Atlas Florae Europaeae
(AFE) with an accuracy of 81.9%. Even the gap with
absences of. cordatain the AFE cells in Belarus and
westernmost Russia is simulated although this is cer-
tainly an artefact due to incomplete data (compare the
map in Meusel etal. 1978, p. 281). The gap is retained in
all scenarios of climatic warming and is shifted north-
eastwards. This example is not put forward to question
the correlative approach in general but to warn against
mistaking correlations for causalities. The underlying
operating mechanisms can only be discovered by stud-
ies on the species in question. Pigott & Huntley (1978,
1980, 1981) found that low summer temperatures do not
allow an adequate pollen tube growth rat€.inordata

this results in a failure to fertilize the ovary within the
life span of the pollen tube.

The ultimate answer of how a given species will
actually respond to a modified climate can only be
determined by field experiments that include biotic in-
teractions with other species. For example, the level of
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competition may change with differing neighbour plants that represented outcrops of the diabase bedrock. The
or changes in productivity (Rochow 1970; Woodward soils were very stony, reaching a stone content of 80
& Pigott 1975). In the case of single species, individuals vol.% at a depth of 0.5 m, and had a pH between 5.0 and
can easily be translocated along climatic gradients 6.0 in the Ah horizon.
(Bruelheide 1999). This has been successfully performed
for alpineCarexspecies (Wagner & Reichegger 1997),  Trans|ocation and monitoring
alpine meadow species (Volkova et al. 1999), montane
and oceanic species (Bruelheide & Lieberum 2001; The study started with the selection of two plots (2 m
Bruelheide & Heinemeyer 2002) aficalyptusspe- x 2m) in 1992, one year before translocation. The
cies (Prober 1992). The translocation of a whole com- corners of the quadrats were marked with magnets (see
munity is much more difficult because of the inherent Bruelheide 1995, p. 25) that allowed for determination
logistic problems. In this study, the opportunity to per- of their exact position using a metal detector. The mag-
form such an experiment arose by chance when a mon- nets remained in the soil during the translocation proce-
tane meadow had to be translocated for the building of a dure. In June 1993, the two plots were translocated in
bypass road around Braunlage in the Harz Mountains. two pieces each 2 m long, 1 m wide, 0.5 m deep and
There was a large investment of time and money in the weighing ca. 1.5 t, with a special front-end shovel at-
project because the meadows were rich in species threat-tached to a bulldozer (Bruelheide & Flintrop 1999,
ened in Lower Saxony (Garve 1993; Bruelheide et al. 2000). Gaps which arose during the translocation were
1997). The project included a special translocation tech- filled with subsoil. These areas of bare soil covered ca.
nique to minimize disturbance effects and an efficiency 10% of the surface area. One plot served as control for
control for 5 yr (Bruelheide & Flintrop 1999, 2000).  assesing the disturbance effect of the translocation and
Although the main objective was to preserve as much was transferred with the bulldozer directly to the nearby
meadow as possible, a small fragment could be removed receptor area at the same altitude (hereafter referred to
from the project and moved to a lower altitude. It is the as the plot at 600 m), together with a total of 418&im
objective of this study to report the development of the meadows that were removed from the road corridor.
community over the following seven years. The main The other plot was put on a lorry and moved to the
hypothesis was that the climatic conditions at the lower Experimental Botanical Garden in Géttingen where it
altitude would be disadvantageous for montane species was integrated in the Alpinum at 170 m a.s.l. (in the
and would favour widespread species. following referred to as the plot at 170 m). The new
location had a slightly southern aspect $E) com-
pared to the donor site 90 The receptor site was

Methods prepared by excavating a square pit 2.262125 mto a
depth of 0.5 m and removing a 2-m strip of vegetation
Study site around it. The edge of the pit was filled with subsoil

(palaeozoic diabase) and covered with additional turf

The study site is located on a meadow covered strips from the donor site.
plateau south of Braunlage (Lower Saxony; B04s.I.; The cover of all phanerogams and mosses in the
N 41°42,88' E 01637,10") in the Harz Mountains. Inthe  plots was recorded annually in June or early July by the
corridor affected by the road works four different veg- author from 1993 to 1999 using a modified Londo scale
etation types were distinguished (Bruelheide & Flintrop (see Table 1). In addition, individuals were counted
2000). The plots that were translocated in this study when less than 20 individuals of a species were present.
were selected on the basis of a detailed vegetation map Exceptions were some threatened species including
at the scale 1:500 (Bruelheide, Flintrop & Seifert Arnica montanaDianthus deltoidesand Rhinanthus
unpubl.). According to reference relevés at the study site minor whose individuals were always counted. Shoots
(Bruelheide & Flintrop unpubl.), the plots are typical of were counted for most species although rosettes were
the Arnica type, a species-rich mat-grass community counted forArnica montanaSuccisa pratensjsarex
(Polygalo-Nardetunaccording to Peppler 1992). Apart  pilulifera andCardaminopsis hallerand single leaves
from Arnica montana characteristic species for this  for Meum athamanticurandViola palustris
community are indicators of oligotrophic conditions,
such afNardus stricta(matt-grass)Avenella flexuosa
Veronica officinalisand Galium harcynicumbut also
meadow species such a&ronica chamaedrys
Leucanthemum vulgarand Ranunculus acrigTable
1). This vegetation type was mainly found on mounds
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- TRANSLOCATION OF A MONTANE MEADOW TO SIMULATE CLIMATE CHANGE -

Table 1. Vegetation of the plots translocated to 170 m and 600 m. Cover values after Londo (1975), slightly nmodifiést (
+:>1-3%;#:>3-5%;1:>5-15%; 2: > 15 - 25%; 3: > 25 - 35% etc.). Number of individuals is written as an expoment. Wi
few exceptions, individuals were only counted when less than 20 were present; cover values without exponent always indicate >
20 individuals. The arrow indicates the translocation date.

Translocated from 600 to 170 m a.s.l. Translocated from 600 to 600 m a.s.l.

Year 92y 93 94 95 96 97 98 99 92y 93 94 95 96 97 98 99

6a

6b

600m->170m tendency

5> 555>

Oooooooooooood

600m->600m tendency

e

=S 1

2N

Cover herb layer [%] 7% 65 95 95 95 90 85 90 60 60 70 75 80 8 80 90

Height herb layer, mean [cm]
Height herb layer, max. [cm]
Cover moss layer [%)]

Cover litter [%]

Cover bare soil [%]

Number of phanerogams
Number of cryptogams

Nardus stricta

Agrostis tenuis

Polygonum bistorta
Rhytidiadelphus squarrosus
Brachythecium salebrosufn
Poa chaixii

Luzula campestris
Polygonatum verticillatum

Festuca rubra

Potentilla erecta
Veronica officinalis
Anthoxanthum odoratum
Rumex acetosa

Anemone nemorosa
Avenella flexuosa

Hypericum maculatum
Galium harcynicum

Meum athamanticum
Arnica montana
Succisa pratensis
Veronica chamaedrys
Pleurozium schreberi
Hieracium laevigatum
Viola palustris
Vaccinium myrtillus
Campanula rotundifolia
Dicranum scoparium
Carex pilulifera
Ceratodon purpureus
Polytrichum formosum

Dianthus deltoides
Rhinanthus minor
Cardaminopsis halleri
Dicranella heteromalla
Bryumspec.

Pohlia nutans

Geranium dissectum
Epilobiumspec.

Vicia tetrasperma
Convolvulus arvensis
Acer pseudoplatanus
Bromus sterilis
Trifolium dubium
Vicia angustifolia
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Trifolium repens
Cerastium holosteoides
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Table 1. cont.

Translocated from 600 to 170 m a.s.l.

BRUELHEIDE, H.

Translocated from 600 to 600 m a.s.l.

Year 92y 93 94 95 96 97

98 92y 93 94 95 96 97 98 99

. Holcus lanatus

. Dactylis glomerata
. Agropyron repens
. Quercus petraea

Trisetum flavescens
Thesium pyrenaicum
Leucanthemum vulgare
Ranunculus acris
Lathyrus linifolius
Plagiomnium affine
Silene dioica
Cardamine pratensis
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rl
rl
rl
rl
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Further species occurred only in one year at 170 m: in 1@Maria media?, Vicia hirsut 1 in 1998:Barbulasp. r,Cirsium arvense, Fraxinus
excelsior?, Taraxacum officinale®; in 1999:Acaulon muticum Arenaria serpyllifoliar®, Betula pendulat, Bromus hordeaceu Calliergonella cuspidata Galium
apariner, Hieraciumsp. £, Valerianellasp. #, Veronica arvensis?; in the plot at 600 m in 19980a pratensis’; in 1995:Leontodon autumnalis. incl. Ditrichum

heteromallum? incl. Brachythecium albicans

== Constant cover during the study period or changing by only 1 cover ER$opntinuously decreasing cover of at least 2 cover classes or a pronounced decrease
in number of individuals?™ = Intermittent increase in cover or number of individuals but turning back to initial valeeSpntinuously increasing cover of at least
two cover classes or a pronounced increase in number of indivifiésreasing until extinct;= New establishment.

Design limitations

Although eight plots were translocated at 600 m
(Bruelheide & Flintrop unpubl.), only one plot was
transferred to 170 m. Among the eight plots at 600 m the
plot with the most similar initial species composition
was chosen for comparison with the plot at 170 m. The
comparison of only two plots involves severe design
limitations because it does not allow statistical tests of
significant treatment differences. Nevertheless, the ex-
periment was deliberately carried out without repli-
cates. A replication with more 2 12 m plots was not
possible because the meadow fragment available for
this experiment was only can® in size. Even this size
raised problems because this vegetation type is pro-
tected by law. Although it would have been possible to
divide the available turf area into smaller pieces it would

study was to monitor community change manual weed-
ing was excluded. To minimize the invasion of weeds
existing vegetation was removed at the receptor loca-
tion. Under these conditions small grassland patches
would have experienced very different microclimatic
conditions compared to closed turfs. Below-ground edge
effects were also problematic because of different bed-
rock (Lower Muschelkalk of European Triassic). Con-
sequently, | decided to leave the turf in one piece and
accepted the drawback of lacking replicates.

Initially, further control plots that were undisturbed
had been established in 1992 in the surrounding mead-
ows at the donor site. These plots had to be given up in
1994 because in 1993 the local farmer had ignored the
nature conservation regulations and had applied a strong
fertilizer treatment with manure. In consequence, these
grasslands developed into a much more productive veg-

have been necessary to transfer these small pieces toetation type than all translocated plots.

independent target locations for appropriate statistical
design. This procedure would have involved much larger
edge effects (8 m edge with one piece compared to 20 m
with six pieces). Such edge effects are responsible for

Climatic conditions

The long-term annual mean temperatures aré@®.5

the failure in many translocation studies because speciesin Goéttingen (170 m) and 5°& in Braunlage (600 m),

with runners at the receiving sites intrude the translocated
sections shortly after translocation (Kl6tzli 1978;
Worthington & Helliwell 1987). Because the aim of the

annual precipitation is 607 mm and 1234 mm, respec-
tively (Walter & Lieth 1967; Glasser 1994). Based on
observations of the official weather stations from 1992
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to 1999 (Anon. 1992-1998, 1999), regressions for
monthly mean temperatureE) @nd monthly precipita-
tion (P) yield the equation3 g, = 0.9878 Ty 0 +
2.8562 andPgy, = 0.3129: Py, + 20.086, respec-
tively (n = 96). During the investigation period the
monthly mean temperatures were ca. 2.8 K higher in
Gottingen than in Braunlage and monthly precipitation
was ca. three times higher in Braunlage than in Géttingen.
The difference in temperature is within the range of
increase that is predicted for this part of Europe. Using
nine different general circulation models, climate warm-
ing at time of CQdoubling north of 50N is predicted

to be between 1.0 and 4.5 K in summer and 2.5t0 4.5in
winter (Houghton et al. 1996).

Data analysis

The change in species composition of each plot with
respect to the initial stage in 1992 was evaluated by
calculating the similarity index recommended by van
der Maarel (with the Mulva 4.0 package; Wildi & Orloci

1990):
>xy

S+SYE+3 xy )

with x andy being percentage cover of a species in the
two relevés compared. To analyse the floristic change, a
correspondence analysis (CA) was calculated. The analy-
sis was performed with CANOCO 4.0 (ter Braak &
Smilauer 1998) which has been corrected to avoid the
instability reported by Oksanen & Minchin (1997). For

Similarity =
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and (6) to establish themselves anew in the plots. Group
6 is divided into the species that were found regularly at
600 m, which is reflected by their presence in the control
plot (6a), and those that were not (6b). Group 7 com-
prises the species onlgudnd in the control plot. For
comparison, the tendency to decrease, increase or main-
tain constant cover is also given for the control plot at
600 m (Table 1, col. 2). There are a few species that
were common in the whole translocation area but
did not occur in the control plot. For these@ps the
tendency is based on Bruelheide & Flintrop (2000). In
the following, indicator values and life form refer to
Ellenberg et al. (1992), abbreviatedTgsfor tempera-
ture,F,, for moisture R, for soil pH and\;, for nitrogen
supply indicator values. Life history, established strat-
egy (C = competitive, S = stress-tolerant, R = ruderal),
seed bank type and agency of dispersal refer to Grime et
al. (1988). Data on the geographical distribution of
species were taken from Meusel et al. (1965, 1978) and
Meusel & Jager (1992).

Most species with an initial cover greater than 10%
maintained constant cover during the investigation or
changed by only one cover class (Table 1, group 1). The
main floristic components of mat-grass swards belong
to this group, such asardus stricta Agrostis tenuis
Luzula campestriandRhytidiadelphus squarrosLishe
phanerogams are characterized by an S- or CSR-strat-
egy andR, and N,, of = 4. The slight increase of
Polygonum bistortaone of the three vascular plants that
indicate soil moistureR, = 7) is noteworthy. Apart
from N. stricta montane species in this group &@a

all types of analyses the cover of the species was used bychaixii, which slightly increased in cover, and

taking the class means of the Londo scale.

Seed bank analysis

Soil samples were taken on the 02.04.1997 from one
of the plots that had been translocated at 600 m. Twelve
samples were taken from the topsoil (0-12 cm) over a
12-n¥ area. In total, an area of 1452%was sampled
representing 1.21% of the 12nkEmerging seedlings
were continuously counted and then removed. The ob-
servations were continued until September 1997.

Results

Cover and number of individuals of all species are
shown in Table 1. The species are arranged in the
sequence of their tendency (1) to maintain constant
cover in the plot translocated to 170 m during the study
period, (2) to increase in cover or number, (3) to de-
crease in cover, (4) to become extinct but then to re-
establish themselves, (5) to become definitely extinct

Polygonatum verticillatunwhich decreased in number
but was never frequent in the control plot or in other
meadow plots at 600 m (Bruelheide & Flintrop 2000).

The group of species that increased in cover (group
2) also consists mainly of species typical of mat-grass
swards, i.eFestuca rubra Anthoxanthum odoratum
Veronica officinaliandPotentilla erectaThe increase
in cover ofP. erectais remarkable because the species
primarily occurs at montane altitudes. An exception is
Rumex acetosahich is an indicator of better nutrient
supply (\,, = 6). At 170 nF. rubracontributed most to
the biomass, evidenced by an increase in height and
cover of the herb layer (see Table 1). In the control plot
none of these species showed a comparable increase;
Galium harcynicunmcreased in cover, taking advantage
of the new created gaps by spreading from the edges of
the turves. In contrast, at 170 m the gaps were smaller
and were successively occupied by various species.

In total, 17 species declined after translocation to
170 m (Table 1groups 3, 4 and 5). They do not differ
from spedes with constant or increasing cover with
regard to life form and established strategy. The vascular
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Table 2. Species found in the seedbank. The number of
germinated seeds refer to an area of 1452acm a soil depth
of 12 cm.

Species Germinated seeds

Agrostis tenuis 582
Anthoxanthum odoratum
Avenella flexuosa
Campanula rotundifolia
Carex leporina

Festuca rubra

Galium harcynicum
Hieracium laevigatum/lachenalii
Hypericum maculatum
Lathyrus linifolius
Luzula campestris
Meum athamanticum
Polygonum bistorta
Potentilla erecta

Rubus fruticosus

Rumex acetosa

Silene dioica

Taraxacum officinale
Trifolium repens
Tussilago farfara
Veronica officinalis

Viola tricolor
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Hypericum maculatuandGalium harcynicunfgroup
4) stand out from the other species by first declining
until they became extinct two years after the translocation
and then re-establishing from seed. Both species are
known to have a large persistent soil seed bank (seed
bank type 4; Grime et al. 1988). This conforms with the
seed bank analysis (Table 2), whelkemaculatunand
G. harcynicumare the second and third most abundant
species that emerged from the seed bank. However,
other species that occurred in the seed bank experiment
or that are known to have a persistent seed bank did not
re-establish, i.eHieracium laevigatum Vaccinium
myrtillus, Campanula rotundifoliandCarex pilulifera

Among the extinct species (group 5), there are two
which are characterized by high moisture demands, i.e.
Viola palustris(F,, = 9) andSuccisa pratensig;,, = 7).
Other species that died out are some typical mosses of
mat-grass swards, iBicranum scopariugPleurozium
schreberiandPolytrichum formosum

The newly established phanerogams (group 6a) have
probably been translocated with the seed b&nan-
thus deltoidesRhinanthus minoand Cardaminopsis
halleri), although they were not found in the seed bank

plants are hemicryptophytes or chamaephytes and have experiment (Table 2), probably because of their rarity.
an S- or CSR-strategy. Some of the declining species are The mosseBicranella heteromallaandPohlia nutans

restricted to montane altitudes, Meum athamanticum

or are much more frequent there, Benica montana
Hypericum maculaturand Galium harcynicumTheir
montane distribution is reflected with, = 5. M.
athamanticumwhich was the dominant herbaceous plant

are ubiquitous species on newly exposed bare soil.
Most species of group 6b are not native to montane
meadows but are common lowland weeds that are abun-
dant in the New Botanical Garden such Br®emus
sterilis, Geranium dissectur&pilobiumspec. Trifolium

species in the stands, was observed to grow less vigor- dubium Vicia angustifolizandV. tetraspermarhey are

ously in the year after the translocation and to produce
no flowering shoots. In the following year the species
died out. The extinction of all but one individual Af
montanain the year after the translocation was at least
partly caused by slugs, which were abundant in the New
Botanical Garden and, on the plot, preferred to feed on
A. montandeaves. The lak. montanandividual was

all therophytes, indicators of high temperaturgs £

6), intermediate levels of nitrogen supph, (= 5) and
ruderals R). Some other new established species are
characterized by a C-, CR- or CSR-strategyAigeopy-

ron repensDactylis glomerataHolcus lanatusSonchus
arvensis Trifolium repens Convolvulus arvensiand
Cerastium holosteoide§ he last two species, in par-

eaten by slugs on the 09.06.1994, when the vegetation ticular, could spread considerably following estab-

on the plot was recorded.

—e—600m->170m —0—600m->600m |

__,_-O——"C-——O——-J,

Similarity van der Maarel's
Coelficient
5 o o =
P

e e
o N

92

a3

94 a5 96 a7 98 99

Year

Fig. 1. Similarity in species composition of the plot translocated
to 170 m and the control plot at 600 m with regard to their
initial state before translocation (1992), using percentage cover
and van der Maarel’'s similarity coefficient.

lishment. Some species that appeared in the final year of
observation are characteristic nitrogen indicators, i.e.
Stellaria mediaandGalium aparingboth withN,, = 8).

The shift in species composition compared to the
initial state of each plotin 1992 is shown in Fig. 1. The
translocation had also a marked effect on the control
plot at 600 m, indicated by a decreasing similarity to ca.
70% to the initial stand. From 1996 onwards the vegeta-
tion recovered and attained a constant similarity of ca.
80%. In contrast, the plot translocated to 170s
characterized by a continuously decreasing similarity to
45.7% in 1997. Although many new species appeared in
the plot in the last three observation years (Table 1), the
similarity between this plot arttie initial state remained
almost unchanged. This is due to the constant cover of
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Fig. 2. Ordination diagram of 1st and 2nd CA axis. Bold letters refer to the plot translocated toT)7hchthe control plot at 600
m (C) with the two digit number giving the year of recording. Italics refer to species which are abbreviated by the firstfoof lett

genus and epithets. Last letter M indicates a moss.

the dominant speciegé¢stuca rubraNardus stricta
Agrostis tenuisindRhytidiadelphus squarros)is the
last three years (Table 1).

The development of both plots with regard to each
other is illustrated by the CA ordination (Fig. 2). In
1992, the two plots are only separated by a short dis-
tance which is mainly due to minor differences in cover
of the dominant species and the lack of a few accompa-
nying species in one of the plots. Since the translocation
to 170 m reduced the cover of some speciesAgrgstis
tenuis Luzula campestrisHypericum maculatuimto
values of the initial state of the control plot at 600 m, the

the largest step from 1993 to 1994 when many species of
group 5 were lost (Fig. 2; located on the left side) and
from 1998 to 1999 when many new species established
(Fig. 2; located on the right side). The species found in
the centre of the diagram are common to both plots
during the whole observation period. In comparison, the
plot at 600 m experienced only a marginal change in
position in the ordination diagram with the final state in
1999 being adjacent to the initial state in 1992.

distance between T93 and C92 became even smaller in

1993 (Fig. 2). From then on, the plot at 170 m became
progressively more dissimilar from that at 600 m with
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Discussion

The response of the vegetation to the translocation to
a lower altitude was species-specific. This was demon-
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observation period in the plot at 170 m. The biomass
increase here may be, at least in part, due to the higher
temperatures that promoted plant growth by accelerat-
ing physiological processes. However, in a field experi-

strated by four montane species that had unreduced or ment heating a montane meadow in Colorado, Harte &

increased growthNardus strictaPoa chaixij Polygo-
natum verticillatum Potentilla erecty in contrast to
four other montane species that declined or died out
(Arnica montana Meum athamanticumHypericum
maculatum Galium harcynicun The development of
each species may be either a direct physiological re-
sponse to the changed climatic conditions, or be indi-
rectly caused by changed biotic interactions. The abiotic

Shaw (1995) found no significant increase in above-
ground biomass in the treated plots. Apart from having
direct effects on plant growth, higher temperatures have
also probably increased mineralization rates (Haynes
1986). This interpretation is in agreement with the in-
crease in cover of nitrogen demanding species such as
Rumex acetosand the establishment of species with
high N,, indicator values. In addition, species with a

factors with a direct effect are available space, nutrients, comparable low nutrient demand have also probably
temperature and humidity. Indirect effects may be caused taken advantage of the increased nutrient supply, mainly
by altered competition and herbivory levels. It is a those with a potentially high relative growth rate (RGR).
common feature of manipulative field experiments at Although the data on RGR given by Grime et al. (1988)
the community level that the factors mentioned above refer only to seedlings under laboratory conditions, they
are interrelated and it is very difficult to distinguish may be also an indication for the growth rates of adults.
between causes and effects (Chapin & Shaver 1985; The highest RGR of all matrix forming species in the
Harte & Shaw 1995; Schéappi 1996; Schéappi & Kdrner plot is found forFestuca rubraandAgrostis tenuigl.0
1996; Fischer et al. 1997). Nevertheless, an attempt will — 1.4.wk®). This could indicate wh¥. rubra became
be made to discuss which species is influenced most by dominant at 170 m. The observation that species of
which factor. communities developed under harsh climatic conditions
Some of the factors mentioned are related to the flourish when translocated to more moderate climates
disturbance caused by the translocation procedure. Sincehas been found in many studies, at least when competi-
the disturbance was similar in both plots, it cannot be tionwas excluded (e.g. Dahl 1951; Gigon 1971; Volkova
responsible for differences in species responses. How- et al. 1999).
ever, some species obviously responded to the new avail-  There is little evidence that species responded di-
able space in the gaps between sods. Bare soil was onlyrectly to the enhanced temperatures. On the one hand,
present from 1993 to 1994, so the space effect could only most temperate plant species should be promoted by a
have caused increased cover values in this period. The temperature increase of the magnitude in the experiment
only species with an increase in this period and a subse- (e.g. Woodward 1975, 1979; Grace 1988) and, on the

guent decline wasalium harcynicumn the control
plot.

Another disturbance effect generally caused by trans-
location is an enhanced nutrient supply. The nutrient
effect was indirectly observed in both plots by increased
height of the herb layer and increased litter production.
The disruption of the soil structure and the consequent
increased oxygen supply promote microbiological ac-
tivity and increase mineralization. The process is com-
parable to the observed increase of the nitrogen miner-
alization rate when the soil structure is disturbed by
filling soil into incubation bags (Gerlach 1973; Haynes
1986). The enhanced mineralization improves the nu-
trient supply of the plots and finally results in a higher
biomass. This was observed in translocated litter mead-
ows and mires (Kl6tzli 1975, 1978, 1987), chalk grass-
lands (Mdiller 1990) and in all meadow types in the
Harz Mountains (Bruelheide & Flintrop 2000). In the
control plot (600 m) the enhanced biomass production
was mainly observed in the first two years following
translocation; whereas it continued throughout the whole

other hand, most species are characterized by a re-
markably high acclimatization ability (Billings &
Mooney 1968; Friend & Woodward 1992). Among the
species in this study, onleum athamanticumppears

to be an exception. The extinctionMf athamanticum

as a matrix forming species gave rise to an eco-
physiological study on the temperature response of this
species (Bruelheide & Lieberum 2001). Whih
athamanticumindividuals of different ages were
translocated to seven sites along an altitudinal gradient
from 170 m to 1130 m a.s.l. in the Harz Mountains, the
growth rates were found to differ only slightly, both
between age stages and altitudes. Supplemental photo-
synthesis measurements on the acclimatization ability
indicated that the species has a remarkably low pheno-
typical plasticity which probably does not allow to take
advantage of the more favourable temperature conditions
at lower altitudes. In addition, the loss of storage
carbohydrates irM. athamanticunroots during the
winter was much higher at lower altitudes (Bruelheide
& Lieberum 2001). A high carbon loss in winter would



- TRANSLOCATION OF A MONTANE MEADOW TO SIMULATE CLIMATE CHANGE -

explain the less vigorous growth observed Fkbr
athamanticunin the year following translocation. Since
species from high altitudes are generally characterized
by high respiration rates (Mooney & Billings 1961,
1965; Billings 1974; Stewart & Bannister 1973, 1974),
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palatability for slugs is only known fét. montandut it
cannot be ruled out that other montane species are also
considerably affected by slug herbivory. For example,
Scheidel & Bruelheide (2001) found a significantly
higher palatability of the montarf&enecio hercynicus

the loss of storage carbohydrates may also play a role in compared to the widespre8dovatusApart from dam-

the other declining species.

Another site factor to be considered is the changed
soil and air moisture at 170 m, which might have caused
the decline and extinction of species requiring high
moisture levels such &Succisa pratensisnd Viola
palustris However, the constant cover of the third and
most abundant moisture demanding spefielygonum
bistorta, shows that low humidity was probably not the
limiting factor for montane species.

The decline of most species in the plot at 170 m is
probably not due to direct climatic effects but caused
indirectly by an increased level of competition for light,

aging plant tissues biotic interactions are also known to
have a crucial impact on reproduction. FHypericum
perforatum a species that is morphologically very simi-
lar toH. maculatumFox et al. (1999) demonstrated, in
a manipulative field experiment, that reduced summer
precipitation increased the vulnerability of the plants to
insect herbivory on flowers and capsules.

At the community level, the observed individual
species responses when translocated to lower altitude
have remarkable consequences. Species that grow to-
gether at 600 m are no longer found growing together at
170 m. Although the similarity to the initial state is still

caused by the increase in above-ground biomass. This 45% and the occurrence Nfrdus strictastill allows

hypothesis is supported by the fact that most declining
species had a low stature, suclGasium harcynicum
Arnica montana Campanula rotundifolia Veronica
chamaedrysnd all mosses of mat-grass swards. Such
effects are also known from open-top chamber experi-
ments with elevated C@evels. For example, Fischer et
al. (1997) found the reduced survival of the low growing
Gentianella germanicto be caused by increased com-
petition mediated by increased total above-ground bio-
mass. However, this interpretation does not explain the
fact that not all low-growing species declined in cover
(e.g. Luzula campestrisRhytidiadelphus squarrosus
and that there was still a considerable amount of open
space even late in the investigation period, mainly cre-
ated by mice which allowed the establishment of the
species of group 6 (Table 1).

There is another possible explanation for the extinc-
tion of Arnica montanather than competition for light.
In food choice experiments montanavas found to be
extremely palatable for different slug species (Scheidel
& Bruelheide 1999). This led to the hypothesis that the
geographical range d&. montanais limited by slug
herbivory. In a translocation experiment to sites of dif-
ferent altitudes the damage was negligible at 610 m;
whereas mosArnica individuals were eaten at 180 m
(Bruelheide & Scheidel 1999). By protecting the
trarslocated plants with polyethylene nets and thus
reducing the level of slug herbivory, the damage at
lower altitude was reduced significantly. Conversely,
the increase in herbivory pressure by releasing slugs
into nativeA. montangopulations at 600 m resulted in
significantly increased damages (Bruelheide & Scheidel
1999). These observations explain why no translocated
A. montanaindividuals survived for more than one
year in this study. Amondné declining species a high

the stand to be termed a mat-grass community, the
floristic composition has changed considerably. When
the community is defined by the presence of differential
species, as is common practice in Central European
vegetation classification, the stand can no longer be
assigned to thé”olygalo-Nardetum(Peppler 1992;
Bruelheide 1995). It is still too early to predict whether
the remaining montane species will persist. If they do, a
new type of mat-grass community would be the result.
In this respect, the experiment supports the hypothesis
that global climate change might give rise to new com-
munities. This view is also supported by field experi-
ments on plant communities that involved manipulative
increases of air or soil temperature (Chapin & Shaver
1985; Harte & Shaw 1995). The individual species
response resulted in changed dominances of species and
changed floristic compositions.

The same opinion is held by palaeobotanists who
have found species-specific responses in the rate and the
direction of plant species migration in the Quarternary
(Huntley & Webb 1989). Isopoll maps show that species
sharing a similar geographical distribution today were
not found together in many parts of Europe and North
America 6000 B.P. when the summer climate was thought
to have been warmer with more pronounced seasonality.
Huntley (1991) concludes from this that communities
are merely temporary assemblages of species that disso-
ciate and re-associate in different assemblages as climate
changes. Evidence for this hypothesis is also found in
microcosm experiments (Davis et al. 1998). In incuba-
tor boxesDrosophila subobscurdhad an optimum
temperature of 15C when kept without competition
and at 10°C when kept together with two othBro-
sophila species and a parasitoid wadpegtopilina
boulardi) (Davis et al. 1998).
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The outcome of the experiment presented here em-
phasizes the importance of considering biotic interac-
tions when predicting the impacts of climate change.
The change in altitude involved not only changes in
climatic conditions but also changes in the whole con-
stellation of site factors. This questions correlative ap-

proaches that are based on single species. Even when

based on ecophysiological experiments, the kind of
challenge that a species will be confronted with is not
predictable from the response of a single species. How-
ever, the encountered complexity of factors in the trans-
location experiment is still much smaller than can be
expected to be seen in nature with a future climate
change.

Acknowledgements. | am grateful to the bulldozer workers of
the Marx company who took care of my selected meadow
section and to all members of the Siemen Company (Bad
Miinder) who gave the meadow a free lift to Géttingen with
their lorry. The staff of the New Botanical Garden provided
not only the space in the Alpinum but also helped with prepa-
ration and took care of the mowing. | am very much indebted
to Thomas Flintrop and to Ute Jandt for many inspiring
discussions and their help with the field work and the
manuscript. | thank Daniel F. Whybrew, Trudy A. Watt and
two anonymous reviewers for their constructive comments
and Val Cochrane for final corrections on the manuscript.

References

Anon. 1992-1998 Monatlicher Witterungsberich#0-46.
Deutscher Wetterdienst, Offenbach, DE.

Anon. 1999.Witterungsreport Expres&999 Deutscher
Wetterdienst, Offenbach, DE.

Billings, W.D. 1974. Adaptations and origins of alpine plants.
Arct. Alp. Res6: 129-142.

Billings, W.D. & Mooney, H.A. 1968. The ecology of arctic
and alpine plant8Biol. Rev.43: 481-529.

Box, E.O., Crumpacker, D.W. & Hardin, D. 1993. A climatic
model for location of plant species in Florida, U.SJA.
Biogeogr.20: 629-644.

Bruelheide, H. 1995. Die Griinlandgesellschaften des Harzes
und ihre Standortsbedingungen. Mit einem Beitrag zum
Gliederungsprinzip auf der Basis von statistisch ermittelten
ArtengruppenDiss. Bot.244: 1-338.

Bruelheide, H. 1999. Experiments as a tool to investigate plant
range boundarie¥erh. Ges. OkoR9: 19-26.

Bruelheide, H. & Flintrop, T. 1999. Die Verpflanzung von
Bergwiesen im Harz. Eine Erfolgskontrolle Giber 5 Jahre.
Natursch. Landschaftspdl: 5-12.

Bruelheide, H. & Flintrop, T. 2000. Evaluating the transplan-
tation of a meadow in the Harz Mountains, Germa&myl.
Conserv92: 109-120.

Bruelheide, H. & Heinemeyer, A. 2002. Climatic factors
controlling the eastern and altitudinal distribution bound-

BRUELHEIDE, H.

ary of Digitalis purpureaL. in GermanyFlora 197: 475-
490.

Bruelheide, H. & Lieberum, K. 2001. Experimental tests for
determining the causes of the altitudinal distribution of
Meum athamanticurdacq. in the Harz MountainBlora
196: 227-241.

Bruelheide, H. & Scheidel, U. 1999. Slug herbivory as a
limiting factor for the geographical range éifrnica
montanaJ. Ecol.87: 839-848.

Bruelheide, H., Hehlgans, F., Bergner, W. & Wegener, U.
1997. Bergwiesen im Harz - Aktueller Zustand, Ziele des
Naturschutzes und Erhaltungsmaf3nahrmBen.Naturhist.
Ges. Hannovet39: 177-200.

Chapin, S.F. lll. & Shaver, G.R. 1985. Individualistic growth
response of tundra plant species to environmental manipu-
lations in the fieldEcology66: 564-576.

Dahl, E. 1951. On the relation between summer temperature
and the distribution of alpine vascular plants in the low-
lands of Fennoskandi®ikos3: 22-52.

Davis, A.J., Jenkinson, L.S., Lawton, J.H., Shorrocks, B. &
Wood, S. 1998. Making mistakes when predicting shifts in
species range in response to global warmitajure391.:
783-786.

Ehrendorfer, F. (ed.) 197Riste der Gefal3pflanzen Mittel-
europas 2nd ed. Fischer, Stuttgart, DE.

Ellenberg, H., Weber, H.E., Dill, R., Wirth, W., Werner, W.
& PauliBen, D. 1992. Zeigerwerte von Pflanzen in
Mitteleuropa. 2nd edScripta Geobotl18: 1-258.

Fischer, M., Matthies, D. & Schmid, B. 1997. Responses of
rare calcareous grassland plants to elevated &@eld
experiment withGentianella germanicaand Gentiana
cruciata J. Ecol.85: 681-691.

Fox, L.R., Ribeiro, S.P., Brown, V.K., Masters, G.J. & Clarke,
I.P. 1999. Direct and indirect effects of climate change on
St John’s wortHypericum perforaturh. (Hypericaceae).
Oecologial20: 113-122.

Frahm, J.-P. & Frey, W. 198RMoosflora.2nd ed. Ulmer,
Stuttgart, DE.

Friend, A.D. & Woodward, F.l. 1992. Evolutionary and eco-
physiological responses of mountain plants to the growing
season environmerAdv. Ecol. Re0: 60-124.

Garve, E. 1993. Rote Liste der gefahrdeten Farn- und
Blutenpflanzen in Niedersachsen und Bremen, 4th ed.
Informationsd. Natursch. Niedersachsks 1-37.

Gerlach, A. 1973. Methodische Untersuchungen zur Bestim-
mung der Stickstoff-Nettomineralisatid®cripta Geobot.
5:1-115.

Gigon, A. 1971. Vergleich alpiner Rasengesellschaften auf
Silikat- und auf Karbonatboden. Konkurrenz- und Stick-
stofformenversuche sowie standortskundliche Unter-
suchungen im Nardetum und im Seslerietum bei Davos.
Veroff. Geobot. Inst. Eidg. Tech. Hochsch. Stift. R&8el
1-163.

Glasser, R. 199/Das Klima des Harze¥Kovac, Hamburg,
DE.

Grace, J. 1988. Temperature as a determinant of plant produc-
tivity. In: Long, S.P. & Woodward, F.I. (ed®)ants and
temperaturepp. 91-107. Society for Experimental Botany,
Cambridge, UK.



- TRANSLOCATION OF A MONTANE MEADOW TO SIMULATE CLIMATE CHANGE -

Grime, J.P., Hodgson, J.G. & Hunt, R. 198&mparative
plant ecology. A functional approach to common British
speciesUnwin Hyman, London, UK.

Harte, J. & Shaw, R. 1995. Shifting dominance within a
montane vegetation community: results of a climate-warm-
ing experimentScience267: 876-880.

Haynes, R.J. 1986. The decomposition process: mineraliza-
tion, immobilization, humus formation, and degradation.
In: Haynes, R.J. (edNlineral nitrogen in the plant-soil
systempp. 52-126. Academic Press, Orlando, FL.

Holten, J.I. 1993. Potential effects of climatic change on
distribution of plant species, with emphasis on Norway.
In: Holten, J.1., Paulsen, G. & Oechel, W.C. (ettapacts
of climatic change on natural ecosystems, with emphasis
on boreal and arctic/alpine areapp. 84-104. Norwegian
Institute for Nature Research (NINA), Trondheim, NO.

Houghton, J.T., Meira Filho, L.G., Callander, B.A., Harris, N.,
Kattenberg, A. & Maskell, K. 199&limate change 1995.
Contribution of WG 1 to the second assessment report of
the intergovernmental panel on climate chanGam-
bridge University Press, Cambridge, UK.

Huntley, B. 1991. How plants respond to climate change:
migration rates, individualism and the consequences for
plant communitiesAnn. Bot.67 (Suppl. 1): 15-22.

Huntley, B. & Webb, T. 111 1989. Migration: species’ response
to climatic variations caused by changes in the earth’s
orbit. J. Biogeogr.16: 5-19.

Huntley, B., Berry, P.M., Cramer, W. & McDonald, A.P.
1995. Modelling present and potential future ranges of
some European higher plants using climate response sur-
faces.J. Biogeogr22: 967-1001.

Iverson, L.R. & Prasad, A.M. 1998. Predicting abundance of
80 tree species following climate change in the eastern
United StatesEcol. Monogr.68: 465-485.

Jager, E.J. 1972. Comments on the history and ecology of
continental European plants. In: Valentin, H.D. (&@y-
onomy, phytogeography and evolutipp. 349-362. Aca-
demic Press, London, UK.

Jager, E.J. 1995. Klimabedingte Arealveranderungen von
anthropochoren Pflanzen und Elementen der natirlichen
Vegetation. Angew. LandschaftsékolBonn-Bad
Godesberg) 4: 51-57.

Klotzli, F. 1975. Naturschutz im Flughafengebiet - Konflikt
und SymbioseFlughafen-Info Zirict8/75: 3-13.

Klotzli, F. 1978. Technischer Naturschutz in Moor®fitt.
Ostalpin-dinarischen Ges. Vegetationsk: 199-209.

Klétzli, F. 1987. Disturbance in transplanted grasslands and
wetlands. In: van Andel, J., Bakker, J.P. & Snaydon, R.W.
(eds.)Disturbance in grasslands. Causes, effects and proc-
essespp. 79-96. Junk, Dordrecht, NL.

Londo, G. 1975. Dezimalskala fur die vegetationskundliche
Aufnahme von DauerquadrateBer. Int. Symp. Int. Ver.
Vegetationsk. Rintelh973: 613-617.

Meusel, H. & Jager, E.J. 1992ergleichende Chorologie der
zentraleuropaischen Flora/ol. 3. Fischer, Jena, DE.

Meusel, H., Jager, E.J. & Weinert, E. 198®rgleichende
Chorologie der zentraleuropaischen Flokéol. 1. Fischer,
Jena, DE.

Meusel, H., Jager, E.J., Weinert, E. & Rauschert, S. 1978.

33

Vergleichende Chorologie der Zentraleuropaischen Flora.
Vol. 2. Fischer, Jena, DE.

Meusel, H. & Jager, E.J. 1989. Ecogeographical differentia-
tion of the submediterranean deciduous forest flelant
Syst. Evol162: 315-329.

Mooney, H. A. & Billings, W.D. 1961. Comparative physi-
ological ecology of arctic and alpine population®afria
digyna Ecol. Monogr.31: 1-29.

Mooney, H.A. & Billings, W.D. 1965. The effects of altitude
on carbohydrate content of mountain plag&sology46:
750-751.

Muller, N. 1990. Die Entwicklung eines verpflanzten Kalk-
magerrasens. Erste Ergebnisse von Dauerbeobachtungs-
flachen in einer Lechfeldhaid®atur Landschaf65: 21-

27.

Oksanen, J. & Minchin, P.R. 1997. Instability of ordination
results under changes in input data order: explanations and
remediesJ. Veg. Sci8: 447-454.

Peppler, C. 1992. Die Borstgrasrasen (Nardetalia) West-
deutschlandDiss. Bot.193: 1-404.

Pigott, C.D. & Huntley, J.P. 1978. Factors controlling the
distribution of Tilia cordataat the northern limits of its
geographical range. |. Distribution in north-west England.
New Phytol81: 429-441.

Pigott, C.D. & Huntley, J.P. 1980. Factors controlling the
distribution of Tilia cordataat the northern limits of its
geographical range. Il. History in north-west England.
New Phytol84: 145-164.

Pigott, C.D. & Huntley, J.P. 1981. Factors controlling the
distribution of Tilia cordataat the northern limits of its
geographical range. ll. Nature and causes of seed steril-
ity. New Phytol87: 817-839.

Prober, S.M. 1992. Environmental influences on the distribu-
tion of the raré€eucalyptus paliformisnd the commok.
fraxinoides Aust. J. Ecol17: 51-65.

Rochow, T.F. 1970. Ecological investigations Tilaspi
alpestreL. along an elevational gradient in the Central
Rocky MountainsEcology51: 649-656.

Saetersdal, M. & Birks, H.J.B. 1997. A comparative ecologi-
cal study of Norwegian mountain plants in relation to
possible future climatic changk.Biogeogr24: 127-152.

Schappi, B. 1996. Growth dynamics and population develop-
mentin an alpine grassland under elevategl O@cologia
106: 93-99.

Schéappi, B. & Korner, C. 1996. Growth responses of an alpine
grassland to elevated Gecologial05: 43-52.

Scheidel, U. & Bruelheide, H. 1999. Selective slug grazing on
montane meadow plants. Ecol.87: 828-838.

Scheidel, U. & Bruelheide, H. 2001. Altitudinal differences in
herbivory on montane Compositae speci@gcologia
129: 75-86.

Stewart, W.S. & Bannister, P. 1973. Seasonal changes in
carbohydrate content of thré&acciniumspp. with par-
ticular reference t¥'. uliginosumi. and its distribution in
the British IslesFlora 162: 134-155.

Stewart, W.S. & Bannister, P. 1974. Dark respiration rates in
Vacciniunspp. in relation to altitud€&lora 163: 415-421.

ter Braak, C.J.F. & Smilauer, P. 199BANOCO reference
manual and user’s guide to Canoco for Windows. Soft-



34 BrRUELHEIDE, H.

ware for Canonical Community Ordinatiqmersion 4). distribution ofSedum rosef..) Scop. and. telephiunt.

Centre of Biometry, Wageningen, NL. Il. The analysis of plant growth in controlled environ-
Volkova, E.V., Onipchenko, V.G. & Burtin, A.Y. 1999. Com- ments.New Phytol74: 335-348.

petition in alpine plant communities: results of 7-year Woodward, F.I. 1979. The differential temperature responses

transplantation experiment: floristic richness and shoot of the growth of certain plant species from different alti-

biomassByulleten Moskovskogo Obshchestva Ispytatelei tudes. I. Growth analysis dPhleum alpinumL., P.

Prirody Otdel Biologicheskil04: 21-28. bertolonii D.C., Sesleria albicanit. and Dactylis
Wagner, J. & Reichegger, W. 1997. Phenology and seed glomeratal.. New Phytol82: 385-395.

development of the alpine sed@&ex curvulaandCarex Woodward, F.I. & Pigott, C.D. 1975. The climatic control of

firma in response to contrasting topoclimatasct. Alp. the altitudinal distribution dbedum roseh. Scop. and.

Res.29: 291-299. telephiumL. I. Field observationdNew Phytol74: 323-
Walter, H. & Lieth, H. 1967Klimadiagramm-Weltatlas. Teil 334.

I: Europa mit SibirienFischer, Jena, DE. Worthington, T.R. & Helliwell, D.R. 1987. Transference of
Wildi, O. & Orldci, L. 1990.Numerical exploration of com- semi-natural grassland and marshland onto newly created

munity patternsSPB, The Hague, NL. landfill. Biol. Cons.41: 301-311.

Woodward, F.I. 1975. The climatic control of the altitudinal
Received 20 November 2000;
Revision received 28 February 2002;
Accepted 13 December 2002.
Coordinating Editor: T.A. Watt.



